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Abstract

Abstract

The primary objective of the present work is to correlate the hydrogen explosive
characteristics with internal combustion engine design parameters, particularly
the engine compression ratio. An approach that couples the knowledge about H>
chemical behaviour, and the in-cylinder charge thermodynamic state, has been
conceptualized in the form of a unified plot to visually inspect the likelihood of an
auto-ignition event. The plot cautions the possible occurrence of autoignition if
the state of the charge inside the engine cylinder reaches thermodynamic
conditions beyond the explosion limit curve. Having at hand such a tool enables
one to cautiously design future experiments to prevent possible damage because
of extreme stresses due to an undesired autoignition event.

The results of the analyses in the present work have translated into defining a
maximum limit on the compression ratio that can be proposed at pre-defined
intake thermodynamic state, mixture composition, engine geometry and engine
speed. Predictions based on recently developed chemical mechanisms were
employed for the analyses, exploiting the well-established knowledge about the
chemical kinetics of hydrogen oxidation.

Thus, zero-dimensional numerical simulations were performed. Such an
approach avoids also the limitations associated with experimental procedures. To
evaluate the maximum safe compression ratio, both a static and a time-based
approach have been employed to study the vicinity of a thermodynamic state to
the autoignition limit i.e., the explosion limit of hydrogen. Three possible criteria
for the definition of a maximum safe geometrical compression ratio were
developed and analysed. The present work has then been finally ensembled in the
form of an empirical correlation involving intake pressure, intake temperature and
equivalence ratio as the variables.



Abstract

Furthermore lubricant oil as a contaminant seeping through the compression
rings of a piston in an internal combustion engine, is modelled to evaluate the
distribution of mass and temperature inside a droplet of n-hexadecane using 0D-
simulations to evaluate the variation of ignition delay time within the droplet in
gas-phase and its effect on the local concentration diluting the pure hydrogen in
the vicinity and hence increasing the reactivity causing an early source of self-
ignition.

A final study concerning developing detonations from hot spots is carried out to
understand the effect of a temperature gradient other than ‘linear’ within the hot
spot that could change the detonation response diagrams and subsequently the
modes of reacting front propagation. Such detonations with high peak pressures
are detrimental to components inside an internal combustion engine and
therefore the need to study any possibility of its occurrence is crucial to a better
understanding of the design.
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Introduction

1 Introduction

Internal combustion engines have undoubtedly proved to be the pinnacle source
of power for automotive propulsion and commercial transport across the globe
since its very first introduction back in 1794 by Robert Street who patented the first
ICE to use liquid fuel (petroleum). Spanning the ground-breaking discovery of
four-stroke and two-stroke thermodynamic cycles along which came the spark-
ignition (Petrol) and compression-ignition (Diesel) engines, propulsion
technology has ever since been relying on these fundamental inventions that have
now evolved into significantly cleaner and efficient versions of the originals
through deliberate development of automotive technologies throughout the years.

With the onset of global warming since the start of the Industrial Revolution back
in 1760, the use of fossil fuels and therefore the product of their combustion,
dominantly CO2, has brought a trend in climate change which unequivocally has
given rise to the global average temperature to alarming levels adversely affecting
the earth’s ecosystem. This major global concern has led the policy makers and the
automotive industry to invest in incentives that could bring a paradigm shift,
potentially reversing the harmful effects to the environment because of
uncontrolled harmful hydrocarbon emissions as a result of burning conventional
fuels in internal combustion engines.

As a consequence of this , the recent introductions of alternative automotive
powertrain architectures incorporating either hybrid or zero-Carbon emissions
stand-alone units like those of electric or carbon free fuels like Hydrogen, have
opened an evolving challenge to establish a stable infrastructure that could
support the decisions behind each powertrain architecture.



Introduction

1.1 Compression ratio — a crucial engine parameter

Under the European Union Green Deal [1], the focus to develop zero-carbon
emission engines has directed the automotive sector towards dedicated research
on Hydrogen Internal Combustion Engines (HICEs). The performance and
emission targets of an Internal Combustion Engine (ICE) pursued by the industry
is pushing the development of new technologies [2], [3], [4], [5], new combustion
modes [6], [7], [8], [9] and control strategies [10], [11], [12] or modifications of well-
known existing setups like charge motion [13], [14], [15], fuel injection strategy and
control [16], [17], [18], and turbocharging [19], [20]. However, the most
fundamental variable that is chosen in any design phase is the compression ratio
which imposes the peak thermodynamic states of the charge at the end of a
compression stroke. In an ideal gas cycle, the thermal efficiency increases with the
compression ratio. However, this cannot be increased indefinitely, because
increasing it also raises the peak pressure and temperature of the charge, and
consequently raises the knock propensity as well. Therefore, to extract the
maximum performance figures, the compression ratio needs to be high enough to
achieve the peak thermodynamic states [21] while at the same time low enough to
avoid adverse effects like knocking. Therefore, an effective balance needs to be
achieved within these contradicting parameters. A high compression ratio limits
the mixture composition to be lean [22], while a lower compression ratio can allow
aricher mixture to undergo a normal combustion. The achievable performance for
an ICE is usually a compromise between these two and other such parameters [23].
This aspect has been considered in the present work to arrive at an analytical
solution towards selection of a compression ratio based on mixture composition
and intake state of the charge.

1.2 Abnormal combustion in HICEs

While trying to maintain the balance between performance and selection of
geometry for a HICE, the industry’s objective to acquire the correct design
parameters has mainly been limited by the occurrence of pre-ignition [24], [25],
[26]. A pre-ignition event can be defined as the ignition of the charge mixture
before, when it is “intended by design”. Usually, in literature and the automotive
industry, pre-ignition is almost always considered to be an ignition that happens
before the initiation of a spark and therefore is usually associated to Spark Ignition
(SI) engines. However, for the purpose of this work and for general clarity, one
should refer to the intended start of combustion time. For instance, in a

2
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homogenously compressing mixture, if the charge auto-ignites before the
intended time due to an uncontrolled increase in pressure and temperature, it can
still be considered a pre-ignition. Pre-ignitions can result in detrimental effects in
different ways depending on the fuel metering strategy being Direct Injection (DI)
or Port Fuel Injection (PFI). Abnormal combustion such as a backfire in PFI H»
engines have been reported [26] to significantly reduce the volumetric efficiency
[27] apart from the physical damage to intake and fuel systems [28], [29]. The
causes associated with backfires have been mainly attributed to high temperature
residual exhaust gas and hot spots [30], [31] which indicates the need to control a
basic thermodynamic state of the charge, namely, the temperature. In DI engines,
pre-ignitions could be caused by thermal and mass inhomogeneities around the
injected hydrogen jet. The mass inhomogeneity allows different fuel-air
equivalence ratios (¢) around the injection where a richer mass fraction of the
mixture may pre-ignite the charge. Thermal inhomogeneities promote
temperature gradients within the mixture around hot spots such as high
temperature exhaust deposits and spark plug tips.

1.3 Lubricating oil contamination - a key cause of pre-
ignitions

One of the major reasons of pre-ignition in HICEs was through contamination of
the pure Hz-air charge with lubricating oil. This contamination alters the mixture
composition and therefore its chemical state promoting a much earlier ignition.
The presence of lubricating oil in the primary charge and its role in pre-ignition
phenomenon have been largely studied in engines fuelled with conventional
gasoline [32], [33], [34], [35], [36], and, more recently, these investigations have
been extended by Distaso et al. to the case of hydrogen [37], [38]. Furthermore, it
should be considered that a direct link between the formation of soot particles and
lubricant oil was demonstrated, regardless of the fuel feeding the engine [39], [40],
[41]. The presence of hydrocarbons with long chains enables soot precursor
formation in low-carbon content fuels opening the way to carbonaceous deposit
formation [42], [43], [44] and unveiling a possible secondary way by which
lubricant oil can promote pre-ignition events.

Undesired combustion of hydrogen can also be associated differently to Spark

Ignition (SI) or Compression Ignition (CI) engines. In SI engines, engine knock or

detonation can be caused by the interaction between the propagating flame front

and the detonation wave [45], [46] generated at a hot spot within the end-gas. To

understand the possibility of such an event, it is crucial to know the chemical and
3
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thermodynamic state of the end-gas which may or may not ignite due to that hot-
spot. On the other hand, pre-ignition in hydrogen fuelled SI engines, i.e., ignition
of charge before the spark has been struck, can be explained by the hydrogen-
oxygen chain reaction [47]. In CI engines, where combustion of the charge occurs
as aresult of a desired auto-ignition, the higher compression ratios ensure that the
peak temperature and pressure values inducing an auto-ignition are reached at
the end of the compression stroke. Auto-ignition of any fuel in air, is a
consequence of the underlying chemical reactions that promote such a transition
which leads to understanding the chemical kinetics of the fuel. Engines operating
on more advanced combustion modes, like the Homogenous Combustion
Compression Ignition (HCCI) engines, are limited at high load conditions due to
rapid pressure rise rate, short combustion duration and ringing operation [48].
Ringing operation in HCCI engine is one of the major challenges at high engine
load conditions [49], which limit the HCCI engine operation range and can also
damage engine parts and is characterized by ringing intensity which also can be
predicted by chemical kinetics of the fuel [50].

1.4 The significance of explosion limits in HICE design

The combustion event in an ICE needs to be controlled and optimized to acquire
the maximum work from the full engine cycle while avoiding undesired effects
such as knocking and overheating of crucial components. To avoid any undesired
autoignition conditions for hydrogen, its explosion limit must be studied in detail.
The explosion limit of a fuel-oxidant mixture is the locus of pressure and
temperature values that distinguish between an explosive and non-explosive
reaction of the said mixture composition. This limit, in practice, is an isometric
line with a constant value of ignition delay time. Hydrogen has a peculiar z-shape
explosion limit as first reported by B. Lewis and G. von Elbe [51] for H2-O2 mixture
at stochiometric conditions experimentally acquired in a constant-volume
spherical chamber. The main emphasis in literature has been on the ignition delay
time which is used to validate numerical kinetic mechanisms compared to
experimental data: e.g., ignition delay times for H:-air mixtures have been
experimentally observed in rapid compression machines [52], [53] and shock tube
experiments [54] under varied conditions.
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1.5 Goals and structure of this work

The aim of the present work is to provide possible systematic approaches for
guiding the choice of geometrical and operating parameters of a HICE, exploiting
the well-established knowledge about hydrogen chemistry, to be employed in a
preliminary design stage of the engine. To achieve this purpose, the information
related to the chemistry of hydrogen oxidation process needed to be translated in
terms of ICE design. The first step consisted in the analysis of existing data about
the explosion limit of hydrogen available in the literature. However, since these
data are generally influenced by the employed apparatus, numerical chemical
kinetics of hydrogen was chosen to serve the purpose and avoid the limitations
incurred through experimental setups. The kinetic mechanism most suitable to
the selected range of operation was chosen from literature and used in Zero-
dimensional (0-D) numerical simulations carried out using Ansys CHEMKIN Pro
code [55] to reproduce the explosion limits. Different mixture compositions of
hydrogen with air and pressures and temperatures spanning in wide ranges were
considered in order to cover possible operating range of a HICE, encompassing
low, partial, and full load conditions. As a result, a wide database of
thermodynamic states along the explosion limits characterized in terms of mixture
reactivity (Hz reactivity map) was developed and used in subsequent calculations.

1.5.1 Static, time-based and integral criteria for GCR calculation

Two general approaches to evaluate a safe Geometrical Compression Ratio (GCR)
were proposed and analysed in the present work. The first can be considered a
“static criterion” since it is based on the comparison between the in-cylinder
motoring conditions in the proximity of the TDC and the H2-air explosion limit. A
range of peak operating points rather than fixed values were considered to
evaluate a safe GCR. A time-based approach was then developed by comparing the
instantaneous charge ignition delay time (z;;) with the time remaining to reach
the TDC (t7p¢) as the charge mixture is compressed through a piston displacement
(tangency criterion). For each piston position, the corresponding instantaneous
ignition delay time of the mixture (z;,) was calculated by means of the reactivity
map developed earlier to evaluate any possibility of auto-ignition along the
compression stroke. The cumulative effect of heat release during compression has
also been considered in order to develop a more conservative method towards the
definition of a safe GCR for the engine (integral criterion).
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1.5.2 Maximum GCR - an empirical correlation

In the final part of the work, the synergized result of the above objectives has then
been assembled into a simple empirical correlation to evaluate the autoignition
probability of the charge. The expression covers a wide range of typical engine
operating points with intake pressure ranging from 1 to 1.5 bar, intake
temperature from 300 to 400 K and equivalence ratio from 0.1 to 1. The motive
behind this thorough yet fundamental approach is to build a strong foundation for
HICE development using a systematic approach that is consistent and methodical.

1.5.3 Lubricating oil and early onset of self-ignition

Moving onwards from pure Hz/air mixtures, a further investigation is carried out
if the lubricant oil chemical characteristics can be at the basis of the onset of
certain uncontrolled self-ignition modes of the charge. Considering a lubricant oil
droplet suspended in a H, /air environment, an analytical model was developed to
derive essential information about mixture composition and thermodynamic
conditions that might establish where oil contamination occurs. The results were
used to initialize zero-dimensional numerical simulations performed in the
OpenSMOKE++ framework with the aim of highlighting charge reactivity
variations induced by the presence of oil vapour in the vicinity of an oil droplet. A
reduced chemical model, developed for this very purpose in a previous recent
work, was employed in the simulations for emulating the reactivity properties of
the H,/oil/air mixture.

1.5.4 Evolving detonation from hot spots - 1D transient simulations

Abnormal combustion due to presence of hot spots, requires a detailed analysis of
the reacting front propagation evolving as a result of these hot spots inside an
engine’s combustion chamber interfering with the combustion wave propagation
originated by design through spark in SI or desired auto-ignition in DI HICEs.
Hotspots, being localized regions of temperature gradients, develop into
detonation in different modes that depends on hot spot size as well as the
temperature gradient and its shape within the hot spot. In this work, the
detonation through an exponential shape of the temperature gradient is studied
numerically by solving transient auto-ignition processes of stochiometric Hz/air
mixtures initiated by non-uniform exponential initial temperatures in a one-
dimensional “planar” domain are studied and compared with linear gradients.
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The chapters to follow can be outlined as below:

Chapter 2

Chapter 3

Chapter 4

Chapter 5

The application of hydrogen-air explosion limits to engine
relevant conditions is explored. Numerical reaction mechanism
best suitable for our application is selected through comparison
to available experimental data. A reactivity map encapsulating
multiple explosion limits with specified ignition delay times is
developed necessary to model an efficient equation to acquire
instantaneous ignition delay times for any arbitrary
thermodynamic state inside the combustion chamber.

The maximum threshold on geometrical compression ratio of a
hydrogen internal combustion engine is numerically calculated
utilizing the explosion limits of Hz/air in relation to engine
geometry and in-cylinder operating conditions. Three
sequentially upgraded criteria that define the maximum GCR
without auto-ignition of the charge are described in detail those
being static, time-based and integral criteria.

An empirical correlation encapsulating the intake pressure,
intake temperature and equivalence ratio of a H2/air mixture is
eventually developed based on the generated H: reactivity
maps and the three criteria defined in this chapter.

The onset of earlier self-ignition as compared to pure H2/air
mixtures is studied with lubricant oil as a contaminant. An
analytical model with the aim of obtaining expressions for the
temperature and species distributions in the region close to the
droplet surface is developed to assess the spatial variation of the
mixture ignition delay time, induced by the oil droplet without
the need of performing complex and time demanding CFD
simulations.

