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b Wärtsilä Finland Oy, Vaasa, Finland

A R T I C L E I N F O

Keywords:
H2 pre-ignition
Lubricating oil
RCEM
Air-to-fuel ratio
Compression ratio

A B S T R A C T

The growing interest in utilizing hydrogen (H2) as a zero-carbon fuel has ignited extensive research on its po-
tential application within internal combustion engines (ICEs). However, a major challenge regarding H2 ICEs is
the pre-ignition phenomenon. Various factors, including hot spots, oil droplets/deposits, and the ignition system,
contribute to pre-ignition. This study focuses on pre-ignition caused by engine lubricating oil droplets/deposits.
A Rapid Compression Expansion Machine (RCEM), equipped with optical access is employed to conduct a
comparative analysis of the pre-ignition characteristics of two distinct engine lubricating oils called oil A and oil
B. Oil A is an API (American Petroleum Institute) Group II lubricating oil with Ca (calcium) detergents, while oil
B is of API Group V with a combination of Mg (magnesium) and Ca (calcium) components. The study identifies
pre-ignition limits for both oils across various air-to-fuel ratios (λ = 2, 2.5, 3) and compression ratios (ε = 11-
14.5). Comparative assessments are also performed through a chemical analysis (homogenous constant vol-
ume ignition delay time (IDT) simulations) as well as investigating the cylinder pressure and heat release rate
(HRR) curves for the tested lubricating oils. This study represents the first exploration of the H2 pre-ignition
phenomenon in response to different engine lubricating oils within the context of an RCEM. The findings
reveal that oil A is more susceptible to pre-ignition. In contrast, oil B exhibits pre-ignition at higher ε while
maintaining constant λ. Simultaneously, oil B displays an accelerated flame propagation and more robust
combustion due to the incidence of pre-ignition at higher ε. Hence, in the context of H2 ICEs, the Group V oil
sample (oil B) presents itself as a more advantageous choice compared to the Group II oil sample (oil A) for
alleviating undesirable pre-ignition.

1. Introduction

In response to the escalating energy demand, the call for an efficient
and robust hydrogen (H2) economy has become more pronounced. The
appeal of H2 as a fuel varies significantly depending on the production
method, with distinct categories such as “green H2” emerging as a
compelling energy storage solution. During times of surplus renewable
energy generation, excess electricity can be utilized for electrolysis,
generating green H2 as a practical energy storage solution. The stored H2
proves its efficacy by being employed in either fuel cells (FCs) or internal
combustion engines (ICEs), thereby, actively contributing to addressing
peak energy demands.

H2 emerges as a highly promising fuel for ICEs, as it can effectively
address the need for suitable range, enhanced performance, and overall

resilience [1,2]. However, H2 ICEs pose challenges primarily because of
the unique characteristics of H2, including a low minimum ignition
energy, a wide flammability range, and a combination of high flame
speed and low quenching distance [2,3]. Abnormal combustion phe-
nomena associated with H2 ICEs can be classified into various types
including backfire, spark knock, knocking surface ignition,
non-knocking surface ignition or pre-ignition, phantom spark, and
misfire [2]. Consequently, it is imperative to initially address the com-
plexities associated with combustion abnormalities in H2 ICEs [4–6].

Given the current study’s primary focus on pre-ignition, this phe-
nomenon is defined as a self-triggered onset of combustion before the
intended ignition timing, leading to increased in-cylinder pressure or
knocking [7]. In the context of H2 ICEs, the thermal diffusivity of the
mixture emerges as a significant factor contributing to pre-ignition,
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especially under lower pressures and increased ignition delay times [8].
Various potential triggers for pre-ignition are presented in the literature
such as auto-igniting oil droplets and heated particles or deposits on
engine walls [9], hot-spots e.g., spark plug or exhaust valves [10], and
residual heat from the prior cycle [11]. Nonetheless, there is still a
fundamental gap in comprehending individual pre-ignition triggers due
to the wide range of engine designs.

