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ABSTRACT

Hydrogen-fueled internal combustion engines (H2ICEs) have emerged as a promising technology for reducing greenhouse gas emissions
in the transportation sector. However, due to the unique properties of hydrogen, especially under ultra-lean conditions, the combustion
characteristics of hydrogen flames differ significantly from those of conventional fuels. This research focuses on evaluating the combus-
tion process and cycle-to-cycle variations (CCVs) in a single-cylinder port-fuel injection HoICE, as well as their impact on performance
parameters. To assess in-cylinder combustion, three indicators of flame development are utilized and compared to the fundamental prop-
erties of hydrogen. The study investigates the effects of various factors including fuel-air equivalence ratio (ranging from 0.2 to 0.55),
engine load (IMEP between 1 and 4 bar), and engine speed (900 to 1500 rpm). The analysis aims to understand the behavior of the
flame initiation phase, which refers to the time from ignition to 10% of the mass fraction burned, as it is found to be the most sensitive
period of combustion duration in H2ICEs with respect to the fuel-air equivalence ratio. The research reveals that within a wide range
of equivalence ratios, there is minimal variability in combustion. The study also discusses the characteristics of the flame at ignition
timing, considering the influence of factors such as turbulence and thermodiffusive instabilities. To aid in the analysis, 0D/1D engine
simulations are employed, providing valuable insights into the underlying mechanisms shaping the flame behavior.

INTRODUCTION

Hydrogen is being considered as a potential substitute for fossil fuels in internal combustion engines (ICEs) due to its potential for zero-
carbon emissions and energy supply security [1, 2]. Recent studies have shown that ultra-lean hydrogen-air mixtures (with a fuel-air
equivalence ratio from 0.2 to 0.5) could be an effective strategy to reduce NOx emissions in hydrogen-fueled spark-ignition engines
(H2ICE) [1].

However, it is well-known that decreasing the equivalence ratio leads to higher engine instability and greater cycle-to-cycle variations
(CCVs) [3]. Despite this, hydrogen flames exhibit thermodiffusive (TD) instabilities, particularly at low equivalence ratios and high
pressures. These instabilities can accelerate combustion and significantly alter flame development, potentially affecting its variability
under ICE operating conditions [4, 5, 6].

Some previous studies have investigated cycle-to-cycle variations (CCVs) in hydrogen-fueled internal combustion engines (H2ICEs)
using both direct-injection (DI) and port fuel injection (PFI) systems [7, 8, 9, 10, 11]. However, the majority of these studies focused on
close-to-stoichiometric mixtures. For instance, Kim et al. [7] found that the decrease in equivalence ratio is associated with an increase
in CCVs, primarily due to variations in the flame initiation process, which is in contrast to gasoline engines. Ma et al. [8] and Li et al. [9]
demonstrated that combustion instabilities increase at lower loads and fuel-air equivalence ratios. Chen [10] examined the performance
of PFI hydrogen-fueled engines at idle conditions and found that hydrogen injection timing has minimal effect on CCVs. On the other
hand, Sun et al. [11] showed that combustion instability is heightened in lean/ultra-lean conditions, and the ignition timing significantly



influences CCVs in ultra-lean mixtures, with the lowest variations observed at MBT (maximum brake torque), a finding also supported
by Li et al. [9]. However, it is important to note that the use of ultra-lean hydrogen-air mixtures at high in-cylinder pressures during
spark timing leads to inherently unstable flames [12]. Therefore, further research is necessary to analyze and understand the behavior of
hydrogen flames under these specific engine conditions.

Given that these engine conditions are relatively new and limited data is available in this area, such as heat transfer models and wall
temperature boundary conditions, it is crucial to adopt a comprehensive strategy to address these uncertainties effectively. One approach
that has gained prominence is the use of Three Pressure Analysis (TPA) with a 0D/1D two-zone engine simulator, which enable the
analysis of experimental results and extraction of unknown data from the in-cylinder pressure trace and other experimental conditions.
By utilizing such simulators, researchers can enhance their understanding of the combustion process and gain insights into the complex
phenomena occurring within the engine [13, 14, 15, 16, 17].

The main focus of this study is to experimentally investigate the combustion of hydrogen and the cyclic variations on gasoline baseline
retrofitted HoICEs with a TPA analysis strategy. It aims to gain an understanding of ultra-lean/lean hydrogen combustion under tumbling
flows and to evaluate key parameters affecting flame development and CCVs under these conditions. A cyclic variability analysis is
conducted by sweeping the equivalence ratio within the range of 0.175 to 0.55, considering four different indicated mean effective
pressures (IMEPs) ranging from 1 to 4 bar. Furthermore, constant intake pressure and spark timing studies are carried out with an
equivalence ratio range of 0.25 to 0.55, while varying the engine speed at 900, 1200, and 1500 rpm. These investigations aim to provide
insights into the combustion physics of hydrogen within the combustion chamber, allowing for a better understanding of its behavior
under different operating conditions.