The presence of hot spots inside the combustion chamber that
form a source of locally high temperature sources leading to a
locally propagating reacting front could evolve into sub-sonic
or supersonic evolving detonations and hence resulting in

7
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abnormal combustion. The temperature gradient as proved by
earlier studies has a major effect on the type of detonation as
well as its possibility. In this work, unlike previous works where
the temperature gradient is taken as linear within the hot spot,
an exponential trend of temperature is taken into consideration
that is more representative of an actual hot spot. The difference
is compared through 1D detonation simulations comparing the
detonation response diagrams between the different trends of
temperature profile within the hot spot.
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2 H:2 explosion characteristics in engine
relevant conditions

Ascertaining the possibility of autoignition during the compression stroke of an
ICE, basing the analysis on the chemistry of the fuel-oxidant mixture, requires the
knowledge of its self-ignition characteristics quantifiable through the assessment
of its explosion limits. Such limits can be derived experimentally however the
progress made in developing chemical kinetics schemes allows one to calculate
them in a reliable way over a wide range of operating conditions without the need
to incur costs associated with setting up experiments.

2.1 Experimental vs numerical data

Figure 2-1 shows the typical Z-shaped curve identifying the three explosion limits
characterizing a H2-O2 mixture at stoichiometric conditions (¢ = 1). The limits
were obtained from the most referenced data until today, namely those obtained
by B. Lewis and G. von Elbe [51]. On the same graph, the thermodynamic region of
interest in ICE applications is highlighted. Namely, in view of the typical in-
cylinder conditions that can be established along the compression stroke of an
ICE, the pressure p was defined to be between 1 and 100 bars, and the temperature
T between 750 K and 1600 K. The lower temperature value is based on the lowest
ignition temperature for a Hz-air mixture at a pressure of 100 bar. Numerically
calculated ignition delay times for H2-air mixtures between pressures of 5 and
30 bar performed in a previous work [38] suggested a temperature range between
860 and 1200 K. Thus, a lower temperature limit of 750 K seems to be appropriate
for this study. The upper limit is chosen to account for peak temperatures achieved
during the compression stroke of an engine having significantly higher
compression ratios for comparison purposes (as it will be discussed later in the
work).
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The region on the left-hand side of the entire explosion limit curve in Figure 2-1
marks a ‘non-explosive’ region and that on the right-hand side, an ‘explosive’ one.
The transition in explosivity from weakly to strongly explosive behaviour is
delimited by the extended 2"! explosion limit (red dotted line) [56]. The extension
differentiates between the dominant reactions happening in those temperature
ranges, namely, HO2 chemistry dominating on the left and H+O2 branched chain
mechanism speeding up the H: oxidation on the right of the extended 2™
explosion limit [38]. The focus, in this study, however, is restricted to the 3™
explosion limit only.

The usage of these experimental data available in the literature [51], [52], [54] for
the definition of a limited operational region for a HICE needs a cautious
approach. The data are generally influenced by the apparatus being used as well
as the conditions under which the experiments are performed influence the
ignition delay times for the mixture and hence significantly affect the calculation
of a safe GCR for an ICE. This represented a crucial step towards the development
of the results presented in this work. For instance, it is known that the relative
position of the explosion limits significantly varies with the vessel size and wall
material [51]. Although in the experiments by Lewis and von Elbe [51] the spherical
chamber was coated with Potassium Chloride (KCl) to reduce the interaction of
the reacting species with the walls, the effect on radical depletion/termination at
the walls at both low and high pressures were non-negligible and consequently
affected the measured ignition delay time values. To eliminate such external
factors that affect or undermine the intrinsic chemical behaviour of the fuel,
numerical chemical kinetics of hydrogen was chosen to serve the purpose and
avoid the limitations incurred through experimental setups and determine H:
explosion limits in engine-relevant operating conditions in addition to the added
convenience to be pre- and post-processed with the ability to rapidly change either
the reaction mechanism parameters or the engine operating conditions. This
provides the feasibility to create large datasets for varying conditions of interest.

Unlike in the experiments where the explosion of the mixture was logged only if it
occurred within an arbitrary time window of observation, with a numerical
approach, this limitation is eliminated and therefore the ignition delay times for a
sweep of temperature values at a given pressure can be evaluated as will be shown
in Section 2.3. If the experimental explosion limit (Figure 2-1) represents an
ignition delay time greater than, for instance, 1 second, it shall not prove to be a
suitable explosion limit for ICE applications where ignition delay times much
shorter need to be considered for a quantifiable comparison.

10
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Figure 2-1 Experimental explosion limit [51] of H2-O2 mixture at ¢ = 1.

2.2 Reaction mechanism selection

Chemical kinetic mechanisms found in literature have been validated through
different experimental setups like Rapid Compression Machines (RCMs) [53] and
Shock Tubes (STs) [54] to compare the ignition delay times t;,. RCMs, being the
closest in construction to ICEs, should indeed provide t;, values that can be
expected during an ICE operation. Therefore, at this point, the need to perform a
critical analysis of existing mechanisms is introduced to select the one that is most
appropriate and applicable within the range of operating conditions used for the
purpose of this study.

Mittal et al. [52] compared four different mechanisms between RCM experimental
data and 0-D constant volume homogenous batch reactor model simulations
meanwhile also utilizing the effect of heat losses in the form of an “effective
volume” term so that, consistent ignition delay times could be simulated.
O’Connaire-2004 mechanism performed very well for pressures of 15,30 and
50 bars between temperatures of 940 and 1060 K [52]. Validation results by Hu et
al. [54] provided that among the twelve different kinetic mechanisms investigated
in that work, the Kéromnes 2013 kinetic mechanism [57] estimated the ignition
delay times with the least error across the entire pressure and temperature ranges
in [54]. The capability of the Kéromneés 2013 kinetic mechanism in reproducing
experimental data is reported in Figure 2-2 for the reader’s convenience.
Furthermore, Kéromnes et al [57] have validated the mechanism for different
oxidation studies (ignition delay times, flame speed, species profiles) and for a
wide range of pressures (1-70 bar), temperatures (900-2500 K), and equivalence
ratios (0.1-4.0). Therefore, it was decided to proceed with kinetic mechanism by
11
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Kéromnes [57] to reproduce the explosion limits in an organized, identifiable
manner for the researchers in the field of HICE development.

10*
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Ignition delay time (us)

%65 07 075 08 085 0o 085 1 105 11 115
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Figure 2-2 Performance of Kéromnes kinetic mechanism [57] against shock tube
experiments [54] at ¢ = 1 and pressures equal to 1.2, 4.0, 10 and 16 atm. Square
markers represent experimental data and solid lines represent numerical
simulations.

To perform the analyses proposed in the present work using the mechanism by
Kéromnes 2013, explosion limits obtained from 0-D closed homogenous batch
reactor simulations in Ansys CHEMKIN Pro code [55] were compared with those
reported in reference simulation results available in the literature. Liang et al [58]
validated the same mechanism against the results obtained from the eigenvalue
analysis for the Z-shape explosion limits of H2/O2/CO mixture [56]. The same
setup used in [58] was selected to perform this analysis, in which a simulation
duration of 1 second and a mixture composed of fuel (99% H: + 1% CO) and
oxidant (100% O2) were considered. The comparison is reported in Figure 2-3. A
very good agreement is obtained from the intermediate- to high-pressure regime,
which is the one of interest for the present work.

Although not essential for the purpose of this investigation, it is worth mentioning
that for obtaining accurate results in the low-pressure regime it is required to
model the radical species’ depletion process occurring at the wall surfaces. In fact,
in a 0-D simulation, the interaction with a material boundary is not directly
modelled and, thus a comparison with experimental data in the literature
necessitates the inclusion of the radical depletion aspect that affects the reactivity
and hence the coordinates of the explosion limits. This behaviour can be taken
into account by the introduction of additional reactions enclosing the so-called
“sticking coefficients”, with the aim of emulating the sticking process of radical
species on the walls and the way it affects the rest of the reactions occurring at that
specific temperature and pressure. These coefficients represent the pre-

12
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exponential factor in the related modified Arrhenius equation i.e., k =
ATPe=Ea/(RT) [59], [60]. As shown in Figure 2-3(a), without implementing sticking
coefficients to adhesion reactions between surface material (KCl) and radical
species, the mechanism would not perform in the same way shown in [58]. As
found in previous studies [56], termination of radicals at wall has a strong effect on
the low-pressure explosion limits. To accommodate the effect of surface kinetics,
sticking coefficients for radicals H202, HO2, H, OH, O were set as 3e-4 for H202, 3e-
3 for HO2 and 8e-3 for H, OH and O. According to the values reported in [51], [56],
the results obtained, after the implementation of these additional surface
reactions, are shown in Figure 2-3(b) which appears to be consistent with that of
[58]. This aspect was investigated to highlight that the observed discrepancies in
the low-pressure regime can be entirely attributable to surface-interaction
processes and are not due to numerical difficulties of the mechanism in
calculating the gas-phase chemistry.
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Figure 2-3 Mechanism validation with sticking coefficients (a) disabled (b)
enabled. With sticking coefficients enabled, the simulations in this work match
those with that in literature [58] simulated with the Kéromnées mechanism [57].

13



H2 explosion characteristics in engine relevant conditions

2.3 Development of a H: reactivity map for engine
applications

As a first step of the proposed analysis, a wide database of thermodynamic states
and corresponding ignition delay times was developed for Hz-air mixtures through
numerical simulations employing the selected mechanism. From these data it was
possible to highlight H. explosion limits’ dependencies upon pressure,
temperature, and equivalence ratio. Furthermore, the created database was also
used to extract possible t;, values at the thermodynamic conditions achievable
during a compression stroke of an ICE. Such values were employed in the
assessment of possible critical conditions for auto-ignition, performed in the
subsequent parts of the present work.

2.3.1 Numerical simulations setup

The simulations were performed using a 0-D closed homogenous batch reactor
model in Ansys CHEMKIN Pro code [55]. The closed homogeneous batch reactor
model was employed for solving the time-dependent balance equations for the
total mass, gas-phase species, and energy. Table 2-1 shows the range of p, T and ¢
that the simulation data set occupies. The discretization of the grid was at AT =
1 K for the entire temperature range, Ap = 1 bar between 1 and 30 bars and then
Ap = 10 bar between 30 and 100 bars, and ¢ = 0.1,0.2,0.5 and 1. The ignition
delay time is calculated by the temperature inflection point method i.e., between
start of simulation and the time where the temperature profile reaches the
maximum slope. The explosion limit on the pressure-temperature (p — T) plot was
numerically simulated without including any effects of heat loss since for that to
be accounted for, the experimental trace for pressure is needed [53] and in any
case, it is a facility dependent term and hence a variable. Therefore, to be a
consistent benchmark, it was justified to continue with 0-D simulations with a
constant volume, adiabatic and complete combustion assumption. The constant
volume assumption used in 0-D simulations can be justified through the purpose
of achieving thermodynamic equilibrium of the charge’s state based on a quasi-
steady transformation during each spatial instant of the piston’s movement.
Despite the constant volume assumption for the calculation of ignition delay times
(7;p) for individual thermodynamic states, the integral criterion (Section 3.3) takes
into consideration the cumulative heat release associated to 7;, that have been
calculated with a constant-volume assumption and therefore, quantitively,
combines the individual thermodynamic states as the piston is displaced.

14
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The simulations duration in the present work was kept equal to 1 second, namely,
for each pressure and temperature combination, a wait time equal to 1 second was
applied to record any ignition of the mixture within this period.

Table 2-1 Ranges of interest for pressure, temperature, and equivalence ratio in
the present work along with the p, T discretization applied.

Pressure range 1 bar < p < 100 bar
Temperature range 750K < T <1600 K
Equivalence ratio range 0.1<¢<=<1
Temperature discretization AT =1KVT

Ap = 1bar Vp < 30 bar

Pressure discretization
z Ap = 10 bar V p > 30 bar

2.3.2 Results

As an example, representative of the obtained results, Figure 2-4 illustrates various
isometric ignition delay time (iso-t;p) contours from a time of 1 sto1 ms at (a) ¢ =
1 (b) ¢ = 0.5 and (c) ¢ = 0.1. All the data obtained from these simulations were
used to develop a reactivity map from which the 7;; value can be extracted for any
arbitrary (p,T,¢) set within the limits of the sample data. To identify the
thermodynamic states for autoignition, the explosion limit of Hz-air for a constant
and very short ignition delay of 1ms has been chosen as the threshold. An
extended representation of the 3¢ explosion limit obtained in a (p, T, ¢) space
through iso-t;, curves of 1 ms is visualized in Figure 2-5 for 0.1 < ¢ < 1. Such a
surface separates the explosive region from the non-explosive one and highlights
the dependency of this explosion limit upon the main variables of interest.

It is possible to observe that a leaner mixture reduces the reactivity which is
reflected by a shift of the iso-t;, curve towards the right of the reference iso-7;p
curve at ¢ = 1 (Figure 2-6(a)). On the contrary, the reactivity is increased as the
mixture gets richer beyond ¢ = 1 and shifts towards the left and hence, at a certain
fixed pressure, the temperature required for auto-ignition is reduced. This
increase in reactivity asymptotically slows downs around ¢ =3 where the
following explosion limits at increasing ¢ start getting closer to the preceding one
(Figure 2-6(a)). The only opposed difference is observed at very low pressures of 1
to 2 bar where the reactivity decreases as ¢ increases from stochiometric
condition (Figure 2-6(b)). At such low pressures, the intermolecular interaction
between H and O atoms decrease and the termination reactions overcome the rate
of branching reactions [51] and hence the observed decrease in reactivity.

15
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Figure 2-6 primarily provides a fundamental trend of the translation of the
explosion limit as ¢ increases or decreases beyond stochiometric conditions. For
DI HICEs where inhomogeneous ¢ values much higher than 1 are expected within
the injected jet, a knowledge of the explosion limits for ¢ > 1 can help identify any
possibility of auto-ignition during the transient injection phase.

Pressure [bar]

100

750 800 850 900 950 1000 1050 1100 1150
Temperature [K]

Pressure [bar]
3

100

: n . .
750 800 850 200 950 1000 1050 1100 1150
Temperature [K]

Pressure [bar]
2

30

100

750 800 850 900 950 1000 1050 1100 1150
Temperature [K]

Figure 2-4 Isometric ignition delay time (iso-7;p) contours in milliseconds (ms),
for Hz-air mixture, numerically simulated at (a) ¢ = 1 (b) ¢ = 0.5 and (c) ¢ = 0.1.
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Figure 2-5 Interpolation surface for calculation of thermodynamic states (p, T) at
the explosion limits (tr;p, = 1 ms) between stochiometric (¢ = 1) and very lean
(¢ = 0.1) Hz-air mixtures.
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Figure 2-6 (a) Effect of ¢ variation on Hz-air explosion limit. (b) Effect on auto-
ignition temperature at the explosion limit (r;p =1 ms) as the mixture moves
from very lean (¢ = 0.1) to very rich conditions (¢ = 5).
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3 Compression ratio selection criteria

This chapter provides three evolving criteria for the calculation of a safe maximum
Geometrical compression ratio that doesn’t induce auto-ignition at the given
intake condition of pressure and temperature and homogenous mixture
composition. The first criterion is a static one depending solely on the peak
thermodynamic states achieved at the end of the compression stroke. The second
criterion is a time-based one considering the displacement and speed of the piston
as the charge is compressed. The third and final criterion is based on the integral
and hence cumulative approach to consider heat release at each crank rotation as
the mixture is compressed resulting in an earlier autoignition than the one
calculated by the first static criterion.

3.1 Static criterion: engine operation limits based on
motored in-cylinder p and T states

3.1.1 Evaluation of thermodynamic conditions during compression
in ICEs

In order to assess if the engine operation can be considered safe or not, the
thermodynamic state (p, T) of the charge, as it is compressed through the piston’s
displacement towards TDC, needs to be known at each instant of the crank’s
rotation 8. The state of the charge being known, the 1, is calculated using the iso-
7;p reactivity map developed in the previous part of the work.