In the light of the provided literature review, this study aims to
enhance the understanding of a potential pre-ignition mechanism in H2
ICEs, specifically related to pre-ignition induced by engine lubricating
oil droplets/deposits. The investigation involves comparing pre-ignition
phenomenon using two different engine lubricating oils from API
(American Petroleum Institute) Groups II and V, in a rapid compression
expansion machine (RCEM) equipped with optical access. These two
lubricating oils have different detergent additive formulations which
can affect ignitability, e.g., c.f. [12]. High-speed imaging techniques are
employed to detect the timing of pre-ignition and monitor the natural
luminosity of the flame. The detailed objectives of this study are as
follows:

1. Determining the pre-ignition limits and the different combustion
modes arising from using each of the two lubricating oils across
various air-to-fuel ratios (λ = 2, 2.5, 3) and compression ratios (ε =

11-14.5) relevant to H2 ICEs.
2. Conducting a detailed comparative analysis of the pre-ignition phe-

nomenon induced by the two different engine lubricating oils (oil A,
an API Group II lubricating oil with Ca (calcium) detergents and oil B
from API Group V with mixed Mg (magnesium)/Ca components
targeting pre-ignition mitigation). This involves i) a chemical ki-
netics analysis (homogenous constant volume ignition delay time
(IDT) simulations using CHEMKIN and Cantera), ii) investigation of
the cylinder pressure and heat release rate (HRR) curves, and iii)
flame propagation speed (flame front velocity) measurements using
a method different but consistent with the thermodynamic model of
the same RCEM for estimating the flame speed of H2/air mixtures
developed by De Bellis et al [13].

In accordance with the outlined objectives, this research constitutes
a groundbreaking initiative, serving as the first investigation of H2 pre-
ignition phenomenon concerning various engine lubricating oils within
the framework of an RCEM.

2. Methodology

This section provides an overview of the experimental setup, optical
system, test matrix, data post-processing techniques, and error analysis
in the current study.

2.1. RCEM set up description

Fig. 1 shows a schematic view of the RCEM system which is designed
for a single compression stroke and an expansion stroke. As it can be
observed, the setup is connected to gas bottles in ventilated cabinets and
a PC operating/control system outside the test cell. Here is the detailed
step-by-step procedure of setting up the experiments:

1. Systemwarm-up: Setting the operating temperature (piston, cylinder
head and liner tempreture) to the maximum allowable level for this
device, which is 85 ◦C.

2. Adjustment of λ: Setting λ for the H2/air mixture (not for oil) using
the partial pressure method (by adjusting the fuel energy based on
the Cp value at 1.96 bar charge pressure).

3. Gas filling: Filling the cylinder with the gas mixture by supplying air
in two steps with fuel supply in between. It is also important to
highlight the use of scavenging, repeated three times, to remove
residual gases and prepare the system for the next cycle.

4. Lubricating oil injection: Injecting the lubricating oil on the cylinder
liner (wall) using a typical automotive diesel injector (Bosch Sole-
noid 0445110259) during the gas filling phase well before starting
the cycle. This allows for controlling the injection pressure and
duration to ensure a consistent injected oil mass. While the con-
ventional method for assessing lubricating oil pre-ignition charac-
teristics involves suspending an oil droplet within the combustion
chamber [14–18], the industrial context of the current application
and limitations of the setup prompt us to try alternative methods. To
replicate real engine scenarios and achieve results consistent with
previous studies, this study examines the concept of injecting lubri-
cating oils onto the cylinder liner well before starting the cycle,
considering that lubricating oil often leaks to the combustion
chamber from this area. By injecting the lubricating oils well before
starting the cycle, we ensure the presence of oil droplets on the liner
and minimize the effects of spray atomization and evaporation on
pre-ignition. The injection serves solely for applying the oil onto the
cylinder liner while controlling its quantity. There was no evidence
of evaporating particles, nor oil mist in the recorded videos, which

Fig. 1. A schematic picture of the RCEM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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further confirms the minimal effect of spray atomization and
evaporation.

5. Cycle operation: Initially, the driving pressure generated by com-
pressed air is moving the counterweights backward. This action, in
turn, is compelling the piston tube to move forward, facilitated by
the incompressible hydraulic oil in the oil volume. Thus, the hy-
draulic oil is efficiently transferring the driving pressure to induce
piston movement. During this phase, a high-speed magnetic sensor
measures the piston’s position precisely, and the spark is activated
just before TDC (Top Dead Center) to facilitate the observation of
pre-ignition induced by the lubricating oil. Simultaneously, the
control system is automatically measuring the cylinder pressure. It
should be also noted that the driving pressure is adjusted to achieve
the target ε through a trial-and-error process, ensuring the desired
compression ratio is attained.