The results obtained from this study could be beneficial in the mid-term by facilitating the adaptation of current gasoline engines for
hydrogen use to reduce carbon emissions, and in the long-term, by providing experimental and fundamentals knowledge on hydrogen
combustion for the development of more efficient hydrogen engine architectures.

EXPERIMENTAL SETUP AND METHODOLOGY

A single-cylinder, four-stroke, optical spark-ignition engine was used to conduct the experiments. It has a pent-roof cylinder head and a
bowl-type piston. The setup scheme can be found in Figure 1 and a summary of the main parameters in Table 1.
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Figure 1: Hydrogen-fueled engine experimental scheme.

The cooling water is heated up to 85 °C and maintained at a temperature below 90 °C during the experiments. Prior to entering the
intake plenum, the intake air is filtered for particles and oil, and dehumidified. To maintain consistent and controlled intake conditions, a
closed-loop control system is utilized to regulate the intake pressure. Simultaneously, the exhaust line is vented to atmospheric pressure.
Temperature measurements along the intake and exhaust lines are obtained using K-type thermocouples, providing data for monitoring
and analysis purposes.

The parameters are adjusted via an in-house LabView control system. The engine is coupled with an electric motor to allow for motoring
operations between 600 and 1900 rpm. An optical encoder guarantees the recording of 100 cycles with a 0.1 CAD increment. Continuous

hydrogen injection into the intake pipe is utilized to achieve a more homogeneous mixture.

In-cylinder pressure is measured using an AVL QH32C piezoelectric sensor (with a precision of &= 0.2% FSO), while intake and exhaust



Table 1: Parameters of the 0.4 L hydrogen engine. Crank Angle Degrees (CAD) are relative to the firing Top-Dead Center (0 °aTDC).
The CAD of valve openings and closures correspond to experimental residual valve lifts of 0.1 mm.

Engine model PSA Optical EP6
Number of cylinders 1

Cylinder head Pent-roof

Piston Bowl type

Injection type PFI (Homogeneous)
Bore 77 mm

Stroke 85.8 mm
Compression Ratio 10.5

Connecting rod length ~ 138.5
Piston-to-Crank Offset 0.8 mm

Intake valve open 4357 °aTDC
Intake valve close —122 °aTDC
Exhaust valve open +141 °aTDC
Exhaust valve close —339 °aTDC

pressures (Py and Ps, respectively) are obtained from Kistler 4075A piezoresistive sensors (< =+ 0.1% FSO). Airflow is measured with
a Micro Motion F025S Coriolis meter, and hydrogen mass is controlled by an Emerson 5850S mass flow controller. The flow meters for
hydrogen and air mass flow were calibrated before conducting the experiments. The measurement accuracy for hydrogen mass flow is
0.7% of the flow rate, while for air mass flow, it is 0.5%.

The experimental setup displayed in Figure 2 includes intake and exhaust ducts with a diameter of 40 mm. The hydrogen injection takes
place in a 6 mm diameter duct located 600 mm away from the cylinder head at the center of the intake duct.
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Figure 2: Optical hydrogen-fueled engine experimental bench.

The combustion performance parameters were evaluated by varying the equivalence ratio, engine speed, and load, as detailed in Table 2.
To assess engine stability, the coefficient of variation of IMEP (CoVp;gp) was used, while the combustion duration (A6), calculated
using the heat release rate (HRR) equation, was used to analyze the combustion process and flame variability.

Table 2: Experiments methodology.

Parameter Sensibility study
Equivalence ratio 0.2 < ¢ < 0.55

Load IMEP = 1, 2, 3, and 4 bar
Engine speed 900, 1200, and 1500 rpm

Intake pressure 0.7 and 0.9 bar




NUMERICAL MODEL

Given that the combustion analysis heavily relies on the accuracy of the heat transfer model, and considering that hydrogen combustion
heat transfer models are still under development [18], the investigation utilized GT-Power (Gamma Technologies), a 0D/1D simulator.
This simulator was employed to extract important in-cylinder conditions with the two zones approach, including unburned temperature,
burned temperature, mass trapped, and more, by analyzing the in-cylinder, intake port, and exhaust port pressures [14].

The model was developed using the Three Pressure Analysis (TPA) method, which utilizes measured dynamic pressure profiles (namely
intake, exhaust, and cylinder) to calculate the combustion rate. The measured high-speed intake and exhaust pressure curves are set as
input conditions for the simulation. A TPA model is constructed by incorporating engine components such as ports, runners, valves,
cylinder, and engine crank train geometry to estimate cylinder conditions. Details such as valve lifts and discharge coefficients are also
required for this approach [13].

The TPA method is employed to conduct two types of experimental analysis: ensemble-averaged and multiple consecutive cycle. The
former is used to examine cycle-to-cycle variations, while the latter provides average operating conditions over 100 cycles. In both cases,
the intake and exhaust port boundaries are imposed from an instantaneous pressure trace measurement, and the calculated apparent burn
rate is fitted for combustion parameters prediction [13].