The simplest criterion employable for determining whether a GCR can be
considered safe or not, can be based on the assessment of the mixture’s explosive
characteristics corresponding to motored in-cylinder pressure and temperature
peaks. Under the hypothesis of the mixture to be an ideal gas having negligible
friction within the fluid, and therefore assuming the compression stroke of the
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engine to be isentropic, the compression curve, is obtainable by calculating the
incremental pressure increase p,; through incremental temperatures T,;, where
subscript “j” represents the increments, namely:

T, k/k—-1
_ ] J -
P2; = Di [Tl] 3-1)

(R

The subscript “i” in p; and T; (Equation (3-1)) represents the thermodynamic state
at the start of the compression at BDC (6 = —180°) and will be termed as “intake”
conditions from here onwards. A specific heat ratio k = 1.4 is chosen as that for air
at STP. At aspecified GCR and intake values of pressure p; and temperature T;, the
TDC position on the compression curve can be visualized and its vicinity to a
possible auto-ignition can be co-evaluated. The peak thermodynamic state at TDC
(8 = 0) can be calculated as:

psRlg=0 =i (GCR)* (3-2)

TERg—o = T; - (GCR)*? (3-3)

3.1.2 Comparing in-cylinder conditions with H2 explosion limits

According to this first criterion, the maximum GCR achievable without causing
auto-ignition is defined as the one for which the pressure and temperature
coordinate at TDC is the intersection point between the compression curve and
the explosion limit, with the latter fixed at 1 ms. This choice is to find out the peak
pressure and temperature values achievable without autoignition, provided that
the system is adiabatic, and no external sources cause the peak p,T values to
increase beyond what is expected in an isentropic compression.

Figure 3-1(a) shows safe and unsafe conditions simply by independent variations
in p;, T; and GCR from a reference intake case of p; = 1 bar, T; = 300 K, GCR = 20.
On the compression curve for this reference case, the TDC state at two different
GCR values, namely GCR = 20 and GCR = 25, are indicated by a “blue square”
(safe) and a “red cross” (unsafe) respectively. All GCR values corresponding to peak
in-cylinder pressure and temperature values beyond the explosion limit (red cross
symbols) pose an unsafe condition i.e., occurrence of autoignition. The curve with
a higher intake pressure (p; = 1.25 bar) than the reference (p; = 1 bar) does not
induce autoignition at TDC while maintaining the same GCR = 20, as that of the
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reference case. However, the curve with a higher intake temperature (T; = 350 K)
than the reference (T; = 300 K) shows that autoignition occurs well before the
TDC, namely, at around 13.5 CAD bTDC (brown ‘plus’ markers) with the same
GCR = 20. The 13.5 CAD bTDC is shown as an example piston position (at an
engine speed of 1000 RPM) to represent the intersection point for the worst case
(p; = 1 bar,T; = 350 K) in Figure 3-1(a) where the mixture state surpasses the
explosion limit and evolves into an autoignition. The same piston position is also
shown on the two other compression curves for the same GCR to help visualize
their relative margin from autoignition. It should be noted by the reader that the
calculation of the p and T values as a function of CAD, and hence engine speed, is
described later in Section 3.2.
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Figure 3-1 (a) Variation of GCR, p;, and T; on the p — T plot. (b) Sensitivity analysis
of autoignition occurrence through increase in intake pressure and temperature.

It must be pointed out that this is not a conservative approach to predict
autoignition and therefore t;, values greater than 1 ms will be also considered in
the subsequent parts of the present work, forming a broad range of peak p,T
values. However, this first simple approach can be exploited to perform a
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preliminary analysis about the influence of intake temperature and pressure on
the probability to reach explosive conditions. Figure 3-1(b) demonstrates that the
probability of autoignition is significantly more sensitive to an increase in T; than
p;- Considering the reference curve and GCR = 20, even a 25% increase in p; (1 bar
to 1.25 bar) still presents a safe condition whereas a mere 1.7% increase in T;
(300 K to 305 K) renders the mixture to be just marginally safe. This is a meaningful
result since a hot spot inside the combustion chamber with just a slightly higher
local temperature than the rest of the charge can cause a premature ignition of the
mixture. Extensive studies by Bradley [61], [62], [63] have demonstrated such
transitions of the mixture state through hot spot temperature gradients.

The peak in-cylinder states evaluable through Equations (3-2) and (3-3) are only
representative of ideal isentropic conditions without considering dynamic
pressure effects or heat loss through the system. One way of simplifying these
effects in a real engine is by using the Effective Compression Ratio (ECR) instead
of GCR. A parameter named epsilon ¢ has been introduced in the present work to
account for these effects by correcting the GCR value as follows:

ECR = ¢-GCR (3-4)

Therefore, Equations (3-2) and (3-3), accordingly become:

psRlg—0 =p;i* (ECR)¥ (3-5)

TyRlg=o = T; - (ECR)*1 (3-6)

Conditions that constitute € may include charge inertial and dynamic effects due
to inlet valve closing and heat exchange. The range of ¢ is defined from 0.7 to 1.1
representing the cases of low and high ECRs according to literature data [64]. Such
a parameter can also enclose correction for the non-ideal behaviour of the gas
during compression. Based on the concept of € and analysis methods presented in
this work, a clustered region of operating points i.e., probable thermodynamic
conditions at TDC of areal engine, is drawn on the p — T plot. This enclosed region
is obtained by simultaneously plotting various compression curves represented by
different intake conditions and then bounded by the TDC operating point values
corresponding to the extreme range values of ¢ i.e., 0.7 and 1.1 which relate to
ECR = 0.7 -GCR and ECR = 1.1 - GCR, respectively.

In Figure 3-2, four different intake conditions with pressures from 1 to 1.5 bar and
temperatures from 300 to 400 K are shown. The higher end of the intake
conditions i.e., 1.5 bar and 400 K, utilized in the present work can be associated to
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a non-intercooled turbocharged engine. The choice of these intake conditions is
to show how such turbocharged conditions impact the vicinity of the in-cylinder
charge’s state to the explosion limit as the charge is compressed towards the TDC.
A review study on HICEs [65] has presented previous experimental works with
intake-air pressure-boosting applications up to p; = 2.6 bars. A maximum intake
pressure of 1.5 bars has also been reported by Lynch et al. [66]. The higher intake
temperature of 400K is also justified through previous studies where pre-heating
of intake-air for DI CI HICEs has been performed up to 120°C [67]. Furthermore,
such a high temperature can also be associated to any heat exchange between any
residual gas that gets mixed with the fresh charge of the subsequent cycle. This is
deliberately done to acquire higher temperatures for HCCI applications in HICEs
as also presented by Aleiferis et al. [68]. This effect is a consequence of valve
overlap and therefore scavenging of the in-cylinder mixture. Therefore, intake
conditions expressed in the present work seem to be reasonably representative of
real conditions in HICEs.

The TDC region is represented as a shaded area for three different values of GCR =

9,16 and 26 in Figure 3-2 (a), (b) and (c), respectively. The operating points in this
enclosed region that lie on the left of the explosion limit are considered safe while
those on the right would induce auto-ignition of the charge mixture. Through this
visual representation it can immediately be evaluated if the intake charge would
end up in auto-ignition beginning from a specific intake condition. All the intake
conditions end up in the safe zone at TDC for GCR = 9 (Figure 3-2(a)) even at the
upper limit of € = 1.1. However, for GCR = 16 (Figure 3-2(b)), an intake charge
beginning with two out of the four initial conditions, namely (p; = 1 bar, T; =
400 K) and (p; = 1.5 bar, T; = 400 K), could auto-ignite in the TDC vicinity.

It is of paramount importance, however, to also have the option to check the
autoignition probability well before the TDC, for instance, in the case of
contamination by lubricating oil. A drastic change in the shape of the explosion
limit and a shift towards the left in the presence of even a trace amount of
lubricating oil (<1% by volume) significantly affects the pure Hz-air explosion limit
and makes the charge explosive at a lower in-cylinder temperature, as it has been
demonstrated by recent literature findings [37], [69]. Since lubricating oil is not
considered in this section (and will be discussed in Chapter 4), and to emulate such
an early autoignition, at least qualitatively at this point of the thesis, in Figure
3-2(c), at a very high GCR = 26, the autoignition occurs around 25 CAD bTDC for
the two compression curves with intake conditions beginning with a higher
temperature i.e., T; = 400 K.

23



Compression ratio selection criteria

1 bar, 300 K (a)
L 1.5 bar, 300 K A
50 1.5 bar, 400 K
1 bar, 400 K
H2-air Explosion limit g
40| © CADbTDC L
+ TDCate=1 Q‘L
<4
2
© 30 1
£ GCR =9 o
7]
(%]
o
o
20 - 1
10 - 4
i . . . . . .

0 i
200 300 400 500 600 700 800 900 1000 1100
Temperature [K]

100 1 bar, 300 K (b)
1.5 bar, 300 K
S0 1.5 bar, 400 K 1
1 bar, 400 K
80 - H2-air Explosion limit ]
o CADbTDC
707 4+ Tocate=1

8 eof
[l
¢ L GCR =16 ]
17
(%]
o
o 401 1
30 1
20 B
10+ 1
0 . . . .
200 400 600 800 1000 1200
Temperature [K]
180 . q
1 bar, 300 K
1.5 bar, 300 K
160 1 1.5 bar, 400 K 1
1 bar, 400 K
140 H2-air Explosion limit bl
CAD bTDC
_ 120 + TDCate=1 |
I
2
) 100 [ B
3
@
3 80 A
a
60 - B
40+ 1
20 - B
0 - T . . . .
200 400 600 800 1000 1200 1400 1600

Temperature [K]
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3.2 Time-based criteria for evaluating engine operation
limits

A criterion based on motored in-cylinder peak pressure and temperature might
not be sufficient at guaranteeing safe operating condition during the regular
operation of an ICE, because the processes occurring inside an ICE are highly
dynamic in nature. A continuous variation in load and engine speed is required
according to the driver’s input. This variation consequently affects the
thermodynamic state of the charge mixture at any given instant and therefore the
vicinity to the Hz-air explosion limit. Therefore, a static analysis cannot always
ensure a HICE operation without a probability of auto-ignition. Therefore, a time-
based (transient) approach monitoring a variable 7, is presented in this part of
the work. For this purpose, at any instant along the stroke of the piston, the ignition
delay time of the mixture needs to be calculated, along with the time remaining to
reach the TDC, t;p¢, in order to evaluate the possibility of an autoignition event.

3.2.1 Evaluation of the 7, function

Having extensively characterized the explosion behaviour of Hz across the 3™
explosion limit, it was possible to evaluate a function that correlates the
instantaneous piston position during the compression stroke to the 7;, values
corresponding to the in-cylinder thermodynamic state at that same instant. The
data set acquired through the iso-t;, map (Section 2.3.2) allows the 7;; to be
evaluated at any arbitrary thermodynamic state along the piston displacement, s.
This is achieved by fitting an interpolation surface (shown in Figure 3-3 for ¢ = 1,
as an example) passing through all the known sample points on the said map.

I interpolation surface
o Sample data points

1000

2 O ®
S & o
o o o

Ignition delay [ms]

n
=1
=1

e 1000 g
", g 1200 — @ pef
P

Figure 3-3 Interpolated surface for numerically simulated ignition delay times of Hz-air
mixture at ¢ = 1.
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The underlyinglogical steps (Figure 3-4) to calculate 7, as a function of in-cylinder
state (p,T,¢) requires knowledge of the pressure and temperature evolution
during the compression stroke. Both states are calculated using isentropic
relations, however, not using the GCR but an instantaneous Volume ratio namely,
VR(6), that is calculated using the instantaneous in-cylinder volume V (9).

V(6) = f(V.,GCR,R, 0)

A

VR(6) = f(V.,V(0))
EVR(0) = f(s,VR(6))

p2(0) = f(pi, EVR(6), k)
T,(8) = f(T;, EVR(8),k)

71p(0) = f(T2(0),p2(6), ¢)

A

Figure 3-4 Calculation methodology for 7;; as a function of engine crank rotation
6.

The instantaneous volume inside the cylinder V(8) at each crank rotation () is
calculated [70] as:

1
Vo) =V.- {1 + E(GCR -1 [R +1—cosf —+/R? — sinza]} (3-7)
— Vd -
= Ger—1 &8
R = £ (3-9)
a

Where [ is connecting rod length and a is the crank radius. The conventions used
are V(—180°) =V(BDC) and V(0°) =V(TDC). From V(8), the instantaneous
Effective Volume Ratio EVR(0) is calculated as:

Vi Vat W
VR() = .=V (3-10)
EVR(0) = £-VR() (3-11)

The instantaneous in-cylinder pressure and temperature are calculated as:

p3 " (0) = p; - (EVR(6))" (3-12)
TEVR(9) = T; - (EVR(6))F 1 (3-13)

The 7;, corresponding to p,(6) and T,(6) values for a fixed ¢ are calculated
through an interpolation function of the form t;;, = f(T,(0),p,(6), $) acquired in
MATLAB by employing the dataset of the iso-t;, map.
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3.2.2 Evaluation of the time to TDC, t;j

The time remaining for the piston to reach the TDC (t;p¢) can be calculated as:

trpc = % (3-14)
where N is engine speed in Revolutions Per Minute (RPM). The t;p. against t;,
must be compared along the entire piston displacement. The piston moves very
slowly at the stroke extremes (BDC/TDC), due to the acceleration and deceleration
events and hence one can observe a non-linear behaviour for absolute piston
position (s):

s =a-cosf + (I? — a? - sin?0)/? (3-15)

Table 3-1 Arbitrary engine geometry parameters used in the present work.

Bore B 80 mm

Stroke L 100 mm

Connectingrod length [ 137 mm

Crank Radius a 50 mm (Half of stroke L)
Displacement volume V; 0.5031

Clearance Volume V. Variable (depends on GCR)

Equation (3-15) gives the piston position, s, as a function of § and hence time ¢.
Figure 3-5 shows the t; plotted against normalized piston position, s*, at a fixed
engine speed of 1000 RPM where s* = 0 corresponds to BDC and s* = 1 to TDC.

30

N = 1000 RPM

. . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
normalized piston postion [-]

90 7(‘) 4‘6 Sé 3‘2 2‘2 0‘
CAD [0] BTDC

Figure 3-5 Time to reach TDC (trp¢) vs normalized piston position (s*) at 1000 RPM.
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3.2.3 Tangency criterion: comparing 7, of the charge to the t;. at
a specific CAD

The evolution of the in-cylinder pressure and temperature, as the piston
compresses the charge towards the TDC, constitutes a transient passing of the
charge’s state through the iso-t;, explosion limits on a p — T plot. This, essentially,
means the variation of the t;, of the charge at every instant of the compression
stroke. Theoretically, the charge is “safe” from auto-ignition if t;p < t;p along the
entire compression stroke. This criterion will be referred to as the “tangency
criterion” from here onwards. Figure 3-6 qualitatively demonstrates this criterion,
differentiating between three example cases. The two 7;;, curves, one tangent
(purple curve) and the other always higher than the t;. (blue curve), satisfy this
criterion whereas the third t,, curve (red curve) intersects the t;p. curve and
therefore no more satisfies the criterion after the intersection point.

Tip > trpe V0
sk Tip = trpe | 0 = 5°6TDC ]
T1p < trpc ‘ 0 < 11°6TDC
trpc
a4l
g' Safe conditions
7] satisfying the
£ 3 tangency criterion -
) I
£ ‘
[
ol
1+ intcrscction/ between
7rp and trpc
0 . . .
0.98 0.985 0.99 0.995 1

normalized piston postion [-]

14 12 1(1:AD [é]o — 7 5 4 320
Figure 3-6 Qualitative representation of the "tangency criterion". The mixture is
considered unsafe beyond the CAD where 7;;, gets lower than the t;,. therefore
declaring the charge mixture prone to autoignition.