6. Cleaning: Following each test point, the setup is opened, and a clean
cloth and oil solvent are used to clean any oil droplets/deposits left
on cylinder surfaces. This ensures the system is properly prepared for
the next cycle, maintaining consistency in test conditions and sub-
sequently, test data. Further specifications of the system are outlined
in Table 1.

2.2. Optical system

Within the optical setup, the optical piston and transparent side
windows enable direct visual observation of the combustion process
using two high-speed cameras (Phantom V2012). One camera is posi-
tioned in front of the mirror to provide the cylinder head view from the
optical piston, while the other is placed in front of the side window to
capture the side view and piston movement. Although the side windows
are relatively small and the field-of-view is limited to the center of the
combustion chamber, this setup offers an almost 3D view of the com-
bustion process and flame propagation within the cylinder. Recording
begins around 3 ms before the piston reaches TDC. Natural chem-
iluminescence of the flame is captured using a continuous LED light,
which enhances the background for proper detection of flame propa-
gation. Table 2 provides further specifications of the optical system.

2.3. Test matrix

Table 3 outlines the test matrix designed for investigating pre-
ignition phenomenon induced by two distinct engine lubricating oils,
namely oil A from API Group II and oil B from API Group V, both
including additives. The assessment spans various λ and ε values. The
choice of comparing these oils is based on a study by Haas et al. [19], on
base oils/gasoline blends. This study reveals that API Groups I–IV base
oil samples demonstrate an increasing paraffinic CH2/CH3 ratio as the
group number increases, whereas the Group V base oil sample exhibits a
lower CH2/CH3 ratio. This ratio is critical, signifying the level of
paraffinic branching and impacting ignition propensity. Consequently,

the bulk hydrocarbon functional group composition plays a pivotal role
in determining how lubricating oils influence pre-ignition.

2.4. Data post-processing

The post-processing of experimental data involves several steps.
First, the recorded videos are converted to images. Second, the pre-
ignition location and limit with respect to λ and ε are pinpointed.
Third, a MATLAB code is developed to showcase the average cylinder
pressure and HRR of multiple repetitions of each test point. The cylinder
pressure is recorded using a Kistler sensor and then filtered to eliminate
fluctuations. After that, the filtered data is averaged across all repeti-
tions of each test point, with max-min error bars displayed to show the
range of variations. HRR is also considered as net or “apparent” heat
release rate (1) with ideal gas assumptions:

Q̇ch = (1/γ(T) − 1)Vdp/dt + (γ(T)/γ(T) − 1)pdV/dt (1)

where Q̇˙
ch, ɣ(T), V, p, and t indicate HRR, specific heat ratio as a

function of temperature, cylinder volume, cylinder pressure, and time,
respectively. Further details on deriving this formula can be found in
supplementary materials (S1.pdf).

Additionally, a separate code is formulated to measure flame prop-
agation speed (flame front velocity) to compare the speed of the pre-
ignition flame with that of the spark. For the flame front velocity
calculation, the flame is considered spherical and tracked from both the
cylinder head and side view, providing a 3D perspective. Fig. 2

Table 1
RCEM specifications and operating conditions.

Description (units) Value

Bore (mm) 84
Maximum Stroke (mm) 180
Maximum Pressure (bar) 250
Driving Pressure Range (bar) 10-40
Cylinder Displacement Volume (mm3) 998
Intake and Exhaust Pipe Diameter(mm) 1.4
Volume of Piston land (mm3) 1529
Volume of Adduction line (mm3) 34,840
Volume of Scavenging line (mm3) 34,840
Spark Timing (mm before TDC) 1-2
Oil Injection Pressure (bar) 600
Oil Injection Duration (ms) 600-700

Table 2
Optical system specifications.

Description (units) Value

Piston optical access diameter (mm) 45.7
Frame Rate (fps) 67000
Exposure Time (μs) 12.77
Resolution 512*512
LED light 12700lm/120W

Table 3
Test cases matrix.