The engine, intake ports, and exhaust ports were designed in the software, as shown in Figure 3. The numerical model incorporates the
measured intake and exhaust valve lifts and discharge coefficients. Figure 4 illustrates an example of the imposed pressure traces and
valve lifts.
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Figure 3: Three pressure analysis model for the EP6 optical engine.
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Figure 4: An example of ensemble-averaged cylinder, intake, and exhaust pressure curves, as well as intake and exhaust valve lifts,
operating at 1200 rpm, ¢ = 0.55, Py = 0.7 bar, and spark timing at -15 °aTDC.

Once the pressure inputs and geometry are configured, the next step is to establish the boundary conditions. Achieving accurate results
with the TPA method requires a close match between the simulated cylinder pressure traces and the measured cylinder pressure profile.



To accomplish this, the engine compression ratio and the heat transfer within the combustion chamber are crucial inputs. Specifying the
wall temperatures of the ports and of the combustion chamber is necessary to obtain an accurate estimation of the volumetric efficiency
and heat transfer.

Since detailed information about the cooling system and heat transfer coefficients for each component is limited, a model that estimates
the heat flux absorbed by the cooling water and by the wall material was used to calculate the wall temperature of the cylinder head,
cylinder, and piston. This model follows a similar approach to the "EngCylTWallSoln” template in GT-Power [13]. For the intake and
exhaust ports, the wall temperature is imposed as the same temperature of the cylinder head.

The heat transfer inside the cylinder is calculated using the Woschni equation for tumble flow [19]. A constant in-cylinder heat transfer
convection multiplier is adjusted for each operating condition, aiming to match the gross indicated effective pressure (gIMEP) and the
in-cylinder pressure trace. The GT Direct Optimizer tool is employed to minimize the relative error between the experimental data and
the simulation results. The heat transfer multiplier is allowed to vary between 1 and 3 [14].

To evaluate the effective compression ratio, a simulation is conducted using two experimental points in motoring conditions. For this
simulation, the heat transfer convection multiplier is set to 1. A design of experiments (DoE) is then performed based on the geometric
compression ratio of 10.5:1. The effective compression ratio is varied between 9.4:1 and 10.4:1. The in-cylinder pressure as a function
of the crank angle is obtained for the two experimental conditions described in Table 3, as well as for the simulation results using six
compression ratios for each reference condition. Figure 5 presents the in-cylinder pressure traces for these cases. It is observed that the
measured cylinder pressure matches well with a compression ratio of 9.8:1 for both motoring references. Therefore, the compression
ratio of 9.8:1 is kept constant for all the experimental points studied.

Table 3: Two motoring reference points.

Engine speed P> P3 T2
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Figure 5: Effective compression ratio study for two motoring reference cases.

The model was validated for hydrogen combustion across a range of equivalence ratios (from 0.25 to 0.55), mean intake pressures
(0.7 and 0.9), spark timings (from -87 to -15 °aTDC), and engine speeds (900, 1200, and 1500 rpm). The validation process involved
comparing the simulated results with the measured values for two key parameters: (a) mass flow rate at the intake, which provides
insights into volumetric efficiency and in-cylinder trapped mass, and (b) gIMEP, which indicates the work done throughout the cycle.
The relative errors between the simulated and measured values were found to be within a range of 5% for the total mass flow rate and
1% for gIMEP, as shown in Figures 6 and 7.

Additionally, Figure 8 presents a comparison between the ensemble-averaged measured and simulated cylinder pressure traces for two
different operating conditions: 4 bar of IMEP, spark timing at -45 °aTDC, and an equivalence ratio of 0.25; and 3 bar of IMEP, spark
timing at -7 °aTDC, and an equivalence ratio of 0.55. Despite the experimental points exhibiting different pressure traces, the simulation
accurately captures the behavior inside the cylinder. The analysis revealed that the heat transfer convection multiplier ranges from 2.8 to
1.3 in all simulation cases. This indicates that the overall Woschni equation underestimates the heat transfer for hydrogen. Interestingly,
the highest values of the convection multiplier are observed at low equivalence ratios, and as the fuel-air equivalence ratio increases, the
values decrease and approach 1. This implies that ultra-lean hydrogen combustion deviates more from the Woschni equation compared
to mixtures closer to stoichiometry.

As hydrogen-air mixtures exhibit distinct behavior compared to conventional fuels, particularly under ultra-lean conditions, conducting
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Figure 8: Simulated and measured pressure traces for two experimental conditions.

a rigorous post-treatment analysis of experimental data becomes crucial. For instance, the heat transfer model significantly influences
the net heat release, which, in turn, affects the calculation of the mass fraction burned and the subsequent analysis of the combustion
process. Therefore, it is essential to have a comprehensive understanding of the key parameters influencing the flame behavior in the
upcoming study.

RESULTS AND DISCUSSION

CYCLE-TO-CYCLE VARIATION ANALYSIS The first experiment aims to investigate the influence of the equivalence ratio in the
engine cyclic variations at different loads (idling and low loads). It is done varying the fuel-air equivalence ratio while targeting four
IMEP values (1, 2, 3, and 4 bar), with optimized spark timing to maximize efficiency and torque. The coefficient of variation (CoV), a
metric used to measure engine stability, is calculated by dividing the standard deviation by the mean over 100 cycles.