The varying 7,;, is compared to the t;,. curve in Figure 3-7 meanwhile verifying if
the tangency criterion is satisfied. For an ideal engine with conditions considered
in Figure 3-7, the traces of pressure (Figure 3-7(a)) and temperature (Figure 3-7(b))
evolution are generated utilizing the Equations (3-12) and (3-13), respectively, at
both € = 0.7 and € = 1.1. With these traces as variables to the interpolant function
for 1, Figure 3-7(c) shows the resulting evolution of ignition delay times of the
charge mixture. With a singular plot on time vs CAD (Figure 3-7(c)), both the t;p.
and t;, are compared. The vertical dotted line on the three plots marks the
threshold CAD for marginal safety of the charge from auto-ignition at ¢ = 1.1. Just
after this threshold, the tangency criterion is no longer satisfied, and the charge’s
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evolving state induces autoignition. However, the charge with identical intake
conditions and GCR but for ¢ = 0.7 remains safe as the t;, curve at € = 0.7 (blue
curve) never intersects the typc curve. Hence the tangency criterion remains
satisfied unconditionally along the entire compression stroke.
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Figure 3-7 Pressure and temperature curves along piston displacement from BDC to
TDC to evaluate corresponding ignition delay times. (a) Pressure trace (b) Temperature
trace (c) typc and 1, trace. GCR = 28, p; = 1 bar, T; = 300 K, N = 1000 RPM, ¢ = 1.

In Figure 3-6 and Figure 3-7, the supplementary x-axis for “CAD [8] bTDC” also
helps the reader to identify the non-linear progression of the piston compared to
the crankshaft’s rotation. This is important to know since the longer the piston
dwells at the TDC the longer the charge has to evolve into a self-ignited
combustion event, i.e., autoignition.
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The above discussion follows below an example demonstrating how variations in
the geometry (e.g., GCR) and intake thermodynamic state (e.g., T;) affect the 7,
curves shifting between unsafe and safe conditions i.e., verification of the tangency
criterion, particularly in the vicinity of TDC. Starting from an arbitrary unsafe case
at GCR = 28 (Figure 3-8(a)), a reduction of the GCR to 20 causes the rightward
horizontal shifting of t;, curves now resulting in a new safe condition (Figure
3-8(b)), satisfying the tangency criterion at any piston position even at the upper
limit of ¢ = 1.1. Furthermore, resuming from this new safe GCR = 20, if just the
intake temperature of the charge is changed from 7; = 300 K to T; = 350 K (Figure
3-8(c)), the red curve (corresponding to € = 1.1) moves towards the left again and
becomes no more tangent to the t;p. curve and rather intersects it. Hence the GCR
is further reduced until tangency is achieved again at GCR = 14 (Figure 3-8(d)).
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Figure 3-8 Transition from unsafe to safe conditions by varying GCR and intake
temperature. (a) Arbitrary unsafe condition where 7;, gets lower than t;. in the TDC
vicinity for ¢ = 1.1. (b) Marginally safe condition satisfying the tangency criterion by
reduction in GCR from 28 to 20. (c) Reinstating an unsafe condition by increasing the

intake temperature T; to 350 K. (d) Obtaining a safe condition again by further reduction

in GCR to 14 while keeping T; = 350 K.
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3.3 Integral based criterion: evaluating engine operation
limits enclosing chemical heat release

The tangency criterion, although enclosing more details in comparison to the
criterion based on a pure static analysis reported in Section 3.1, cannot completely
guarantee an autoignition-free condition for the charge mixture. This is because
the t;p is compared to trp. at each piston position without considering any
chemical activity and the associated heat release at the previous stages. It must be
noted that some heat is released before auto-ignition occurs. Thus, it is imperative
to consider the cumulative chemical kinetics of the mixture as it is compressed
inside the combustion chamber. This phenomenon was studied by Livengood and
Wu [71] in which the concept of the rate of aggregate reaction is discussed to
describe the relationship between ignition delay times and autoignition in
homogenous mixtures. Their work emphasizes on the fact that for extremely small
values of ignition delay (measured from the end of the compression process), an
appreciable amount of reaction may occur during compression and thus the ideal
concept of ignition delay is not strictly applicable.

This onset of autoignition through accumulation of 7;; until it becomes
comparable to the infinitesimal change in crank angle df , therefore, needs to be
calculated. To achieve an effective estimate of the CAD of autoignition, 6,;, either
before or after the TDC, the Livengood-Wu [71] integral, I, is utilized:

I = t—dt (3-16)
- Jo T;p(T, D) ]

The integral in Equation (3-16) is evaluated during mixture compression and any
expansion in the engine during the time t, allowing for the changing value of
7;p (T, p). The CAD at which this integral achieves a value equal to 1 corresponds to
8,;- The left-hand side of Equation (3-16) is actually a ratio between concentration
of pertinent reaction products to a critical concentration value considered in [71].
The database developed in the first part of the present work was used to evaluate
this integral curve.

3.3.1 Numerical simulation setup

Based on Equation (3-16), it was observed that even though the charge mixture
conditions for which the t;, values were always greater than t;,. during the entire
compression stroke, auto-ignition of the mixture still occurred because of the
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integral, I, attaining a value of 1. To cross verify these conditions, 0-D real-gas
compression simulations, with detailed chemistry, executed in Ansys CHEMKIN
Pro, were performed to test, and validate the analytical estimations. As a
prerequisite to these simulations, it was deemed necessary to understand the
choice of ¢ for our analytical estimations that coincided with that of a real gas
behaviour within the 0-D real-gas compression simulations. Based on the charge
composition and thermodynamic state, the peak in-cylinder pressure and
temperature values from the 0-D simulations were obtained for a motored cycle
and an equivalent ¢ value was chosen, that corresponded to those peak values for
our analytical isentropic calculations (Equations (3-5) and (3-6)). This value was
found to be ¢ = 0.85. This value, within our earlier explained range 0f 0.7 < ¢ < 1.1,
is a consequence of a calibration with a 0-D simulation performed for a specific
engine geometry (see Table 3-1). A value of ¢ < 1 is a result of the behaviour of the
mixture as a real gas rather than ideal. Unlike the common industrial practice to
vary the polytropic index to fit the peak p,T values, a strategy based on the
variation of € should represent a better choice. ¢, defined in this work, is a scalar
parameter independent of being linked to a specific mixture or engine. Therefore,
changing the € parameter seems to be an option more suitable in the design phase
of the engine while keeping the specific heat ratio constant as k = 1.4 (isentropic).

3.3.2 Results

Three different cases of 6,; estimation using Equation (3-16) have been explored
in this section and whose results are reported in Figure 3-9.

Case 1 - Autoignition after TDC:

A primary arbitrary case with p; = 1 bar, T; = 410K, ¢ = 0.5, GCR =12 and N =
1000 RPM, the autoignition of the mixture is observed (Figure 3-9(a)). Even
though the mixture has t;, values always greater than t;,. during the entire
compression stroke, it still auto-ignites at around 1 CAD aTDC based on the
Livengood-Wu integral. This condition might be considered a dangerous one for a
SI engine because it could be representative of the occurrence of end-gas
autoignition. To compare Equation (3-16) with the results from the 0-D
simulations, the parameter of Net Heat Release Rate (NHRR) is chosen since it
identifies the CAD where the maximum energy is released by the charge’s
autoignition. An enlarged view of the same conditions is represented in Figure
3-9(b) in which one can verify that the maximum slope of NHRR profile is achieved
at almost the same CAD at which the integral I achieves a value of 1. In this case,
the 6,; evaluated using the integral and analytical calculations is 0.6995° while that
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acquired at the maximum NHRR from 0-D simulation is 1.188°, resulting in an
error of less than 0.5°. The start of the rising NHRR in Figure 3-9 (b) at around
8° bTDC can be explained through the study of the reaction pathways that become
dominant at the p and T values close to the TDC. Such arise in NHRR is associated
to the chain-branching explosion that ends up in a thermal explosion giving the
maximum NHRR.

Case 2 - Autoignition before TDC:

A 10 K increase in the intake temperature i.e., T; = 420 K (Figure 3-9(c)), while
keeping the same conditions of case 1, causes an autoignition before the TDC at
04 = 3.5°bTDC calculated with Equation (3-16). The max NHRR from the 0-D
simulation occurs at 6,; = 2.76° bTDC , resulting in an absolute error of less than
0.74°. Therefore, higher intake temperatures of the homogenous mixture or an
equivalent presence of a hot spot provoking a temperature gradient within the
charge can cause the charge to auto ignite before the TDC which in turn would
cause an increase in the compression work, decreasing the net-work produced by
the engine cycle.

Case 3 — No autoignition:

The final case is an example of decreased T; = 395 K (Figure 3-9(d)) for which,
ideally, the charge never self-ignites since I never approaches a value of unity and
instead asymptotically attains constant value of about 0.8. Even the NHRR
acquired from 0-D simulation is reduced by five orders of magnitude as compared
to cases 1 and 2. The intake conditions for this case do not entail any heat release
from chemical kinetics of the charge that is fast enough to be compared with the
piston motion passing through the TDC i.e., 7;, > dt. At TDC (6 = 0°) with d6
taken as 1°, dt = 0.167 ms and t;p|g-¢- = 4 ms which gives a t;, that is about 24
times greater than dt taken by the piston to move 1 CAD.

To further broaden the results, over a span of intake pressures (1 to 2 bar) and
temperatures (400 to 450 K), Figure 3-10 shows the 6,; values compared between
the analytical calculations in this work and those achieved from 0-D real-gas
compression Ansys CHEMKIN simulations. The comparison shows a great deal of
coherence between the two results with an absolute average error of 0.38° across
the temperature range considered. Such a result allows the engine designer to use
the analytical calculations, presented in this work, with confidence to estimate 6y,
and therefore construct the geometry as well as the plan an engine operating map
(load vs engine speed) that ensures a safe performance for the HICE without the
need to indulge in computationally expensive simulations, at least for the
preliminary global design of the engine.
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Figure 3-9 Estimation of Autoignition CAD using Livengood-Wu integral
(a) Case 1: 8,; after TDC (b) Enlarged view of Case 1 (c) Case 2: 6,; before TDC (d) Case 3:
No autoignition. For both Case 1 and Case 2, even though the tangency criterion
estimates the mixture to be safe from autoignition, the integral criterion allows to
calculate the possibility of autoignition utilizing the aspect of accumulated heat release
during both the compression and expansion stroke.
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Figure 3-10 Comparison of Autoignition CAD 6,; acquired by analytical calculation
(present work) at € = 0.85 (solid lines) and 0-D real-gas compression CHEMKIN
simulations (square markers). Engine geometry used is that of Table 3-1.
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The successful validation of the 84, for a single value of ¢ = 0.85 provides the
necessary grounds to now calculate the range of 6,; values for an entire epsilon
range from 0.7 to 1.1. This € range contributes, in effect, to the non-periodic nature
of an ICE where in each cycle the operating conditions during the compression
stroke may slightly vary, for instance due to a slight variation in engine speed
causing a change in pressure evolution inside the intake ducts and causing a
higher or lower ECR, therefore leading to a different 6,; than the preceding cycle.
The orange shaded region in Figure 3-11 illustrates this ‘range’ for the intake
conditions considered. Instead of plotting the t;, curves just for a single ¢ = 0.85,
two t;p curves, one each for the two extremes of € i.e. 0.7 and 1.1 are plotted. The
corresponding 6,; values for the two cases are identified by the Livengood-Wu
Integral (Equation (3-16)) attaining a value of 1 (red circles). Within this range
could lie the infinite possibilities of the occurrence of an auto-ignition event in the
case of a real engine.

A visual representation of the range of 6,, values spanning over an intake
temperature range between 350 K and 450 K, ¢ values of 0.7 and 1.1, and ¢ = 0.5
is shown in Figure 3-12(a) for two intake pressures, namely, p; = 1 bar (green area)
and p; = 2 bar (blue area). Figure 3-12(b) shows the 6,; range for p; = 1.5 bar while
also indicating a map of isometric-epsilon (iso-¢) lines to conveniently find the
appropriate 8,; values for a specific ¢.
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Figure 3-11 Range of possible 6,; values for a charge mixture with € between 0.7 and 1.1.
The orange shaded region encapsulates all the possible values of 6,; that maybe
expected in a real engine for the engine parameters considered.
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Figure 3-12 Auto-ignition CAD 6,; across a range of intake temperatures for (a) p; = 1 bar
and p; = 2 bar (b) p; = 1.5 bar with iso-¢ lines.

Explicitly, for SI HICEs, the integral criterion does not however quantify a direct
parameter such as a “safe or optimized spark timing”, therefore, quantitatively, it
does not evaluate any possibility of knock due to end-gas autoignition. However,
it does clearly identify, in a preliminary analysis, when to initiate the spark. The
presented approach can provide an initial insight to both pre-ignition (before
spark) and end-gas autoignition (post-spark). To avoid any pre-ignition, the
energizing of the spark or more appropriately, the beginning of the flame
propagation should take place before the maximum of the NHRR is reached due
to evolving chemical reactivity as the charge is compressed. For instance, in Figure
3-9(b), for the conditions mentioned in the figure (and in a supposed case of a SI
HICE), the spark should be ignited, at least, before the I achieves a value of 1.
Figure 3-9(b) is for € = 0.85 but the designer can be even more conservative and
impose a higher value of ¢ up to a reasonable 1.1, as implemented in the present
work, which will result in an earlier 6,; and therefore the spark timing, in case of a
SI engine, can be advanced further. Regarding end-gas autoignition, if, for
instance, a simplified two-zone model is considered and the turbulent flame speed
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is known, the 6,; of the unburnt mixture being compressed towards TDC can still
be calculated using I providing the engine designer a baseline to tweak the spark
timing accordingly. Of course, this would require a modified equation for I to
include the reduction of the unburnt volume as the flame propagates and the
burned mass fraction increases.

3.4 Development of a correlation for evaluating engine
operation limits

As a final objective of the present work, follows the development of a summarized
form of an analytical expression that includes the effect of equivalence ratio ¢ and
intake conditions (p;, T;) to evaluate, in a preliminary design phase, the safe GCR
that is feasible for a HICE in real engine conditions.

The limit to the Maximum Safe GCR (MSGCR) is applied by observing the GCR
value that initiates the first autoignition at a specified ¢. The methods to find the
MSGCR are those presented in Section 3.3, obtaining the first GCR that allows the
Livengood-Wu integral to reach a value of 1. The precision to calculate MSGCR was
set by imposing an increment of AGCR = 0.01 while checking Equation (3-16).

Figure 3-13 shows the MSGCR limit at atmospheric intake conditions, N =
1000 RPM and ¢ = 1, i.e., ECR = GCR, for the entire range of equivalence ratios ¢
between 0.1 and 1. The comparison between MSGCR calculated on the basis of
tangency criterion and that on the basis of the Livengood-Wu integral (Equation
(3-16)) is also demonstrated suggesting the latter to be a more conservative
approach and therefore more suitable to developing an analytical correlation for
practical purposes.
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Figure 3-13 Maximum Safe GCR (MSGCR) limit for a naturally aspirated HICE at

1000 RPM and € = 1 (ECR = GCR) for the intake conditions considered.
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By analysing the trend of MSGCR as a function of equivalence ratio ¢ in Figure
3-13, a power law equation has been chosen to best suit and fit the data. The
equation developed is validated for the ranges 1 bar < p; < 1.5bar, 300K <T; <
400K,01<¢ <lande = 1.

MSGCR =a-¢P +c¢ (3-17)
where:
_ldl,.
a=a(T) +alp,) = (32 ¢~700 ) + (=0.4p; + 0.6) (3-18)
b=-028 (3-19)
d
¢ = 128 ¢ 200" (3-20)
d = 1.425 (3-21)

For ¢ value other than 1, Equation (3-17) needs to be divided by that ¢ value to get
the correct MSGCR corresponding to a higher or lower ECR. Figure 3-14 shows the
HICE operating region for two different but typical cases of intake conditions: (a)
p;i = 1 bar, T; = 300 K; and (b) p; = 1.5 bar, T; = 400 K.

These two cases, respectively, represent a HICE that is naturally aspirated at
standard atmospheric conditions and one that is turbocharged but without any
intercooling of the charge before entering the combustion chamber. The red cross-
hatched region represents the range of operation when € = 1.1i.e., ECRis 1.1 times
GCR. This region is upper bounded by the red curve and is the MSGCR limit
avoiding auto-ignition. The blue curve for GCR limit (¢ = 0.7) gives the possibility
to achieve a higher MSGCR because of the lower ECR. The grey single-hatched
region is rather a region of operation when the designer is sure of the € value to be
between 0.7 and 1.1 and can operate safely avoiding auto-ignition.
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Figure 3-14 Optimal engine operation region for two different intake conditions
(a) Naturally aspirated at STP (b) Turbocharged non-intercooled. The red cross-hatched
region spans all the possible safe GCR values upper bounded by € = 1.1 (red curve). The
entire area under the MSCGR limit at € = 0.7 (blue curve) provides all the safe GCR
values that can be used without autoignition.