Engine Lubricating Oil Air-to-fuel ratio (λ) Compression ratio (ε)

A-API Group II 2, 2.5, 3 11-14
B-API Group V 2, 2.5, 3 11-14.5

Fig. 2. Flame propagation speed calculation method. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

M. Yeganeh et al.



Proceedings of the Combustion Institute 40 (2024) 105715

4

illustrates the flame propagation like a circle from both the cylinder
head and side view. As it is shown, the flame front location (dashed
white arc) is tracked over several time steps (small arrows in succession)
on different lines (solid white lines) drawn from the pre-ignition/spark
point to the flame boundaries in as many directions as possible. The
same process is performed for the side view. Finally, the speeds along
different lines are averaged for each time interval and presented in a bar
chart, with each bar representing the average speed for the corre-
sponding time interval.

2.5. Error analysis

In the current experiments, several factors introduce potential
sources of error. First, the precision of the pressure sensors, which
measure gauge pressures, is within ±0.5 % of the full-scale output.
Second, the resolution of the high-speed magnetic sensor responsible for
measuring the piston position is 0.01 mm. Another layer of complexity
arises during the detection of the pre-ignition starting point and
following the relevant flame front. The error in following the flame front
location possesses the range of 2–3 pixels on the images. Lastly,
addressing the potential error stemming from cycle-to-cycle variation is
imperative. A minimum of 3 repetitions are conducted for each test
point to ensure data accuracy and error bars are incorporated into the
plots to illustrate the maximum and minimum measured values for the
cylinder pressure. HRR is also calculated based on the average cylinder
pressure.

3. Results

In this section, the outcomes of the experimental campaign are
presented. First, an overview of the general observed phenomena in the
experiments is provided. Following that, the behavior of both lubri-
cating oils is analyzed across various λ and ε values, and a comprehen-
sive comparison is conducted using cylinder pressure, HRR, and
chemical analysis through ignition delay time (IDT) simulations. Finally,

flame speed measurements are conducted to compare the propagation
speed of the pre-ignition point with that of the normal spark flame.

3.1. Overview of the observed phenomena

Fig. 3 presents an overview of the different modes of combustion
observed during the measurements through a combination of visuali-
zations (a-d) and analysis of the cylinder pressure curve (e). The visual
representation illustrates instances of both normal and abnormal com-
bustion. Normal combustion (a) serves as the baseline condition initi-
ated by the spark. However, three other different modes are observed in
the abnormal category: oil-spot pre-ignition (b), multi-spot ignition (c),
and knocking (d). First, oil-spot pre-ignition is characterized by oil
droplets/deposits ignition in a limited number of spots before or around
the same time as the spark-induced ignition. This mode exhibits a
slightly higher peak in the cylinder pressure curve compared to normal
combustion. Second, multi-spot ignition is identified by the occurrence
of multiple flames apart from the normal spark-induced flame, where
the origins of ignition for these flames could be either oil droplets/de-
posits or locally high-temperature spots of the fuel. The cylinder pres-
sure curve for multi-spot ignition displays a higher peak than that of oil-
spot pre-ignition, but without significant oscillations or observable
system vibrations. Third, knocking involves multiple flames beside the
normal spark-induced flame, leading to a turbulent combustion process
that induces pronounced oscillations in the cylinder pressure curve.
System vibrations are also observable in knocking, which can result in
severe damages, including the potential for optical piston breakage. It is
important to highlight that the transition from normal combustion to
knocking, as illustrated in Fig. 3, is a result of increasing ε at identical λ
for the same oil (oil B). Furthermore, the differences between the cyl-
inder pressure curves for the same categories, observed in panel (e) of
the figure, are attributed to cycle-to-cycle variations.

Fig. 3. Different combustion modes observed in the experiments: normal combustion (a), oil-spot pre-ignition (b), multi-spot ignition (c), and knocking (d) for oil B
at λ = 2.5 and ε = 13, 14, 15, 15.7, respectively. The cylinder pressure curves for the different modes are displayed in panel (e) and here t = 0 is equivalent to TDC
(~spark timing). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M. Yeganeh et al.
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3.2. Comparative analysis of the pre-ignition behavior of the tested
lubricating oils

The combustion modes for both lubricating oils at the tested λ and ε
values are detailed in Table 4, which is of high importance in the design
of H2 ICEs. It is worth noting that the leanest condition, λ = 3, represents
the most unstable case. Additionally, for safety reasons, the driving
pressure increase is limited to avoid knocking, which could lead to the
optical piston breakage. As it is shown in Table 4, across all tested λ
values, the oil-spot pre-ignition for oil B occurs at ε values 0.8-1 higher
compared to oil A. Likewise, the transition from oil-spot pre-ignition to
multi-spot ignition requires 0.5-1 higher values of ε for oil B.