Figure 9 illustrates the relationship between CoV (in percentage) and fuel-air equivalence ratio for all IMEP values. It indicates that the
coefficient of variation of IMEP increases as the equivalence ratio decreases, which is expected. However, the increase is not significant
enough to exceed the stability limit of 4%. This is noteworthy because flame properties, such as the laminar flame speed and adiabatic
flame temperature, significantly change between these equivalence ratios. The engine remains stable until ¢ = 0.2 (A = 5), but misfires
occur for all loads with leaner mixtures.
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Figure 9: Equivalence ratio and load effects on engine stability.

Furthermore, it is worth noting that the CCVs increase as the load decreases, which is in agreement with the literature [20, 7]. For the
same equivalence ratio, an IMEP of 4 bar can be up to 5 times more stable than an IMEP of 1 bar (at ¢ = 0.45). Since idling IMEP =
1 bar) is the lowest load expected in an internal combustion engine for the transport application, this condition does not appear to have
enough CCVs to cause operating instabilities.

To gain insight into why cyclic variations are not occurring over this wide range of equivalence ratios, it is important to analyze the
combustion durations under these operating conditions.

Figure 10 illustrates the effect of equivalence ratio and load on the duration of three flame phases: at the top, the flame initiation phase
(from spark ignition to 10% of mass fraction burned - MFB); below, the flame propagation phase (from 10 to 50% of MFB); and the
third graph, the end-flame phase (from 50 to 90% of MFB). At the bottom, the total combustion duration (from 10 to 90% of MFB) is
also displayed.

The flame initiation phase is the most affected by the equivalence ratio sweep, followed by the flame propagation and the end-flame
phases, respectively. Additionally, the flame initiation phase exhibits a second-order trend with respect to the equivalence ratio, while
the combustion duration from 10 to 50% MFB shows almost a linear trend, and the end-flame phase shows a quasi-constant trend of
around 30 crank angle degrees (CAD). The combustion duration increases from +50% (22 to 31 CAD) at the end-flame phase (IMEP
=3 bar) to +211% (6.5 to 21.5 CAD) at the flame propagation phase (IMEP = 2 bar), and up to +370% (9 to 42 CAD) at the initiation
phase (IMEP = 2 bar) as the equivalence ratio decreases from 0.55 to 0.2.

Furthermore, Figure 10 shows that the flame initiation duration is the most sensitive flame phase to load variations (i.e., intake pressure).
A difference in load from 1 to 4 bar (e.g., 0.5 to 1.05 bar of intake pressure) can increase the combustion speed by 6 CAD at ¢ = 0.35
and by more than 10 CAD at ¢ = 0.2, when IMEP increases from 1 to 3 bar (and intake pressure from 0.74 to 1.3 bar). The end-flame,
on the other hand, exhibits a seemingly load-independent behavior.

The flame initiation is found to be the critical phase in the flame development and, thus, in HoICE performance, as already seen with
swirled based geometry [6]. However, it is not possible to draw definitive conclusions about the flame from a constant IMEP experiment
since many parameters affecting it, such as intake pressure, equivalence ratio, and spark timing, are varying. Therefore, to better
understand the combustion physics of hydrogen in an ICE, another experimental analysis is needed.

HYDROGEN FLAME FUNDAMENTALS ANALYSIS In order to study the impact of equivalence ratio, turbulence, and pressure
at the spark timing on the hydrogen flame, an analysis was conducted in which intake pressure and spark timing were kept fixed to
ensure similar thermodynamic conditions at the moment of the spark. Equivalence ratio, which impacts the flame dynamics, and engine
speed, which affects turbulence, were varied for two intake pressures. Figure 11 displays the variation of in-cylinder pressure (from
the experiments and from the TPA simulation) and mass fractions burned with crank angle for different equivalence ratios at a constant
engine speed of 900 rpm and intake pressure of 0.7 bar. By analyzing the in-cylinder pressure trace, it is evident that as the equivalence
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Figure 10: Combustion duration of the flame initiation (first), flame propagation (second), end-flame (third), and total, 10 to 90%
(fourth), as a function of the equivalence ratio for the ¢ and IMEP sweep.

ratios increase, the heat release also increases while the combustion duration decreases. This can be observed by the crank angle
where the maximum pressure occurs, which approaches the spark timing. This reasoning is supported by the bottom graph, where
the combustion durations can be found for each equivalence ratio. The difference in combustion duration (from 10 to 90% of MFB)
decreases from 73.9 CAD for ¢ = 0.25 to 27.1 CAD for ¢ = 0.55. The flame initiation duration also undergoes significant alterations.
Besides, the simulations closely match the experimental results for all the cases studied. Since the simulated in-cylinder pressure is
used to calculate heat release, unburned temperatures, and mass fraction burned, a more accurate calculation of parameters is performed.
Therefore, all the data presented from this point onward refer to the TPA simulations.