Figure 3-15(a) represents the goodness of fit at € = 1 for our analytical expression
spanning the whole range of initial conditions (p;, T;, ¢) and Figure 3-15(b) shows
the fit quality for ¢ = 1 only.
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Figure 3-15 Goodness of fit - analytical expression (a) across entire ¢ range of interest (b)
at stochiometric conditions (¢ = 1).

The second pressure-dependent term in Equation (3-18) well approximates the
pressure variation at a constant temperature (Figure 3-16). Figure 3-16(a) at T; =
300 K shows that the correlation is overestimating the MSGCR at both p; = 1 bar
and p; = 1.5 bar whereas in Figure 3-16(b), the -correlation is, in fact,
underestimating the MSGCR. It is due to the fact that the coefficients b and d
(Equations (3-19) and (3-21)) that control the shape and vertical position of the
curve respectively are simplified such that a single constant value for both
coefficients cover the entire range of the temperatures and pressures with minimal
overestimation or underestimation at different intake conditions. The
discrepancies might be reduced by using higher degree polynomial fits for
coefficients b and d, but increasing the level of complexity of the proposed
analytical expression. Thus, the proposed formulation can represent a good
compromise. Furthermore, it is worth noting that the fact that the correlation
underestimates the MSGCR at higher T;, provides a stricter limit, in line with a
more conservative approach that should be followed when safety considerations
are involved. In fact, in such operating conditions, there is a higher probability to
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quickly evolve into an auto-ignition than the case at the lower T;. This justification
can be associated to a higher sensitivity towards intake temperature in comparison
to intake pressure as shown during the sensitivity analysis reported in Figure
3-1(b).
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Figure 3-16 Estimation accuracy of Equation (3-17) to evaluate variation of intake
pressure p; at constant intake temperatures T; .
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Lubricant oil - a source of undesired self-ignition

4 Lubricant oil - a source of undesired
self-ignition

Hydrogen has regained attention in response to the urgent need of abandon fossil
fuels due to the adverse impact that greenhouse gas emissions from the
transportation sector are producing on the climate. The scientific research in the
field of Internal Combustion Engines (ICEs) has continued to produce innovation
in the last few decades for further developing this propulsion system. New
combustion techniques [72], [73] and architectures [74], [75], [76] coupled with
new strategies for controlling the combustion process [77], [78], [79] and more
accurate and cost-effective sensors [80], [81], [82] have been proposed. However,
in order to still consider ICEs a sustainable option for the future, the attention
needs to be necessarily shifted on the fuels used for feeding the system [83], [84].
Hydrogen can give new possibilities of development to ICEs, by replacing fossil
fuels in those applications in which the battery-based technologies are still not
mature.

Although hydrogen is one of the most studied fuels, there exist criticalities that
need to be addressed for rendering hydrogen ICEs ready for the marketplace [85],
[86], [87]. Among these, there is the uncontrolled spontaneous premature ignition
of the charge, which reduces the combustion control, limits the engine power
output and forces the operation in very lean conditions in order to avoid potential
engine failure [87], [88]. The onset of some abnormal combustion modes that arise
even in the absence of any significant charge or temperature inhomogeneity might
rely on the presence of lubricant oil contamination within the combustion
chamber. Fundamental research showed that a relative short alkane molecule like
n-heptane can increases the reactivity of H,/air mixtures in the low-temperature
range even by more than one order of magnitude [89]. Considering that the main
components of base oils are normal alkanes having a number of carbon atoms
ranging from 15 to 54 [90], lubricant oil results considerably more reactive than n-
heptane ad might have more pronounced effects on the reactivity of H,/air
mixtures.

43



Lubricant oil - a source of undesired self-ignition

Evidence linking the presence of lubricant oil inside the combustion chamber to
particularly severe detonation phenomena is already reported in the literature in
the case of highly boosted gasoline engines, especially at low speeds and high loads
[91], [92]. Lubricant oil significantly accelerates gasoline ignition [93], [94], and, in
the case of hydrogen, the effects might be even more relevant, bearing in mind the
larger difference in the molecular structure existing between hydrogen and
lubricant oil, in comparison to that existing between gasoline and lubricant oil.
Recent works on hydrogen ICEs have started to link the onset of abnormal
combustions to the presence of “sensitive spots” whose generation has been
ascribed to lubricant oil contamination [88], [95], [96].

It is worth to mention that there is also a secondary pathway by which lubricant oil
can interfere with the regular evolution of the combustion process. Lubricant oil
can represent a significant source of nano-sized soot particles, as observed in
recent experiments [97], [98], [99], [100], since the formation of soot precursor
species is facilitated in the case of the long-chain hydrocarbons constituting
lubricant oil [42], [101]. When carbonaceous deposits are formed, these can serve
as additional sensitive spots, able to initiate an uncontrolled ignition of the charge
[92].

Understanding the reaction pathways involved in the oxidation of lubricant oil and
its interaction with hydrogen could play a crucial role in the development of
efficient and reliable hydrogen ICEs. Some useful information can already be
inferred from previous research even though mainly oriented to gasoline engines
[102], [103], [104], [105], [106], [107], [108]. Namely, a common approach consists
in the use of a single n-alkane molecule, i.e., n-hexadecane (n-C;cHs,), as a
surrogate species for emulating lubricant oil chemical characteristics [104], [105],
[106], [108].

On the basis of this same hypothesis, a reaction mechanism was developed in a
recent previous work [109] for studying the reactivity behaviour of
H,/n-Ci¢Hs,/air mixtures in what can be considered the first attempt to
characterize the effects induced by the interaction of hydrogen with lubricant oil.
It was found that lubricant oil can significantly increase the charge reactivity,
especially in the low-temperature range. The results showed that lubricant oil
surrogate species remains highly more reactive than H, for a wide range of
temperatures, as it can be observed in Figure 4-1, which is reported as an example
for the reader’s convenience (observe the existence of regions 2 and 3). This result
pointed out that the presence of lubricant oil can facilitate the mixture ignition at
temperatures considerably lower than those at which hydrogen usually auto-
ignites (at a given pressure). In [109] several H,/n-C,cH3,/air mixtures having
different compositions were analysed as well, highlighting that very small amounts
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of lubricant oil are sufficient to promote the auto-ignition of the charge. However,
those analyses did not provide information about the effective amounts of
lubricant oil that can be found where oil contamination occurs, namely in the
vicinity of oil droplets.
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Figure 4-1. Results obtained in [109] regarding the ignition behaviour of
n-Cy¢Hs4/air and H,/air mixtures at a pressure of 20 bar and an equivalence ratio

of 0.5.

The aim of the present work is to find out if a lubricant oil droplet suspended in a
H,/air environment can effectively represent a sensitive spot from which a
chemical process can start and propagate throughout the charge. To this purpose,
a relatively simple analytical model is developed to derive reasonable profiles of
the temperature and the mass fraction around the droplet. The results were used
to initialize zero-dimensional numerical simulations performed in the
OpenSMOKE++ framework. n-hexadecane was selected as a surrogate chemical
species to model the chemical and physical behaviour of lubricant oil and the
reduced chemical model, developed in [109] was employed in the simulations for
emulating the reactivity properties of H,/oil/air mixtures. With this approach it
was possible to study the charge reactivity variations induced by the presence of
oil vapour in the vicinity of an oil droplet, providing quantitative information with
small computational efforts.

4.1 Analytical model

Modelling the vaporization of a liquid oil droplet in an environment consisting of
hydrogen and air is not a trivial task. The mathematical description of the heat and
mass transfer processes involves complex partial differential equations that are
usually solved through numerical integration techniques, when a detailed
description of the related physical processes is required. However, the present
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work does not aim at providing a comprehensive description of the evaporating
behaviour of an oil droplet, but, more practically, it is rather focused on the
attempt of highlighting the potential threat to the regular engine operation
constituted by the H,/oil/air gaseous mixture that forms around an oil droplet.

The present analytical model was conceived with the aim of obtaining expressions
for the temperature and species distributions in the region close to the droplet
surface, with a limited computation effort, but which result physically reasonable,
so that they could be used to initialize reactive 0D numerical simulations. With this
approach it was possible to assess the spatial variation of the mixture ignition delay
time, induced by the oil droplet without the need of performing complex and time
demanding CFD simulations. Despite its simplicity, this analytical model gives
useful information that, coupled with chemical analyses, can provide useful
insight in the problem.

4.1.1 Model description

As depicted in Figure 4-2, the model considers a single droplet existing in a
quiescent, infinite medium constituted by a H,/air mixture and in which a
temperature higher than that of the droplet reigns. A spherically symmetric
coordinate system was employed for describing the problem, in which the radius,
r, is the only coordinate variable and has its origin at the centre of the droplet. The
variables at the liquid-vapor interface are denoted with the subscript “s”. Energy
necessary to vaporize the liquid is transferred, in the form of heat, from the
surrounding ambient to the droplet, and, simultaneously, the oil vapor diffuses
from the droplet surface into the ambient gas. The interactions with any other
droplets, and the effects of convection are ignored. Radiation heat transfer is
considered negligible. The pressure is considered uniform and constant. The
lubricant oil dropletis a single-component liquid, with zero solubility for gases and
having the n-hexadecane properties. The evaporation process is considered to be
much slower than the involved chemistry, so that, a quasi-steady assumption is
used to describe the process. The thermodynamic parameters, such as the gas-
phase thermal conductivity, A, and specific heat, c, 4, as well as the product of the
density and mass diffusivity, pD, are all considered constants. The hypothesis of
unit Lewis number, Le = 1 /(¢cp, 4pD), is invoked.

With the above assumptions, the oil (n-hexadecane) mass fraction distribution
Y,i1(r) and the temperature distribution T (r) in the gaseous ambient surrounding
the droplet can be found by solving the gas-phase mass, species and energy
conservation equations, the droplet gas-phase interface energy balance, and the
droplet liquid mass conservation equation.
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From the gas-phase mass conservation, with the assumption of quasi-steady
vaporization, it can be stated that the mass flowrate, m, is a constant, independent
of the radius, thus:

m = 4nr?pv = 4nr?pgv, = const, (4-1)

where v is the velocity of the flow leaving the droplet surface.
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Figure 4-2. Schematization of the evaporation process according to the “onion
skin” model, enclosing energy fluxes at the surface and the expected mass
fraction, Y,;;(r), and Temperature, T (r), distributions.

It is possible to obtain an expression describing how the n-hexadecane
concentration varies moving away from the droplet surface by solving the steady
species conservation equation, which can be written as

d d dy,;
e (4nr?pvY,;) = e <4nr2pD d—;”) : (4-2)

For the vaporizing droplet, the total mass flow rate leaving the droplet surface must
be equal to the sum of the mass flow rates due to the bulk convective motion of
gaseous mixture at the surface and the mass diffusion rate of the vapour in the
radial direction due to the existence of a concentration gradient around the
droplet surface. Considering that the total flowrate is everywhere identical to the
oil vapour flowrate, the condition to which the species conservation equation
must be constrained can be expressed as
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dYoil
PsVs = [pvyoil - pD dr

(4-3)

S
Equation (4-2) can be integrated two times with respect to r, by imposing the
condition expressed by Equation (4-3) and thatY,; = You_at the surface (wherer =

13), After some algebra, it is possible to find the expression that describe the n-
hexadecane concentration variation along the radial coordinate, viz.,

( ) _Zm

1-Y,,,)e r

You(r) =1-— e (4-4)
e T

where Z = ﬁ. The unity Lewis number assumption implies that Ci = pD, thus
pg

C
the parameter Z can be also expressed as Z = 22,

The temperature distribution in the gas phase can be obtained as a solution of the
gas-phase energy conservation equation, which, with the Le =1 assumption,
reduces to the simple Shvab-Zel'dovi¢ form

d(cp,gT):i 4 A 2 d(cpgT) ' (4-5)

4 2
TPV T gy dr 7Tcp_g dr

Assuming that the gas-phase thermal conductivity, 4, and specific heat, c, ,4, are
constant, Equation (4-5) can be integrated twice with respect to r, by imposing the
boundary conditions far from the droplet surface, i.e., T = T, for r = o, and at the
droplet surfaces, i.e., T = T for r = 1, as illustrated in Figure 4-2. The temperature
distribution in the gas phase can be then obtained:

Zm _Zm
T —T)e 7 —Type s +T.
T(r) = ( 5) = >, (4-6)
l1—e 7s

In order to evaluate the mass species and temperature distributions, it is necessary
to calculate the evaporation rate, m, by writing the energy balance at the droplet
surface. Figure 4-2 schematizes the instantaneous energy fluxes at the surface of
the evaporating droplet. The gas-phase ambient is at a higher temperature than
the droplet, so that heat (Q,) is conducted through the gas phase and transferred
to the droplet surface. This energy is that required to heat up the liquid (Q.4) and
induce the oil vaporization (mA,h,;;). Mathematically, this can be expressed as

Qg =m Ayhyy + ch ) (4-7)

where A, h,;; is the heat of vaporization of the oil. The instantaneous conduction
heat transfer from the gas phase, Q,, can be evaluated by applying Fourier’s law,
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while the instantaneous heat conducted into the droplet interior, Q.4, can be
easily evaluated by employing the so-called “onion-skin” model, which considers
the droplet as consisting of an interior region existing uniformly at its initial
temperature, T;, and a thin liquid surface layer at the surface temperature, Ty. In
this model, Q.4 in Equation (4-7) represents the thermal power required to heat
the fuel from T, to T,. With these assumptions, Equation (4-7) can be rewritten as

dT
[,14nr2 E] = mh[Ayhoi + cp(Ts — T (4-8)
S

where c,, is the specific heat of the liquid n-hexadecane, and the temperature
gradient at the interface can be obtained from the temperature distribution in the
gas layer around the droplet (Equation (4-6)). After some algebra it is possible to
write an expression that links the evaporation mass flow rate, m, to the droplet
surface temperature, T, namely,

. rs Cp,g (Too - Ts) rs
m==In|1l+ =—=In[1+ B], (4-9)
Z Avhoil + Cp,l(Ts - Td) Z

Cp,g (Too—T5)
Aphoi +Cp,l(Ts —-Ta)

where B = represents the transfer number for this specific problem.

In addition to the evaporation rate, m, Equations (4-4) and (4-6) require the
knowledge of the n-hexadecane mass fraction and temperature values at the
droplet surface, namely, Y,;; and T, respectively.

It is possible to evaluate the n-hexadecane concentration at the droplet surface as
a function of the mass flow rate, m, by imposing to Equation (4-4) the condition
that Y,;; = 0 for r - o0, namely, no oil present in the H,/air mixture far away from
the droplet:
Your, = 15%1' (4-10)

Arelation between Y,;; and T that provide closure to the problem can be obtained
by assuming equilibrium between the liquid and vapor phases at the droplet
surface. Such an equilibrium can be described in a simple form by employing the
Clausius—Clapeyron equation, which links the partial pressure of oil (n-
hexadecane) vapor at the liquid-vapor interface, p,;;_, at a given temperature, T, to

the vapor pressure estimated in a known reference state, i.e.,

Doi Avhoilf1 1 )
Lls =e R \Ts Ts,ref

) (4-11)
pOils,ref
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where, and Ty .. is the boiling temperature of lubricant oil (n-hexadecane) at the
reference pressure p,;,,, ; (Latm). The oil vapour partial pressure, p,; , can be

related to the oil mole fraction, y,;;,, and mass fraction, Y,;_, as follows:

poils MWoil
P XouMWoi + (1 — Xou, ) MW,

oily = (4-12)
where MW,;; and MW,, are the molecular mass of the oil (n-hexadecane) and the
average molecular mass of the H,/air mixture far from the droplet, respectively.