The observed results are supported by the findings of the previous
literature, concluding that either the base oil or the additive composition
of oil A is the reason for its increased reactivity. First, regarding the base
oil effect, according to Haas et al. [19], Lubricants from API Groups I-IV
are characterized by a high CH2/CH3 ratio, signifying a substantial
presence of linear alkanes. These linear alkanes exhibit high reactivity at
temperatures relevant to engine operation [20]. The same study by Haas
et al. [19] also discovered that API Group V lubricants can possess
reduced reactivity and CH2/CH3 ratio, further emphasizing the higher
reactivity of oil A.

Here, a detailed chemical analysis (homogenous constant volume
reactor ignition delay time (IDT) simulations using CHEMKIN and
Cantera) is conducted to compare the IDT of a possible formulation of
the base stock of tested lubricating oils.

A mechanism by Sarathy et al. [21] is utilized to simulate n-Hex-
adecane as a surrogate for oil A base stock, with validation provided in
the supplementary materials (S1.pdf). The effect of n-Hexadecane on the
reactivity of the mixture can be observed by comparing H2/air and
H2/air+n-Hexadecane mixtures under the same condition of λ = 2.5 and
T = 900 K, which are relevant to the tested cases. As it is shown in the
top subfigure of Fig. 4, 100 % H2 case ignites at 46 ms while the 99 % H2
+ 1 % n-Hexadecane case ignites at 10 ms. The effect of n-Hexadecane
on the reactivity of the mixture can be also investigated by tracking key
species and related reactions. For instance, the formation of OH radical
can be analyzed until the timestep of 5 % of cumulative heat release
(9.38 ms for the 1 % n-Hexadecane case) just before final ignition at 10
ms on the top subfigure of Fig. 4 at the same λ = 2.5 and T = 900 K. Until
this timestep, for 1 % n-Hexadecane case, the decomposition of H2O2 is
the main contributor for OH production which is also consistent with
[25]. This reaction is also the most prominent one for OH production in
100 % H2 case. However, H2O2 decomposition produces over 500 times

more OH radicals until 9.38 ms in 1% n-Hexadecane case. The lower OH
production in the 100 % H2 case, can be attributed to less H2O2 being
formed from reactions of two HO2 radicals or HO2 radicals abstracting
an H atom from H2. Overall, the increase in the radical pool from initial
consumption of n-Hexadecane speeds up the reactivity of the entire
mixture.

For oil B from API Group V, the base stock can comprise various
compositions, including esters or glycols [22]. Therefore, a mechanism
for an ester or glycol should be used to do IDT simulatations for oil B
base stock. In this study, two different mechanisms (Herbinet et al. [23]
and POLIMI [24]) are utilized to simulate oil B base stock as methyl
decanoate (an ester). As it is shown in Fig. 4, both mechanisms
demonstrate that methyl decanoate has lower reactivity compared to
n-Hexadecane (representative of API Group II oils, i.e., oil A) at similar

Table 4
Comparison of oil-spot pre-ignition and multi-spot ignition limits for the tested
lubricating oils.

Oil λ ε Combustion Mode

A-API Group II 2 11 Normal
12 Normal
12.5 oil-spot pre-ignition
13 Multi-spot ignition

2.5 11 Normal
13 oil-spot pre-ignition
14 Multi-spot ignition

3 11 Normal
12 oil-spot pre-ignition
13.5 Multi-spot ignition

B-API Group V 2 11 Normal
13 Normal
13.3 oil-spot pre-ignition
14 Multi-spot ignition

2.5 13 Normal
14 oil-spot pre-ignition
14.5 Multi-spot ignition

3 12 Normal
13 oil-spot pre-ignition
14 Multi-spot ignition

Fig. 4. IDT of n-Hexadecane as a surrogate for oil A base (top) versus IDT of
methyl decanoate, a surrogate for oil B base (middle and bottom) under iden-
tical conditions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

M. Yeganeh et al.
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temperature andmolar fraction. However, it is important to note that if a
different ester, particularly one with a longer saturated carbon chain
containing many secondary carbons, is used, the reactivity may exceed
that of n-hexadecane. Another possible formulation for a Group V base
oil (oil B) could be a polyalkylene glycol, for which no chemical
mechanism is available at low and intermediate temperature ranges.
However, a similar structure has been considered and analyzed in the
supplementary materials (S1.pdf).