Moreover, the engine speed is varied in the range of 900 to 1500 rpm. Figure 12 presents the in-cylinder pressure and mass fraction
burned profiles for three different engine speeds at ¢ = 0.45 and an intake pressure of 0.7 bar. It should be noted that since the spark timing
is not adjusted to optimize the burning time, the comparison primarily focuses on the flame initiation phase, where the thermodynamic
conditions are closer to real engine applications. The differences observed in the flame development as depicted in Figure 12, more
evident at the mass fraction burned graph, will be analyzed across all equivalence ratios, engine speeds, and intake pressures using
the combustion duration from spark timing to 10% of MFB as a key metric. The slow development of the flame kernel, which differs
approximately 5 CAD, from the highest engine speed compared to the lowest one in this case, will be further analyzed using turbulent
flame modeling equations.

The combustion duration from spark timing to 10% of MFB was calculated for all the experiments conducted. Figure 13 illustrates
this duration for the three engine speeds tested with Py = 0.7 bar. The trend observed indicates that the burning angle during the flame
initiation period decreases as the equivalence ratio increases. This behavior can be attributed to the corresponding increase in the laminar
flame speed under these operating conditions. The increase in equivalence ratio from 0.25 to 0.55 resulted in a decrease in the burning
angle from 26.6 to 8.1 CAD (at 900 rpm), 9.1 CAD (at 1200 rpm), and 10.5 CAD (at 1500 rpm), corresponding to a reduction of up to
69.5%.

Furthermore, during the early stages of flame development, there is a similar duration (measured in crank angle degrees) for all rotation
speeds when considering fuel-air equivalence ratios below 0.35. Thus, although the crank angles may not represent the same physical
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Figure 11: In-cylinder pressure and mass fraction burned as a function of the crank angle for 7 equivalence ratios at 900 rpm and P =
0.7 bar. The spark timing is -15 °aTDC.

time, the presence of turbulence affects the flame speed in a way that allows all flames to burn within the same amount of crankshaft
rotation angle. However, at higher equivalence ratios, the burning time between these conditions starts to vary. The combustion duration
at 900 rpm occurs in fewer crank angle degrees compared to 1500 rpm, indicating that turbulence has a lesser impact on the burning
speed at higher equivalence ratios. Instead, the primary influence is attributed to fundamental flame properties, such as the laminar flame
speed. Since the laminar flame speed remains the same at a given pressure, temperature and equivalence ratio for all rotation speeds, a
flame at higher rotation speeds would require more crank angle degrees to complete the burning process.

To gain a deeper understanding of the flame behavior in these experimental conditions, it is necessary to analyze the changes in burning
aspects from a perspective of physical time. Figure 14 presents the same experimental results as Figure 13, but with the y-axis repre-
senting burning time in milliseconds, tag. As expected, the burning time for flame initiation decreases with increasing equivalence ratio
for all engine speeds, primarily due to the higher laminar flame speed of hydrogen-air mixtures. However, the rate of decrease is not
consistent across all turbulence conditions. As previously hypothesized, the burning time for the flame kernel development from spark
timing to 10% of MFB becomes increasingly dependent on flame properties as the equivalence ratio rises. This trend is evident in the
graph, as the burning times for all speeds tend to converge at higher equivalence ratios. In contrast, at lower equivalence ratios, there is
a noticeable difference in the burning time during the initial flame phase among different engine speeds, confirming the hypothesis that
turbulence plays a significant role in flame development under these conditions.

To account for the influence of turbulent intensity and isolate the flame propagating properties, an analysis of the burning time considering

the laminar flame speed properties is conducted. For this purpose, a characteristic flame time, denoted as %, is introduced. It is defined

as the ratio of the laminar flame thickness (d1,) to the laminar flame speed (5%) (ty = %Lr). In order to determine the values of these flame
L

properties, calculations are performed with the CONVERGE CFD Software [21] using three hydrogen-air kinetic mechanisms: Burke
et al. [22], Alekseev et al. [23] and GRI-Mech 3.0 [24] under the spark timing conditions.

Figure 15 presents the laminar flame speed and thickness obtained from the equivalence ratio sweep conducted at 900 rpm using the
specified kinetic mechanisms at spark timing conditions calculated from the TPA (i.e., 10.540.4 bar and 680+5 K - see Figure 22 in
Appendix A - for all equivalence ratios and engine speeds). Notably, we observe significant variations in the flame speed across different
equivalence ratios. For instance, the laminar flame speed at ¢ = 0.55 with Alekseev is calculated at 2.99 m/s, while at ¢ = 0.25, it drops to
3.5 cm/s, representing a nearly 100-fold difference. Despite this substantial disparity, the combustion duration between these conditions
is relatively similar. It is important to acknowledge that kinetic mechanisms, although validated against experimental data, may not
have been specifically validated at the high pressures and low equivalence ratios encountered in this study. Moreover, when dealing
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with hydrogen flames under such conditions, the presence of instabilities can significantly impact the measurement of flame speed and
the calculation of the laminar flame speed [25]. As a result, there may be inherent uncertainties associated with the determination of
flame speed in these operating regimes. Furthermore, it should be noted that different kinetic mechanisms exhibit significant differences
in these conditions. Specifically, the flame speed is underestimated by approximately 40% across all equivalence ratios, and the flame
thickness is overestimated by approximately 160% comparing GRI-Mech 3.0 to the Burke et al. and Alekseev et al. mechanisms. For
the sake of simplicity, the Burke mechanism was used for the subsequent flame property analysis in this work.