Substituting Equation (4-12) into Equation (4-11) yields an explicit relation
between Y,;; and T, namely,

Aphpi(1 1 )
e R \Ts Ts,ref MWO”

Avhoi(l 1 ) Aphoy(1_ 1 )
e R \Ts Ts,ref MWoil + p—e R \Ts Ts,ref MWoo

Yoils =

(4-13)

Equations (4-9), (4-10) and (4-13) can be solved simultaneously in order to
evaluate the conditions at the droplet surface, namely in order to obtain m, ¥,;;_
and Ts. These values can be used to evaluate the mass fraction distribution Y (r)
and the temperature distribution T(r) in the gaseous ambient surrounding the
droplet, using Equations (4-4) and (4-6), respectively.

4.1.2 Parameters estimation

In order to evaluate the derived equations, a proper selection of appropriate mean
values for the liquid- and gas-phase thermodynamics properties of the involved
species and mixtures was needed.

The specific heat of liquid n-hexadecane, c,;, was evaluated by means of the
polynomial expression provided by Zhang et al. [110], at the temperature of the
liquid droplet, T4, namely,

cpi = o (Ta) = ay + a,Ty + asTZ, (4-14)
with the coefficients reported in Table 4-1.

For the gas-phase specific heat, ¢, 4, and the thermal conductivity, 4, in the gas
layer surrounding the droplet, the approach suggested by Law and Williams [111]
was employed. i.e., the gas-phase specific heat, ¢, ;, was approximated with that of
oil vapours, namely, with that of gaseous n-hexadecane, cp, as

= cgil(T); (4-15)
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while the gas-phase thermal conductivity value was evaluated as a weighted
average with respect to the value of gaseous n-hexadecane, 23", and that of the
H,/air mixture, 1., [111] as

AT) = 0.4254T) + 0.6 2o (T) . (4-16)

The characteristic temperature, T, at which these parameters were evaluated, was
estimated via the so-called “one-third rule” [112], namely,

_ Ty — T,
T=E+Ljr£.

The gas-phase specific heat value at T was evaluated by means of the following
polynomial expression:

(4-17)

ol (T) = W (a; + a,T + a3T? + a,T3 + asT), (4-18)
ol

Table 4-1 Coefficients employed in the polynomial expressions for the specific
het of liquid n-hexadecane, 5 (T,) [113]; for the specific heat, cp’ (T) [109] and
thermal conductivity, 25(T) [114] of gaseous n-hexadecane.

a, a, as a, as ag a, ag

o U/KGIOL U/Kg KD U/(Kg K]
P 0002 —0.53 6-1073
P [1/ ] /K] /K] [1/K*]

P9 _364-10° 0.196-10° —127-10"* 4.14-10"8 —5.41-10"12

oil W/ (mK)]  [W/ (mK)] [W/ (mK)] [W/ (mK)] [W/ (mK)] [W/ (mK)] [W/ (mK)] [-]

9 425547  —39.3553 140965  —244.669 143418  —484488 68884  0.152925

Table 4-2 Coefficients employed in the polynomial expression for the thermal
conductivity, 1;(T) of the considered species.

Ref. [115] [115] [116]
N2 (0 ) H:2

a, [W/(mK)] —8.14736-107* 6.85176-107* 101.93
a, [W / (mk?)] 1.1613984 - 10~* 9.39908- 107> 0.3081
as [W / (mk*)] —1.1361924 - 1077 —2.44914-1078 4-107°
ay [W / (mK*)] 1.0617612- 10710 4.31987- 10712 0
as [W / (mK®)] —5.4055704 - 10~ 0 0
ag [W / (mK®)] 1.4542066- 10717 0 0
a; (W / (mK")] —1.941557 - 10721 0 0
ag [W / (mK®)] 1.0105922 - 10725 0 0
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in which R is the universal gas constant (R = 8314.5J/kmol K), and the coefficients
were the same used in the thermodynamic dataset of the reaction mechanism
[109], and are reported in Table 4-1.

For the gaseous n-hexadecane thermal conductivity value at T, the polynomial
expression suggested by Monogenidou et al. [114], validated in conditions varying
from the triple point to 700 K and up to 50 MPa, was employed:

a; — a,T, + azT? — a,T? + asT — agTP + a, TS

}\oilrf — )
g (1) 2T,

(4-19)

where T, = T/T°%, represents the ratio between the characteristic temperature T
and the n-hexadecane critical temperature, T°% = 722K [113]. The relative
coefficients are reported in Table 4-1, as well.

The thermal conductivity of the H,/air gas mixture constituting the ambient in
which the oil droplet is suspended, 4,, was evaluated by employing the
widespread used empirical correlation proposed by Mathur et al. [117], also in
accordance with the suggestion provided in a recent review work by Zhukov et al.
[118] about the calculation of thermal conductivity of gas mixture containing
hydrogen. Known the mixture composition expressed in terms of mole fractions,
Xi, the average thermal conductivity can be calculated as

=4S+ (Y2) | 420

L

For the thermal conductivity of the i-th species (with i = H,, N,, 0,) constituting
the ambient gas mixture, 2;, the following general polynomial expression was
employed:

A =MD =a; + a;T + a3T° + a,T° + asT* + agT + a,T° + agT . (4-21)
The thermal conductivity of nitrogen, oxygen and hydrogen were evaluated using
the polynomial coefficient values suggested by Abramenko et al. [119] and by
Bergman et al. [120] respectively, validated in a range spanning from 80 K to
4500 K for nitrogen, from 100 to 2500 K for oxygen and from 400 K to 2000 K for
hydrogen. The relative values are reported in Table 4-2. Finally, the n-hexadecane
boiling temperature at reference atmospheric conditions, T ,..r, was selected equal
to 560 K and the molar heat of vaporization, A,h,; = 51.84 KJ/mol at T ,..¢ [121].
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4.1.3 Boundary conditions

A lubricant oil droplet can have a diameter ranging from 0.01 to 3.0 mm, according
to literature data obtained through high-speed images [122]. Increasing longer
induction times before ignition have been observed for droplets having increased
larger sizes [123], [124]. Wang et al. [123] showed that the ignition delay time of an
oil droplet having a radius of 200 ym was about 200 ms under operating conditions
of 20 bar and 780 K. Considering that an ICE for automotive applications needs
significantly less than 200 ms to cover one entire compression stroke, probably, a
droplet radius smaller than 100 um is required to trigger an auto-ignition event.
Consequently, three different oil droplet sizes were selected for this study, namely,
r, = 25,50 and 75 um.

A temperature of the liquid in the inner region of the droplet, T,;, equal to 423 K
was imposed, considering that oil droplets are usually released from the piston
crevice due to the piston motion [125]. Thus, the temperature at which the oil is
released should not differ much from that of the cylinder liner, which is usually
lower than 500 K.

The thermo-chemical conditions of the ambient in which the oil droplet is
suspended were selected in order to resemble typical conditions reigning within
the combustion chamber of an ICE just before that the piston reaches the TDC,
namely when undesired pre-ignitions of the charge are usually detected [123],
[126]. Three (p,T,) values pairs were selected to analyse different scenarios,
namely, p = 30 bar and T,, = 800K, p = 50 bar and T,, = 900K, p = 70 bar and
T, = 1000K. These conditions might be interpreted as either different piston
locations along the last part of the compression stroke of the same engine or
different thermodynamic conditions obtained with different engine architectures
(compression ratios). The analyses were carried out at three different values of the
fuel equivalence ratio of the H,/air mixture surrounding the oil droplet, ¢,
namely, 0.25, 0.5 and 0.75.

4.2 Numerical simulations set-up

The results obtained from the analytical model were used to initialize 0D
numerical simulations performed within the open-source OpenSMOKE++
framework [127] and having the aim to quantify the ignition delay time variation
along the radial coordinate, 7(r). The closed homogeneous batch reactor model
with constant volume assumption was employed for solving the time dependent
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balance equations for the total mass, the gas-phase species mass and energy. A
criterion for the ignition delay time evaluation based on the maximum OH
increase was used. The reduced reaction mechanism developed in a previous
study [109] for H,/n-C;cH;4/air mixtures and consisting of 169 species and 2796
reaction was employed in the simulations. The 1D spatial domain employed in the
computations with the analytical model was discretized using 50 points,
distributed according to a spacing criterion based on 5 K temperature increment
of the T(r) function. The same values for p, T, and ¢.,, considered in the
calculations performed with the analytical model were considered for the
numerical simulations.

4.3 Results and Discussion

Figure 4-3 reports the profiles of mass fraction, Y,;(r) (blue lines) and
temperature, T(r) (red lines) obtained from the analytical model, in
correspondence of the three droplet radii, r;, considered, namely 25 ym (dotted
lines), 50 um (dashed lines) and 75 um (solid lines). The corresponding ignition
delay profile, t(r) (green lines), obtained from the 0D simulations, is reported for
each condition in the bottom graph. Figure 4-3 refers to ambient conditions of
T, =900 K, p = 50 bar, and ¢, = 0.5. The variables are plotted against the radial
distance from the droplet centre in Figure 4-3 (a), while the dimensionless distance
from the droplet surface § = (r — r;) /7 is considered in Figure 4-3 (b).The latter
shows that the results scale with the droplet radius, as expected with the
hypothesis at the basis of the model.
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Figure 4-3. Mass fraction, Y,;;, and temperature, T, distributions obtained from the
analytical model, together with ignition delay time distributions, 7, obtained from the 0D
simulations, for three different droplet radii (25, 50 and 75 um, at ambient conditions of
T, =900 K, p = 50 bar, ¢, = 0.5. The functions are plotted both against the radial
coordinate, r (a) and the dimensionless distance, 6 (b).

The main result is that 7(r) remains much lower than the reference value of the
H,/air mixture at the ambient conditions (z, light blue line) even at a significative
distance from the droplet, regardless of the droplet size. Namely, in the thermo-
chemical conditions of Figure 4-3, the H,/air mixture would require about 34 ms
to ignite, whereas, even at a distance equal to 100 droplet radii (where Y,;; is
decreased to about 0.007) the H,/oil mixture needs less than 15 ms. This suggests
that the gas layer that surrounds the droplet represents an extremely high-reactive
region that extends significatively far from its surface, and that even trace amounts
of lubricant oil are sufficient to significantly increase the charge reactivity.

The oil mass fraction at the droplet interface, Y,;_, never exceeds a value of 0.5
(mainly due to the high ambient pressure) and moving away from the droplet,
Y,i(r) quickly decreases, so that, at a distance equal to 5 droplet radii, its value is
already less than 0.1. The temperature has an opposite trend, namely, T'(r) starts
from a value at the droplet interface, T, of about 650 K, and quickly increases
reaching a value of about 835 K after 5 droplet radii. Near the droplet surface,
although very rich conditions are established, the temperature remains close to
that of the liquid and significantly lower than that of the ambient, so that the
chemical process is slowed down. Far from the droplet, the oil vapour
concentration decreases drastically and with it the effects on the reactivity. As a
consequence, the 7(r) function, shows a minimum located at a distance
comprised between 2 and 12 droplet radii, range in which 7 remains shorter than
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0.5 ms, as can be more clearly observed in Figure 4-4, which reports a closer view
of the values obtained in the proximity of the droplet surface.

Although a low temperature (T; = 650 K) and a quite significative mixture
enrichment, the mixture obtained close to the droplet interface show high
reactivity, with an ignition delay value that is more than halved (z; = 15 ms) in
comparison to the reference value reached at infinite distance from the droplet
(T = Ty, = 34 ms). However, the ignition will probably start at the distance of
about 4 droplet radii, where a minimum value of about 0.16 ms is recorded. It is
worth to highlight that this ignition delay value is more than 2 orders of magnitude
shorter than the hydrogen reference value, 7,. As a reference, at this temperature
(and pressure) the H,/air mixture would require more than 100 ms to ignite
(depending on the equivalence ratio considered).

5.0 §
45 3 T =900 K
E p = 50 bar
40 3 B = 05
35 4
— 3.0 3
v 3
E 25 1
=20
15 9
1.0%\
05 3
0 FHH—m
0 5 10 15 20 25 30
5[]

Figure 4-4. Ignition delay time, t(8), variation close to the droplet surface at ambient
conditions of T, = 900 K, p = 50 bar, ¢, = 0.5.

The extent of the effects induced by lubricant oil contamination on the charge
reactivity changes depending on the thermo-chemical conditions of the ambient
in which the oil droplet is suspended. Figure 4-5 (a) shows the results deriving from
the calculations made at three different conditions in terms of ambient
temperature and pressure, and in which the equivalence ratio, ¢, was kept
constant at a value of 0.5. Although the temperature is increased from 800 to
1000 K, the oil mass fraction does not vary much from one case to another. This
because the pressure was increased simultaneously with the temperature in the
considered cases. The trend recorded for 7 is similar to that shown in Figure 4-3 for
all the considered cases, but with some peculiarities that is worth examining.

At 800 K and 30 bar, the thermodynamic conditions are not suitable for promoting
the H,/air mixture autoignition. Nevertheless, the (&) profile (green dotted line
in Figure 4-5 (a)) shows a deep through, analogously to the other reactive cases.
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This means that the presence of an oil droplet has the potential to drastically shift
the explosion limit of hydrogen, by generating a highly reactive mixture during its
vaporization even in condition in which hydrogen would not auto-ignite. At a
distance of about 5 radii, the formed H,/oil/air mixture needs only about 1 ms to
auto-ignite, and 7(8) remains shorter than 10 ms up to a distance equal to 25 radii.
This is a remarkable finding, if one considers that a spontaneous ignition of the
charge could be locally initiated by an oil droplet even though the thermodynamic
conditions are considered safe for the operation of a hydrogen engine.

At 1000 K and 70 bar, the H, /air mixture would require about 2.5 ms to auto-ignite.
With the presence of an oil droplet, this time can be reduced to about 60 us at a
distance slightly lower than 5 droplet radii (cf. solid lines in Figure 4-5 (a)),
highlighting a maximum reduction of about 98% induced by the oil vapour at the
highest ambient temperature and pressure considered.

A less marked dependence upon the ambient equivalence ratio arose from the
results showed in Figure 4-5 (b), in which T, =900 K and p = 50 bar were
considered. This suggests that the lubricant oil effects are significative,
independently of the hydrogen content in the charge. The increased reactivities is
mainly attributable to the low-temperature chemistry involved in the long
straight-chain alkanes oxidation, in which the H,-0, system play a quite marginal
role [109], [124]. The minimum value of 7 is about 0.15 ms and it is recorded at
approximately 4.5 radii, for all the conditions considered. It is meaningful to point
out that the ignition delay shortening induced by lubricant oil is much more
pronounced than that induced by an increase in the equivalence ratio value of the
H,/air mixture. Namely, t,, changes approximately from 53 to 26 ms, when ¢, is
increased from 0.25 to 0.75 (cf. light blue lines in Figure 4-5 (b)), while the
reduction induced by the oil contamination can reach up to two orders of
magnitude.
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Figure 4-5. Mass fraction, Y,;;(§) and temperature, T(§) distributions obtained from the
analytical model, together with ignition delay time distributions, 7(6§), obtained from the
0D simulations. Results obtained with ¢, = 0.5 for three different pressures and
temperatures (a). Results obtained at T,, = 900 K, p = 50 bar for 3 different ambient
equivalent ratios (b).

Finally, Figure 4-5 (b) shows that the extension of the region with very short values
of T increases with the decrease of the ambient equivalence ratio. Considering that
a comparable minimum value of 7 is obtained for the three cases (i.e., about
0.18 ms), the leanest case (i.e., ¢, = 0.25) looks the most dangerous one. Such a
result needs to be taken under particular consideration in the light of the
development direction of hydrogen ICEs oriented towards lean operating

combustion modes.
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5 Detonation of H:-air mixture due to
hot-spots

5.1 Introduction

Within the combustion chamber of an internal combustion engine, regions of high
local temperatures called hot spots can arise based on multiple reasons some of
which being hot edges of intake/exhaust valves, carbon deposits as part of the
emissions from previous cycles and thermal inhomogeneities of the combustible
mixture or simply air (in case of DI engines).