Regarding the effect of additives, steady-state experiments in gaso-
line engines have discovered that increased Ca content promotes pre-
ignition while a partial replacement of the Ca content with Mg, which
is the case for oil B, can mitigate pre-ignition [26]. The distinctive
pre-ignition responses of lubricant detergent metals have been also
investigated by Burger [12]. Burger’s molecular dynamics analysis in-
dicates that n-alkane is consumed more rapidly even at low tempera-
tures (600 K) due to H atoms binding with the CaO in the detergent. This
leads to an H atom abstraction reaction, resulting in n-Hexadecane
becoming an alkyl radical (C16H33). As it is shown in Fig. 5, a small
fraction of this radical can significantly reduce IDT compared to
n-Hexadecane explaining how oil A (containing only Ca in the detergent
additive) can promote pre-ignition. Additionally, Burger’s findings
reveal that if Ca is replaced by Mg (like in oil B), MgO does not bind with
H atoms from n-alkane, meaning that the alkyl radical would not form as
rapidly as with a Ca detergent additive.

In the remainder of this work, we shift our focus to the detailed
analysis of the oil-spot pre-ignition mode, called pre-ignition hereafter.
Pre-ignition can be categorized as early pre-ignition, when it starts well
before the spark ignition, and late pre-ignition, where ignition at point
(s) other than the spark occurs closely around the spark timing [2]. This
is because the pre-ignition phenomenon is of a stochastic nature. In the
tested cases, oil A exhibits early pre-ignition at λ = 2 and 2.5, tran-
sitioning to late pre-ignition at λ = 3. On the other hand, oil B displays
early pre-ignition at λ = 2 and late pre-ignition at λ = 2.5 and 3. This is
also in line with the higher reactivity of the oil A. Fig. 6 illustrates the
progression of early pre-ignition and spark-induced flame propagation
over time for both tested lubricating oils at λ = 2. Pre-ignition and
spark-induced flame propagation at λ = 2.5 and 3 are also shown in
Fig. S3 of the supplementary materials (S1.pdf) for both lubricating oils.

Another aspect resulting from the random nature of pre-ignition is its
diverse behavior, which can vary significantly from one case to another.
For instance, in the scenario depicted in Fig. 6, oil A exhibits pre-ignition
originating from a single point near the 2 o’clock position, while oil B
displays pre-ignition originating from two oil droplets around the 11
o’clock position. Although alternative testing methods, such as

suspending an oil droplet [14–17], might mitigate this variability, the
inherent unpredictability of pre-ignition in real engine conditions un-
derscores the importance and relevance of the current experiments.

It is also important to highlight that, in most of the cases, pre-ignition
begins from a point on the top half of the liner (as shown in 6 videos in
supplementary materials S2-S7). This is linked to the injection process,
utilizing a symmetrical 6-hole nozzle in a horizontal setup positioned
closer to the top half of the liner (c.f. Fig. 1). Moreover, oil droplets
injected on the top half are more likely to detach from the wall and
suspend in the cylinder. Conversely, for oil droplets injected on the
bottom half of the liner, there is a greater tendency for slipping on the
wall and accumulating near the 6 o’clock position. This clarifies why
pre-ignition typically originates from a point on the top half of the liner
in the current experiments. The combined insights into the chemical
composition of the tested lubricating oils and the observation of pre-
ignition initiation mostly on the top half of the liner suggest that the
oil pre-ignition phenomenon is influenced not only by chemical factors
but also by transport phenomena.

For a better comparison of the tested lubricating oils’ pre-ignition
limits, cylinder pressure and HRR curves are shown in Fig. 7. As it can
be observed, oil A and B show pre-ignition at different λ and ε values due
to their different characteristics. However, the experiments have been
conducted at the same conditions and cylinder pressure and HRR curves
at identical conditions are provided in Fig. S4 of the supplementary
materials (S1.pdf). According to Fig. 7, although oil B is more resistant to
pre-ignition, it shows greater peak of the cylinder pressure and HRR due
to pre-ignition at higher ε values. The observed behavior of the cylinder
pressure curve also aligns with the distinctions between early and late
pre-ignitions.