Next, a dimensionless time, denoted as t*, is defined to analyze the burning time while considering the flame properties. It is calculated
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Figure 14: Combustion duration (in ms) for the three engine speeds (900, 1200 and 1500 rpm) as a function of the equivalence ratio.
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Figure 15: Laminar flame speed, s%, and thickness, &1, as a function of the equivalence ratio calculated at the spark timing pressure and
temperature conditions for the 900 rpm experiments.

using Equation 1:

t
=20 (1
ty

where t A ¢ represents the time it takes for the mixture to burn 10% (in mass) after the spark timing. Figure 16 illustrates the dimensionless
time, t*, as a function of the fuel-air equivalence ratio.

The trend shows a non-linear relationship where the dimensionless time increases with higher fuel-air equivalence ratios, indicating
thinner and faster flames. The influence of turbulence is evident, as a higher turbulent environment enhances flame speed and reduces
combustion time. This leads to the question: how much is the ultra-lean hydrogen flame influenced by turbulence? To address this
question, a classical approach based on turbulent intensity is employed to analyze turbulent flames. The turbulent flame speed, denoted
as st, is determined using the Damkohler expression [26] outlined in Equation 2:

!
s =51 (1 + i) @)
SL

where u’ is the characteristic ‘mean turbulent velocity fluctuation. This velocity can be estimated for the three engine speeds by consid-
ering the mean piston speed, 5),, as described in Equation 3 [19, 27]. The turbulent velocity calculated for 900, 1200 and 1500 rpm are,
respectively, 1.29, 1.71 and 2.14 m/s.
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u % 3)

Figure 17 depicts the dimensionless time, considering the influence of turbulent flame speed, as a function of the equivalence ratio.
Notably, the ratio between physical burning time and chemical flame time for the three engine speeds converges onto a single curve,
indicating that the increase in flame speed caused by turbulence is accurately captured by the Damkohler equation. Moreover, the trend
exhibits a closer resemblance to a linear relationship with the equivalence ratio. This is evident from the increase in the coefficient of
determination, which rises from 97.8% to 98.5% at 900 rpm.
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Figure 17: Dimensionless time taking into account the turbulent flame speed, ¢4, = tag/ t?, as a function of the fuel-air equivalence
ratio.

It is widely recognized that the hydrogen-air flame speed is influenced by both turbulence and intrinsic instabilities, such as thermodiffu-
sive instabilities [4, 5, 12]. The impact of thermodiffusive instabilities on flame speed is contingent upon the equivalence ratio, pressure,
and temperature, and efforts have been made to quantify this effect.

Darrieus and Landeau, in their pioneering works [28, 29], were among the first to predict the occurrence of unconditional instability in
planar flames as a result of thermal expansion across the flame. To analyze this phenomenon, a flame surface that propagates at a speed
sz, with a characteristic thickness d;, is considered. The flame surface, F, can be described by the equation:

F(z,t) = Aexp(wt + ikz) “)

Here, w represents the growth rate of the instability, and k£ denotes the wavenumber. The expression for the normalized growth rate,



known as the Darrieus-Landau expression, is given by [30]:

1 . .
(IJ:wa—L: (\/U3+027070)k:wDLk 5)

SI, o+1

In this equation, o represents the ratio of unburned and burned gas density (p../pp), and the wavenumber is normalized by the flame
thickness (k = kdr,). It is important to note that in combustion, the value of ¢ is typically greater than 1, resulting in a positive growth
rate w. This indicates that the flame is unstable for all wavenumbers.

However, studies have shown that this unconditional instability predicted by the Darrieus-Landau expression is not observed experi-
mentally. To account for the stabilizing and destabilizing effects of diffusion across the flame, further research has been conducted
[31, 32, 33]. As aresult, a new model has been derived, which includes a second-order term in k, taking the form [34]:

w= wDLl} — [Bl + BQ,B(Leeff — 1)33P’r'] /%2

= wDLI;J -+ w21252

(6)

where B; are constants that depend on the density ratio o and the thermal conductivity. Additionally, 5 denotes the Zel’dovich number
of the reaction, and Pr represents the Prandtl number. The coefficient w, captures the effect of the second-order term. If wso is negative,
it results in an overall stabilizing effect, leading to a finite wavenumber beyond which flame waves are suppressed (thermodiffusive
stability). Conversely, if w- is positive, it indicates that the flame is unstable (thermodiffusive instability).