These hot spots due to their higher local temperature envelope a certain mass of
the charge that has a lower ignition delay as compared to the rest of the mixture
outside the hot spot region. This thermal inhomogeneity becomes a source of
ignition within an unburnt mass of charge and hence initiates a reaction front
propagating radially outwards towards a decreasing temperature gradient.

If a reaction front couples with the pressure/acoustic wave it generates, the
phenomenon leads to detonation with a pressure detrimental to the components
of the engine. Such detonations can be either supersonic or subsonic depending
on the initial temperature gradient within the hot spot from which a detonating
wave front starts propagating.

In this chapter 1D detonation simulations are run using OpenFOAM and the effect
of different temperature profiles within the hot spot on the resulting mode of
detonation is studied and compared to identify the different modes of detonation
they initiate.
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5.2 State of the art

Auto-ignition, reaction front propagation, and detonation development are
foundational events in combustion, and are relevant to the occurrence of engine
knock. Since mixtures in practical situations are rarely homogeneous, auto-
ignition would first occur at some location induced by external energy deposition,
heat transfer, and turbulent energy dissipation [128].

Following Zel'dovich [129], an initial reactivity gradient arising from
mixture/temperature inhomogeneities can give rise to different auto-ignition
modes, including thermal explosion, supersonic auto-ignition deflagration,
detonation development, subsonic auto-ignition deflagration, and simply laminar
deflagration.

Bradley and coworkers [130] proposed a detonation diagram normalized by
dimensionless parameters to determine the critical conditions of auto- ignition
modes, which was widely utilized in the studies of engine knock [131] and
deflagration-to-detonation transition (DDT) [132]. Liberman et al. [133] clarified
the critical steepness of the temperature gradient for different modes and
addressed the significance of chemical kinetics. The dimensionless parameters
used for the Bradley diagram are further elaborated in section 5.2.1.

Chen and coworkers [134], [135] elucidated the effects of fuel properties and
additives on auto-ignition and detonation development. Later, the role of
temperature and concentration stratification and their interactions was
investigated in Ref. [136] . Pan et al. [137], [138] identified the significance of the
transient behaviour of multiple variables in auto-ignition and detonation
development.

Different autoignition modes can be initiated by non-uniform initial
temperatures, manifesting the transition from supersonic to subsonic combustion
modes with increasing temperature gradients however in a non-monotonous
trend.

Pan et al. [139] have identified a universal detonation response diagram with
multiple, non-monotonic boundaries of auto-ignition modes under engine-
relevant conditions. Specifically, it was shown that with increasing gradient
steepness, in addition to the conventional three regimes of supersonic auto-
ignition deflagration, detonation development, and subsonic auto-ignition
deflagration, the reaction front propagation speed would first decrease
dramatically and then increase, hence inducing additional detonation regimes.
Consequently, two detonation peninsulas were identified, with the first

corresponding to the well-established Bradley detonation peninsula and the
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second manifesting a broader detonation regime. Figure 5-1 shows the detonation
peninsula diagram adapted from [139] where the Bradley detonation peninsula is
shown in dashed lines.
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Figure 5-1 Detonation diagram in spherical coordinates. & — ¢ diagram. The
dashed lines denote the results of Ref. [130]. Figure adapted from [139].

Detonation response diagrams (hot spot radius vs AT) identify the regimes/modes
of detonation as a consequence of increasing the radius of hot spot x, as well as
the steepness of the temperature within the hot spot and hence AT. Because of the
stretching effect of the reacting front in spherical coordinates and slower
propagating reacting front as compared to one in a planar direction, different
detonation response diagrams in spherical and planar coordinates are observed
effecting the limits of both detonation peninsulas. This has been studied by Pan et
al. [140] and the detonation response diagrams for both coordinates for Hz/air
have been adapted to show in Figure 5-2.

61



ry (mm)

Xo (mm)

Detonation of H2-air mixture due to hot-spots

rya

(2

1%t Detonation |

Peninsula |

(3)

7/

(4)

2" Detonation
Peninsula

rya

rs T T T
80 200 300 400 500

0.0 0.5 1.0
ATyoz2 (K)
]" ""j f"l
8
2)
2™ Detonation
6F peninsula
o @
. 1* Detonation| (3)
peninsula
2 k_/
" L L ,l” L L 1 L ’I’ L L L 1
0.0 0.5 1.0 20 40 60 80 200 400 600 3001000
AT,y (K)

1000

100

1000

Not Possible

nd

1* Detonation Peninsula \

Falling

2" Detonation Penisula

Rising

1 1
50 100

1
150

e(-)

200

100

10

g0

Not Possible

15! Detpnation peninsula =

2" Detpnation peninsula

50 100

150

e(-)

200

Figure 5-2 Detonation response diagram and & - ¢ diagrams of multi-regime detonation

development of Hz/air in planar configuration (top) and spherical configuration

(bottom). Adapted from [140].

5.2.1 A classification diagram

A diagram introduced by Bradley and colleagues [141] and known also as
“detonation peninsula” can be employed to classify the various modes of reaction
propagation originating from an auto-ignition centre. It has been extensively used
for analysing abnormal combustion mode in internal combustion engines and

other applications [142], [143], [144], [145].

Bradley's diagram relies on Zel'dovich's theory, which was originally devised to
investigate pre-ignition events triggered by hot spots [146]. The employed
approach assumes that reactivity gradients arise solely from temperature changes
within a small, assumed spherical volume. Consequently, the local propagation
speed of the auto-ignition reaction wave, u,, can be expressed as follows in a
spherical coordinate frame [147]:
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dt dT
-1 -7 5-1
Yoo S dTdr -
where, r is the radial coordinate, and 7 the ignition delay time. A linear
temperature increase (i.e., Z—: = const) was imposed along r, allowing the study of

various modes of auto-ignition propagation by varying the steepness of the
temperature gradient. According to this gradient mechanism, a dimensionless
parameter, ¢, was introduced to ascertain the presence of resonance between
auto-ignition and acoustic time. In the simplified case of hot spots, it can be
defined as:

(=2 (Z:)l (5-2)

-1
in which (g) = (dZ—(TT) a) expressed the critical temperature gradient leading to
c

chemical resonance, being a the speed of sound evaluated at half of the hot spot
radius. According to this definition, subsequent studies have referred to ¢ as the
normalized temperature gradient (cf., e.g., [148], [149]).

In addition, a detonation wave emerges as the heat released by the auto-ignitive
front rapidly transfers into the acoustic wave. Thus, a second dimensionless
parameter, €, was introduced to assess the degree of coupling between acoustic
effects and exothermic reactions:

r/a

£ = (5-3)

Te
It compares the time taken for the acoustic wave to traverse the hot spot with the
excitation time, which evaluates the duration of the major heat releasing phase
[150], defined as the time interval between 5% and maximum heat release rate
[147].

It is noteworthy that, in this theory, ¢ mirrors the dependence of t upon the
temperature (having assumed Z—: and a to be constant). To evaluate this

dependence, 0D simulations employing an appropriate chemical reaction scheme

()

can be conducted to assess the term —— and readily obtain the value of ¢. From

the same simulations, the excitation tlme, 7., can be extracted for calculating the
dimensionless parameter . Considering that the speed of sound, ignition delay
and excitation time vary within the hot spot, all the parameters were evaluated at
half of the hot spot radius, i.e., atr = r2—°

Although Equation (5-2) indicates that chemical resonance occurs at { = 1, there
exists a range of values of this parameter within which transitions to a developing
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detonation is observable. The parameters ¢; and &, were introduced to designate
the corresponding lower and upper limiting values, respectively, of the so-called
“detonation peninsula”. According to the classification proposed by Bradley and
colleagues [141], [147], [151], [152] five modes of reaction front propagation can be
visualized on the proposed classification diagram: for ¢ = 0 auto-ignition occurs
instantaneously without the need for a temperature gradient, thus there is a
thermal explosion; the mode corresponding to 0 < ¢ < §; represents a supersonic
auto-ignitive propagation of the reaction front; in the mode defined by §; < £ < &,
both developing and developed detonations occur; subsonic auto-ignitive
propagation is observed for ¢, < ¢ < a/u; (this mode can be also referred as
“reactive-hydrodynamic wave” [153]); laminar burning deflagration at the laminar
burning velocity characterises the mode corresponding to ¢ > a/u; (i.e., a
conventional flame propagating by molecular diffusive and conductive
mechanisms).

Figure 5-3 (a) illustrates the classification diagram according to the results recently
obtained by Pan et al. [148] (black lines). The boundaries originally obtained by
Bradley and colleagues [141] are also reported for comparison (green lines). The
numerical simulations performed by Pan et al. [148] are more recent and extended
over a wider range of ¢ values in comparison to those considered by Bradley and
colleagues [141]. Thus, the diagram by Pan et al. [148] is considered as a reference
in this study (dashed lines in the plots of Figure 5-3 indicate extrapolated values).

It is worth highlighting that the diagram in Figure 5-3 (a) was obtained for an
equimolar H,/CO mixture at T = 1000 K, p = 40 atm and ¢ = 1. In the early
studies, it was supposed that the detonation peninsula could be universally valid,
as it was initially shown to be also applicable to iso-octane and n-heptane [152].
However, the related data were obtained for relatively small values of ¢, not
exceeding 9 and 4, respectively. Nevertheless, the classification diagram of Figure
5-3 (a) was used in subsequent studies without much further discussion (see, for
instance, the work by Robert and Poinsot [145]). More recent studies (see, e.g.,
[154], [155], [156], [157]) have suggested that the peninsula boundaries may vary
depending on the fuel mixture. In addition, although still not completely clear,
such studies have suggested that the initial temperature, initial pressure, and
equivalence ratio might have a non-negligible influence.

Therefore, in Figure 5-3 (b), the boundaries for pure H, obtained by Zhang et al.
[156] (light-blue lines), Gao et al. [157] (pink lines), and Pan et al. [158] (yellow
lines) under the same thermodynamic conditions are reported. Differences with
the H,/CO mixture are notable in the extent of the developing detonation region at
low e values. The deflagration limit also appears to be different. However,
discrepancies among the results relative to pure H, are also evident at low &, with
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the results by Zhang et al. [156] suggesting that the developing detonation region
might encompass lower ¢ values and higher ¢ values. Further research is needed

in this regard.
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Figure 5-3 Classification diagram proposed by various research groups for different fuel

mixtures and thermodynamic conditions.

Gao et al. [157] also studied the influence of thermodynamic conditions outside
the “hot spot”, suggesting that the influence of pressure is limited, while that of
temperature and equivalence ratio can be relevant. Figure 5-3 (c) reports the
detonation peninsulas obtained for pure H, at 40 atm for T = 1000 K and ¢ = 0.5
(blue lines) and for T =1200K and ¢ =1 (red lines). A reduction in the
equivalence ratio value from 1 to 0.5 produces a significant modification of the

65



Detonation of H2-air mixture due to hot-spots

upper boundary of the detonation peninsula. Consequently, the risk of generating
a detonation is reduced at low values of ¢ and increased at higher values. An
increase in temperature shifts the developing detonation region towards lower &
values, indicating that a lower temperature gradient is needed to generate a
detonation. The effects induced by temperature appear more significant on the
lower boundary. Unfortunately, there are no results available at temperatures
lower than 1000 K. Therefore, for the present analysis, the diagram proposed by
Gao et al. [157] for pure H, at T = 1000 K and ¢ = 0.5 (blue lines) was considered
in addition to the one obtained by Pan et al. [148] for H,/CO (black lines).

5.3 Effects of initial temperature on multi-regime
detonation development

As discussed thoroughly in Chapter 4, the autoignition time delay is highly
sensitive to temperature. Similarly, the propagation of the reaction front in
different initial homogeneous temperature fields results in slightly skewed
detonation response diagrams because of an earlier or later transition between the
various modes of detonation as shown in Figure 5-4. This causes a change in the
dimensionless parameters ¢ and ¢ and therefore the shape of the two detonation
peninsulas particularly at higher hot spot diameters.
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Figure 5-4 Detonation response diagrams for H»/air in spherical coordinates at different
initial temperatures. Reaction front propagation modes are (1) supersonic auto-ignition
deflagration, (2) detonation development, (3) subsonic auto-ignition deflagration, and
(4) detonation development. Adapted from supplementary materials in [140].
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5.4 Numerical simulations setup

In this work transient auto-ignition processes of stochiometric H2/air mixtures
initiated by non-uniform initial temperatures in a one-dimensional “planar”
domain are considered.

The initial temperature distribution within the hot spot will depend on the
temperature trend variation with the independent axis (x) chosen among which
are linear and exponential of x in the present work. The two respective
temperature distributions compared in this study are represented by Equations
(5-4) and (5-6).

Where t and x are the temporal and spatial coordinates, respectively; x, the radius
of the hot spot; L the length of the planar domain; dT/dx is the temperature
gradient; and T, is the uniform initial temperature outside the hot spot.
Furthermore, L =4.0 cm, T, = 1047.5 K (t;p = 1ms), and p, = 40 atm are held for all
cases studied. A hot spot value of x, = 5mm has been used across all simulations.

1D transient auto-ignition simulations with detailed chemical kinetics were
performed utilizing detonationFoam [159]: An open-source solver for simulation
of gaseous detonation solver based on OpenFOAM v6. The solver considers the
species’ equations and detailed finite-rate chemistry and thereby the
compressible, multi-component, reactive flow can be simulated. The mixture-
averaged transport model is used to accurately evaluate the detailed transport
coefficients. The improved HLLC-P approximate Riemann solver incorporated
within the solver accurately captures the propagation of shock wave and contact
discontinuity. Second-order CrankNicolson scheme in time and central difference
schemes in space are used. The accuracy of the solver detonationFoam has been
validated in [159] against commercial code A-SURF [134], [160].

For the initial validation of the solver in this work, mesh size equal to 1ym and
corresponding timestep limited by a Courant number (Courant-Friedrichs-Lewy
condition) equal to 0.015 is imposed to ensure adequate numerical resolution of
the reaction front, pressure/shock wave, and detonation development. However,
for faster acquisition of a large set of results but still adequately representative of
the real phenomenon, a mesh size equal to 50um is used. This mesh size equal to
50um while maintaining a Co=0.015 gives At of about 2e-9 seconds and hence the
resulting time of first sensible ignition in term of heat release rise is slightly
advanced as compared to a mesh of 1um with At = 1e-10 seconds.

Symmetry and zero-Gradient boundary conditions are imposed on the left and
right boundaries, respectively. The total physical time is adjusted to ensure the

completion of reaction front propagation in the entire domain. The reaction front
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J

m3:s

is defined as the location of the maximum heat release rate Q [ ] Considering

the significance of chemical kinetics in the Deflagration to Detonation Transition
(DDT), the same detailed reaction mechanism [24] is adopted as used in section
2.2 of Chapter 2. Figure 5-5 shows a schematic of the boundary and initial
conditions for the simulations in planar coordinates.
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Figure 5-5 Schematic of the boundary and initial conditions for the 1D-simulations in
planar coordinates used in this work.

5.5 Linear vs exponential gradient of temperature within
the hot-spot in a stochiometric Hz-air mixture

Detonation response diagrams in planar coordinates [140] are used as reference
for validation against the opensource detonationFoam solver used in this work. At
a constant hot spot radius of 5 mm, the solver shows very good consistency with
the data in the literature. The validation result is shown in Figure 5-6 identifying
the limits of the 15t and 2" peninsula. The solver itself has been validated by its
authors against ASURF detonation simulations in [159]. The same results in Figure
5-6 have been superimposed on the original figure adapted from Pan et al 2023
[140] shown in Figure 5-7.
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Figure 5-6 Validation of solver ‘detonationFoam’ against literature data [140] at x, =
5 mm with linear temperature gradient inside hot spot.
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Figure 5-7 Detonation response diagram for H»/air at T, = 1050 K and p, = 40 atm in
planar coordinates (adapted from [140]). Simulation results from present work (purple
diamond markers) using detonationFoam solver [159] have been superimposed for
comparison.