The final evaluation of pre-ignition characteristics of the two tested
lubricating oils is based on flame propagation speed (flame front ve-
locity) measurements, as described in Fig. 2. In Fig. 8, pre-ignition (red
bars) and spark-induced flame propagation speeds (blue bars) are
compared at λ = 2. A similar comparison for λ = 2.5 and 3 is also pre-
sented in Fig. S5 of the supplementary materials (S1.pdf). According to
this bar chart, the pre-ignition flame initially accelerates due to
compression, followed by a deceleration marking the onset of the
expansion phase. In contrast, the spark-induced flame mainly de-
celerates since the spark timing occurs just before TDC, primarily
experiencing the expansion phase. Fig. 8 also shows a generally lower
pre-ignition flame propagation speed compared to the spark flame for
both oil A and B. This not only confirms the oil-driven nature of pre-
ignition but also aligns with the fact that H2 flame speed is higher
than a hydrocarbon (lubricating oil) flame speed under the same con-
ditions. Fig. 6 further supports this by showing higher luminosity of the
pre-ignition flame compared to spark induced flame due to the presence
of hydrocarbons in the lubricating oils. As a final note, despite inherent
uncertainties related to flame front position detection, the range of the
calculated flame propagation speeds aligns with those reported in [13]
at lower ε values.

4. Conclusions

This paper presents the first exploration of the H2 pre-ignition phe-
nomenon in the context of an RCEM, focusing on its response to different
engine lubricating oils (oil A from API Group II and oil B from API Group
V, the latter with a higher Mg/Ca ratio). The main outcomes can be
listed as follows:

1. The pre-ignition limits and combustion modes have been determined
across varying air-to-fuel ratios (λ = 2, 2.5, 3) and compression ratios
(ε = 11-14.5) for both lubricating oils. Notably, at identical λ values,
oil B shows higher pre-ignition resistance at higher ε compared to oil
A due to its lower reactivity.

2. Chemical analysis (homogenous constant volume ignition delay time
(IDT) simulations) of the mixtures of H2/air and H2/air + oil

Fig. 5. IDT of the alkyl radical (C16H33) after H atom abstraction from n-
Hexadecane. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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surrogates shows that only a small molar fraction of lubricating oil at
the tested conditions, can promote reactivity of the mixture
significantly.

3. The observation of the flame luminosity, together with the analysis
of cylinder pressure and HRR curves, reveal instances of both early
and late pre-ignition.

4. The pre-ignition phenomenon induced by lubricating oils has been
found to be driven by both chemical composition and transport
phenomena.

5. Flame speed measurements have validated that lubricating oils are
the main contributors to pre-ignition. For all the cases, the spark
flame demonstrates a higher propagation speed compared to pre-
ignition, aligning with faster speed of a pure H2 flame compared to
a hydrocarbon flame under the same conditions.

Novelty and significance statement

This research employs a novel approach to investigate the impact of

Fig. 6. Temporal evolution of pre-ignition and spark- induced flame propagation. Left column is pre-spark, middle is around spark timing, and right is after-spark.
Here, t is real time with t=0 at the start of recording, and t* is a reference time set to 0 at the spark. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. Cylinder pressure and HRR curves at the pre-ignition limit of the tested lubricating oils. Here t= 0 is equivalent to TDC (~spark timing) (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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lubricating oil on mitigating the pre-ignition phenomenon in hydrogen
internal combustion engines. The significance of this problem lies in the
inevitability of using hydrogen as a fuel in future engines, where pre-
ignition poses a substantial challenge. Addressing this issue is critical
for a smooth transition to hydrogen-powered engines, necessitating
innovative solutions. The study is novel since it focuses on comparing
lubricating oils from distinct API Groups (II and V) with different ad-
ditive formulations for the first time. This work concludes that the Group
V oil sample significantly diminishes pre-ignition propensity, enhancing
combustion robustness. Notably, the research faces challenges as the
experiments are resource-intensive, and the characteristics of lubri-
cating oils remain confidential, demonstrating the novel features of the
work.
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