Recent studies calculated the wy variable over a wide range of equivalence ratios, pressures and temperatures [35, 36, 12]. Figure 18
showcases contour plots from Hernandez et al. [12] (calculated with the Burke et al. [22] mechanism) illustrating the variation of wo for
different equivalence ratios and pressures at a temperature of 750 K, which is close to the in-cylinder conditions at spark timing.

The contour map of w- reveals that higher positive values of ws are observed at lower equivalence ratios (0.2 < ¢ < 0.5) and within a
pressure range of 0.5 to 6 MPa and negative (stabilizing the flame) at higher equivalence ratios and lower pressures. The red circles in the
map represent the in-cylinder conditions for the experiments conducted at 900 rpm. This highlights the variation in flame acceleration
under engine operating conditions. Specifically, at an equivalence ratio of 0.25, the wo value exceeds 6, whereas at an equivalence ratio
of 0.55, the w9 value approaches 0 under the same pressure and temperature conditions.
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Figure 18: Map of the ws variable over pressure and equivalence ratio for T = 750 K [12]. The red circles represent the cylinder
conditions at spark timing for the 900 rpm experiments.

Equations 7 and 8 offer a method for estimating the flame speed enhancement and flame thickness variation using the instability param-
eter wo [12, 36]:

(N

sp_ Jexp(0.08ws) if P <],
s, |1+ 0.47wo otherwise



= 1 ®)

T70.2605 otherwise

5F_{mm4m&m if P<T],

In this equation, sr and §p are the flame speed and the thickness with instability effects, and sz, and §r, the laminar flame speed and
thickness, respectively. The pressure criterion [ [ is calculated by the Equation 9 [35]:

150/(214-100)
) 9

H B 20¢

- \7-20
(&4

where O is the ratio between the unburned temperature and the reference temperature, 7. ¢, set to 300 K.

Considering the flame modification due to thermodiffusive instabilities and applying the Damkohler expression for turbulent combustion,
it becomes possible to understand and attempt to correlate the engine burning time with hydrogen flame properties. Figure 19 provides a
comparison of the dimensionless time, accounting for both thermodiffusive instabilities and turbulence enhancement, with the case where
only turbulence is considered. This comparison helps in assessing the combined influence of these factors on the engine’s combustion
process.
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Figure 19: Dimensionless time accounting for the hydrogen flame acceleration due to thermodiffusive instabilities, ¢, » = taq/ tlfw’T, as
a function of the fuel-air equivalence ratio.

As expected, the presence of thermodiffusive instabilities reduces the chemical reaction time, leading to an increase in the dimensionless
time compared to the curve without considering these instabilities (particularly at low equivalence ratios). However, the relationship
between physical burning time and the chemical characteristic time of the flame is non-linear. Between equivalence ratios of 0.25 and
0.4, the trend appears to be linear, but beyond this range, the dimensionless time does not increase as much as the equivalence ratio.
This observation indicates that there is an inter-correlation between turbulence and thermodiffusive instabilities that should be taken into
account to fully understand their combined effects on the combustion process.

As discussed previously, it is important to exercise caution when considering laminar flame speeds at high pressures and low equivalence
ratios, as well as in interpreting the results that take into account these factors, such as the values of v’ /sy, and s /sy. To gain insight into
these quantities, Figure 20 illustrates u’/sy,, which quantifies the increase in flame speed due to turbulence according to the Damkéhler
expression, and the ratio of flame speed enhancement attributable to thermodiffusive instabilities, denoted as sp/s7..

The ratio u’/sy, exhibits an exponential growth as the equivalence ratio decreases, with values ranging from approximately 30 to 40 at
¢ = 0.25. This significant variation is not commonly observed with conventional fuels, which tend to exhibit minimal changes in laminar
flame speeds across different operating equivalence ratios when compared to hydrogen. Furthermore, the flame speed enhancement
resulting from TD instabilities varies between 1.01 and 1.10 at high equivalence ratios (¢ = 0.55 and 0.45, respectively), and between
1.94 and 1.46 at low equivalence ratios (¢ = 0.25 and 0.3, respectively). These results provide quantitative insight into the influence of
turbulence and instabilities on flame behavior in internal combustion engines, particularly at low load conditions.

Finally, investigating of the impact of intake pressure on hydrogen flame properties, Figure 21 displays the dimensionless time for the
three engine speeds as a function of equivalence ratio, considering two intake pressures (P, = 0.7 and 0.9 bar). It can be observed
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Figure 20: v'/sy, and sp /sy, as a function of the equivalence ratio for the three engine speeds at 0.7 bar of intake pressure.

that at higher pressures, the combustion durations slightly decrease, indicating faster combustion. Additionally, the laminar flame
speed increases with higher intake pressures. So, dimensionless time exhibits an increase, particularly at higher equivalence ratios.
This increase brings the trend closer to linearity, suggesting a more direct correlation between physical burning time and the chemical
characteristic time of the flame. However, it should be noted that equivalence ratios beyond 0.4 start to deviate from this trend.
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Figure 21: Dimensionless time accounting for the hydrogen flame acceleration due to thermodiffusive instabilities and turbulence for
two intake pressures (P, = 0.7 and 0.9 bar) as a function of the fuel-air equivalence ratio.