In literature the gradient of temperature used for such simulations has always
been linear.

Tesz + ( —@)ﬂ 0<x< (5-4)
T(o) =2 T \F T g) g =TS
To, X = xg

However, A more realistic approach to model the temperature profile inside a hot
spot is an exponential gradient of temperature. Turbulent convection inside the
engine cylinder causes a rapid dissipation of heat at the radial limit of the hot spot,
however the core remains at a comparatively much higher temperature which
indeed is true for solid deposits acting as hot spots.

69



Detonation of H2-air mixture due to hot-spots

An exponential function of temperature in generic form would be

T=a-e*+b (5-5)
where a is the exponential growth coefficient, x being the normalized longitudinal
axis of the reaction front propagation travel (the principal axis of a 1D domain),
and b is the y-axis value of the exponential asymptote reached at x = +oco.

The exponential function of temperature within the hot spot is given by Equation
(5-6) and shown in Figure 5-8. AT, is the y — intercept and hence the maximum
temperature at the center of the hot spot (x = 0) and x, being the hot spot radius.
Here the coefficient n has been introduced to calibrate the exponential decay
within the hot spot between x =0 and x=x, , and is given by n=
—In(ATgsymprote/ ATmax ). ATasymprore = 0.01K has been used to achieve the
homogenous base temperature T, exactly at x = x,.

x

_nX

T = {ATmax e Yo+ (TO - ATasymptote)' X < Xg (5-6)
Ty, x = xg
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1295.00
- Linear
1245.00
= 1195.00
1145.00

1095.00

1045.00
0 01 02 03 04 05 06 07 08 09 1
x/xo

Figure 5-8 Linear and exponential temperature gradients inside the hot spot as given by
equations (5-4)and (5-6) respectively.

Previous works [130], [139], [140] have used the centre of the hot spot (x,/2) for
linear temperature gradients as the reference to calculate AT which is given by:

AT = ATyysa = Tryr2 = To (6-7)

Where T/, is the temperature at the center of hotspot. Here x,..; = x,/2.
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However, for the exponential temperature gradients used in this work, AT, . is

calculated from a reference value x,.r given by Equation (5-9) by evaluating
Equation (5-9).

1
(i)exponential (5-8)
Xo

Xref =

ref

ATmax

n

i [T = (T = MToymproe)
n (5-9)

( x )exponential

Xo ref

The selection of a variable x,.f in case of an exponential temperature gradient lies
in the nature of an exponential curve having almost negligible temperature
difference between x = x,/2 and x = x, even though the maximum temperature
at the centre of hot spot (x = 0) is significantly high from Tj.

AT;TJcez;onentlal — Txeiz;onentlal _ TO (5-10)
A few test cases close to the boundaries as well as inside the two detonation
peninsulas, seen in Figure 5-7, have been selected to compare a change in AT at
which the transition occurs between the different modes of detonation for both
the cases of linear and exponential gradients of temperature within the hot spot.
Table 5-1 summarizes the cases studied in this work.

Table 5-1 Case studies parameters for comparison between linear and exponential dT/dx
inside the hot spot and their effect on subsequent detonation transition.

Case Xo [mm] AT [K]
A 5.0 2
B 5.0 100
C 5.0 200

5.5.1 Results and Discussion

The results being shown may not adhere quantitatively to the correct spatial and
temporal position of the reacting and acoustic waves because of the comparatively
large mesh size (Ax = 50 um) however, qualitatively, it is sufficient to illustrate the
difference between the two cases studied in this work.
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Figure 5-9 to Figure 5-11 show the pressure and temperature profiles of the
representative cases in each regime at x, = 5mm. Solid lines represent
exponential gradient, and dashed lines represent linear gradient of initial
temperature within the hot spot.

Case A (AT = 2 K)

As compared to the Linear dT/dx, the first ignition in the case of an exponential
dT/dx is delayed at such a low temperature different of 2 K (Figure 5-9). This is
associated with the profile of an exponential curve in this case, where only a small
portion of the hot spot close to the centre (x = 0) has the highest temperature
difference whereas in the linear dT/dx case, the whole hot spot can be averaged to
have a temperature very close to T, leading to a faster thermal explosion. The
ignition delay difference between the two cases causes their relative spatial
position to be at a constant delta that is maintained across the whole domain
because of the same constant supersonic velocity of around 900 m/s.

The reacting and pressure wave are both coupled in the two cases, with a peak of
190 bars and a propagating detonation wave develops inside the hot spot and
continues steadily till the end of the domain. Both these cases lie within the 1%
detonation peninsula.

Case B (AT = 100 K)

In Figure 5-10, both exponential dT/dx and linear dT/dx cases represent
supersonic detonation wave propagation. With such a high temperature difference
between reference temperature inside the hotspot T, and the ambient
temperature T,, the detonation due to the exponential dT/dx indicates now a
much lower ignition delay difference as compared to the linear dT/dx. Once again,
the nature of an exponential curve accumulates most of the high temperature
region close to the centre of the hot spot (x = x,) and because of a high AT =

100 K, the difference between the two cases starts to close.

Case C (AT = 200 K)

The very high AT = 200 K (Figure 5-11) results in a similar temporal and spatial
positioning of the detonation front for both exponential and linear dT/dx cases.
Like Case B, a propagating detonation wave develops inside the hot spot and
continues steadily till the end of the domain. This result identifies a similar ignition
delay at very high AT values irrespective of the initial temperature gradient profile
inside the hot spot.
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Figure 5-9 Case A (AT = 2 K): Temporal evolution of pressure and temperature. Solid

black lines: Exponential dT /dx, Dashed maroon lines: Linear dT /dx. Time sequences are
1-1000 ps, 2 — 1005 ps, 3 — 1010 ps, 4 — 1020 ps.
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Figure 5-10 Case B (AT = 100 K): Temporal evolution of pressure and temperature. Solid

black lines: Exponential dT /dx, Dashed maroon lines: Linear dT /dx. Time sequences are
1-31 ps,2-34ps,3-41 ps, 4 - 50 ps.
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Figure 5-11 Case C (AT = 200 K): Temporal evolution of pressure and temperature. Solid

black lines: Exponential dT /dx, Dashed Maroon lines: Linear dT /dx. Time sequences are
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6 Summary and outlook

The ongoing development of hydrogen ICEs requires a design baseline that
depends on analytical and numerical results performed on Hz-air combustion and
its effect on engine geometry. The present work objectively made use of the
chemical kinetics of Hz to correlate its explosive behaviour to the thermodynamic
state that can be present inside an ICE during its operation. The initial pressure,
p;, initial temperature, T;, and the equivalence ratio, ¢, of the mixture were taken
into consideration to assess the occurrence of auto-ignition through a thorough
analysis of the H:-air explosion limit, which was essential for defining the
Maximum Safe Geometrical Compression Ratio (MSGCR) of an engine. Three
different criteria have been established in the present work, namely, static, time-
based and an integral one.

The 3rd explosion limit, being that of interest to ICE applications, is numerically
simulated in the present work implementing the Kéromnes kinetic mechanism
and is expanded further in this study to develop a H: reactivity map for engine
applications, spanning a wide range of ignition delay times, t;p, (1 sec to 1 ms) and
¢ (0.1 — 1). The map demonstrates this wide variation through a horizontal shift
of the explosion limit on the p — T plot. An increase in auto-ignition temperature
at constant pressure is observed when moving from stochiometric (¢ = 1) to very
lean (¢ = 0.1) mixture compositions. The reactivity map allows for the creation of
a computational database for calculations of instantaneous t;, values
corresponding to any arbitrary in-cylinder state (p,T,¢) as the piston travels
through either a compression or an expansion stroke. Even though a lean
combustion is the primary target, explosion limits for much higher ¢ up to 5 have
been simulated to provide their applicability to DI Hz engines in which the mass
distribution of fuel is heterogeneous within the injected jet of hydrogen. The
proximity of the mixture to auto-ignition has been quantitively explained through
the three criteria established in the present work beginning from a fundamental
static approach to more elaborate and conservative transient and integral
approaches.
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The static criterion employs the use of an explosion limit with a threshold iso-7;,
value of 1 ms. GCR values with peak thermodynamic states on the right of this
threshold explosion limit were defined to be unsafe while those on the left as safe.
This criterion showed that for a constant GCR, the probability of autoignition is an
order of magnitude more sensitive to T; than p;. For a stochiometric Hz-air mixture
and GCR = 20, even a 25% increase in p; (1 bar to 1.25 bar) still presented a safe
condition whereas a mere < 2% increase in T; (300 K to 305 K) rendered the
mixture to be just marginally safe. An analogous deduction can be made from this
result pertaining to the existence of hot spots, around which strong temperature
gradients exist, causing a possible premature ignition of the mixture. To consider
a broader range of more realistic peak states, influenced by the non-ideal
behaviour of the gas during compression, the parameter € with a range from 0.7 to
1.1 was introduced. It was also discussed that a safe condition might be rendered
unsafe in the case of contamination of Hz-air mixture with even a minute amount
of a hydrocarbon-based lubricating oil surrogate modifying the explosion limit
both in shape and position on the p — T plot.

The second time-based approach supersedes the static criterion because of its
ability to evaluate instantaneous t;, of the charge as both p and T evolve during a
compression stroke. This was made possible by fitting an interpolation surface
over the H reactivity map developed in the first stage. This approach allowed a
more detailed use of the engine geometrical parameters like bore, stroke, conrod
length along with the engine speed to translate 7;, as a function of time and
therefore the Crank Angle Degree (CAD). This approach, named as the tangency
criterion (trpc < 7;p), is particularly helpful in identifying an unsafe condition
close to the TDC where the piston displacement is much slower at the end of the
stroke allowing a longer time for the charge to evolve into an autoignition.

The only limitation of the tangency criterion to not be a final definitive criterion is
its inability to consider the accumulation of any heat release that occurs during the
compression stroke as the p, T values rise promoting the initiation of the various
reactions involving the species contributing to H> combustion. This limitation was
identified during the comparison of autoignition scenarios using the tangency
criterion with those achieved from alternate 0-D real-gas compression simulations
with detailed chemistry. This effect of cumulative heat release was incorporated
into a third criterion of the present work, namely, the “integral criterion”. The
Livengood-Wu integral, I, was utilized in calculating the onset (i.e., the CAD) of
auto-ignition as the mixture is compressed until TDC and then also expanded
beyond that. This criterion gives a more conservative approach to the selection of
a MSGCR and therefore evaluates the unsafe GCR values that might have been
determined to be safe by the “tangency criterion”. Three unique cases of
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autoignition around the TDC were analysed. The “integral criterion” clearly
recognizes unsafe autoignition conditions that are deemed safe by the “tangency
criterion”. This criterion also further validates the autoignition CAD (6,;) values
simulated through the 0-D real gas compression simulations. The criterion was
further expanded to include the entire ¢ range from 0.7 to 1.1 to consider the
infinite possibilities of the occurrence of an auto-ignition event in the case of a real
engine making the criterion more robust and inclusive.

In the present work the applicability of the “integral criterion” is encouraged to
both Compression Ignition (CI) and Spark-Ignition (SI) HICEs. It may seem
straight forward to be used in CI engines however for SI engines, it may be
questioned because of the added dynamics of the flame front propagation and
therefore the criterion’s ability to predict an ignition either pre-spark (pre-
ignition) or post-spark (end-gas autoignition). Despite the added complexity due
to a propagating flame, this criterion can still be confidently used to clearly
identify, atleast in a preliminary analysis, when to initiate the spark. A way to avoid
pre-ignition can be to design the engine parameters such that the integral I does
not achieve a value of 1 before the spark timing. A possible way to predict end-gas
autoignition, however, could be made possible by a modification of the integral I
taking into consideration the reduction of the unburnt volume as the flame
propagates towards the cylinder walls.

As a synergy of Chapters 2 and 3 of present work, an analytical expression for
MSGCR was developed as a function of fundamental variables p;, T;, and ¢
validated for stochiometric (¢p = 1) to very lean (¢p = 0.1) mixture compositions as
well as intake conditions from atmospheric (p; = 1 bar, T; = 300 K) to a typical
turbocharged and non-intercooled intake condition (p; = 1.5 bar, T; = 400 K). As
observed, MSGCR does not vary much with ¢ except for ¢ < 0.3. Once again, the
intake temperature was the predominant parameter that significantly affected the
MSGCR. The fundamental conclusion which can be reached from this analysis is
that for the successful feasibility of safe HICE operation, the control of the in-
cylinder temperature is most crucial. One has to be mindful that the analytical
correlation developed in this study has its assumptions of adiabatic walls, absence
of hot-spot and statistical uncertainties like cyclic effects. Such realities will be
incorporated in future works. The analyses performed in this work provide a solid
foundation of selected engine geometry parameters and operating conditions that,
on a preliminary design phase, would be sufficient to ensure a safe operation for a
HICE paving the way to faster prototypes for test bench experiments and
validation.
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The analysis conducted in this chapter 4 of the present work had the aim of
ascertaining if a lubricant oil droplet can promote undesired self-ignition of the
charge in hydrogen Internal Combustion Engines (ICEs). Namely, a one-
dimensional analytical model was coupled with the OpenSMOKE++ open-source
chemical code with the purpose of assessing ignition delay variations of the charge
induced by the presence of oil vapour. The analytical model was developed to
derive reasonable thermo-chemical conditions in the vicinity of a vaporizing
lubricant oil droplet, while the latter is suspended in a H,/air environment in
which engine-like conditions reign. The obtained results were used as input
parameters for performing zero-dimensional numerical simulations in the
OpenSMOKE++ framework. A single surrogate chemical species was employed to
model the chemical and physical behaviour of lubricant oil, namely, n-hexadecane
(n-Cy¢H34)- Areduced chemical model, developed in a previous work for emulating
the reactivity properties of H,/n-C,¢Hs, /air mixtures, was used in the chemical
kinetic simulations.

The results clearly confirmed that the oil vapour significatively increases the
charge reactivity. It was found that the charge ignition delay reaches a minimum
in the region close to the droplet surface, where its value can be reduced by up to
two orders of magnitude, independently of the droplet radius and the equivalence
ratio of the H,/air mixture surrounding the droplet. Such a behaviour has been
observed also in thermodynamic conditions that would not allow hydrogen to
ignite. The reason relies on the low-temperature chemistry involved in the
oxidation of long straight-chained alkanes constituting lubricant oil. This might
explain how certain abnormal combustion modes can arise in hydrogen ICEs even
in the absence of any significant charge or temperature inhomogeneity.

Despite the relative simplicity of the model employed in the calculations, it was
possible to provide an answer to the question posed in the title via a practical
approach that required limited computational efforts. The potentially harmful
influence that lubricant oil might have on combustion regularity in hydrogen ICEs
has been unveiled, with the results suggesting that an oil droplet can effectively
serve as a “sensitive” spot able to initiate an undesired ignition event that can
potentially propagate to the remainder of the charge. Having assessed the
importance of studying the fuel-lubricant interaction, more accurate calculations
as well as experimental campaigns (also including secondary paths by which
lubricant oil can interfere with the combustion process) might be now performed
in order to provide more insight on the issue and accelerate the development of
hydrogen combustion technology for ICEs.
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Finally in chapter 5, the 1D transient detonation simulations observed for
exponential temperature gradients within the hot spot, indicated the need to
thoroughly study such aspects if a robust design of a HICE is required, free from
abnormal combustion events. The results from the simulations in this work
provides the qualitative idea to explore multiple different possibilities of
temperature gradients that could rise to a different behaviour of detonation modes
in engine relevant conditions.

Further steps are required to deepen the understanding of prevalent pre-ignition
phenomenon in HICEs through detailed yet still fundamental studies taking into
consideration all important parameters like peak thermodynamic states,
compression ratio, stochastic analysis of the contamination of lubricant oil in the
fresh charge in relation to parameters such as engine speed and geometrical
tolerances. Comprehensive yet computationally cheap solutions can be found just
through fundamental chemical kinetic analysis of the H:-air combustion,
lubricant oil vaporization modelling and detonating hot spots analysis.
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