The analysis reveals that the position of the maximum point of instability shifts as the equivalence ratio varies, especially when con-
sidering different pressures at the time of the spark. It is observed in Figure 18 that higher pressures result in the maximum instability
occurring at higher equivalence ratios. This relationship is well captured by the curve in Figure 21, since the bend on the curve after
a linear trend at lower equivalence ratio happens at a higher equivalence ratio (¢ = 0.45). For higher values, the bending suggests
that additional factors or phenomena not accounted for in the current model may come into play, influencing the combustion behavior
in these conditions. Further investigation and refinement of the flame model may be necessary to accurately capture the combustion
characteristics at higher equivalence ratios. Especially, accurate prediction of laminar flame speed.

CONCLUSION
Experiments were conducted using a single-cylinder gasoline baseline internal combustion engine that was converted to operate with

hydrogen fuel. The fuel-air equivalence ratio (¢) was set to vary from 0.25 to 0.55. The experimental data obtained from these tests was
then analyzed using the Three Pressure Analysis (TPA) model in GT-Power. The main findings are stated below:

* 0D/1D simulators prove to be valuable tools for studying hydrogen-fueled engines. These tools offer the advantage of a more
accurate heat transfer analysis, allowing for the extraction of consistent net heat release and mass fraction burned traces.



» Minimal cyclic variations were observed in the operation of a homogeneous mixture ultra-lean hydrogen-air internal combustion
engine. Cyclic variations, primarily attributed to misfires, were identified at fuel-air equivalence ratios below 0.2.

* The fuel-air equivalence ratio significantly influences flame initiation, while its impact on flame propagation and the end-flame
phase is less pronounced.

* The combustion duration is correlated to the chemical characteristic time of the hydrogen flame, but no direct relationship is found,
possibly due to inter-correlations between turbulence and thermodiffusive instabilities.

* The laminar flame speed obtained from kinetic mechanisms calculations at spark timing in internal combustion engines should be
approached with caution, especially for ultra-lean mixtures and high in-cylinder pressures. The disparity in flame speed obtained
from kinetic mechanisms is substantial, differing by nearly 100 times. In contrast, experimental measurements show a relatively
small variation in combustion duration, ranging from 73.9 CAD to 27.1 CAD for the 10 to 90% MFB range, respectively, between
¢ = 0.25 and 0.55, under the same operating conditions (P2 = 0.7 bar, ST = -15 °aTDC, and 900 rpm).

Optical analysis of the hydrogen flame would provide valuable insights into flame development and the underlying physics within the
cylinder (e.g. the flame radius growth as function of the crank angle for multiple conditions, instabilities visualization, and repeata-
bility of the flame over the cycles). Further investigations focusing on hydrogen-air mixture formation, flow field analysis, turbulence
characterization, and flame visualization would enhance the understanding of in-cylinder hydrogen flame behavior.
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APPENDIX A. SUPPLEMENTARY DATA
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Figure 22: Unburned gas temperature as a function of the crank angle for 7 equivalence ratios at 900 rpm and Py = 0.7 bar. The spark
timing is -15 °aTDC.



DEFINITIONS/ABBREVIATIONS

I} Zel’dovich Number

oF Thermodiffusive Flame Thickness
o1, Laminar Flame Thickness

A6 Combustion Duration

10} Fuel-Air Equivalence Ratio
A Air-Fuel Equivalence Ratio
II Pressure Criterion

o Gas Density Ratio

G} Temperature Ratio

w Instability Growth Rate

wo Second Order Instability Coefficient

WDIL First Order Instability Coefficient

F Flame surface

k Wavenumber

Py Mean Intake Pressure

Ps Mean Exhaust Pressure

Pr Prandtl Number

Sy Mean Piston Speed

SF Thermodiffusive Flame Speed

SL Laminar Flame Speed

59 Un-stretched Laminar Flame Speed

ST Turbulent Flame Speed

t* Dimensionless Time (Laminar Flame)

tr Dimensionless Time (Turbulent Flame)

trr Dimensionless Time (Turbulent and TD Flame)
t Arg Time to Burn 10% of Fuel Mass

ty Characteristic Flame Time

ti Characteristic Turbulent Flame Time

ty T Characteristic Turbulent and TD Flame Time
Ty Mean Intake Temperature

Trey Reference Temperature

u’ Characteristic Mean Turbulent Velocity Fluctuation

°aTDC  Crank Angle Degree After Firing Top Dead Center
CAD Crank angle degrees
CCv Cycle-to-cycle variation

CoV Coefficient of variation

DoE Design of Experiments

gIMEP  Gross Indicated Mean Effective Pressure
GT Gamma Technologies

H, Hydrogen

HRR Heat Release Rate

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure
MFB Mass Fraction Burned
NOx Nitrogen Oxides

rpm Rotation per Minute
ST Spark Timing
TD Thermodiffusive

TDC Top Dead Center
TPA Three Pressure Analysis



