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Abstract. In spark-ignition (SI) engines, the achievement of a fast combustion with low cycle-
to-cycle variation is highly dependent on the successful initiation of a flame kernel from the
spark plug. Its growth can be sped up by increasing the electrical energy supply, but at the cost
of higher plug wear, whereas too little energy may result in an ignition failure. Therefore,
knowledge of the minimum ignition energy (MIE) of a fuel/air mixture is of key importance to
guarantee a proper combustion process at minimal cost. To model the MIE several approaches
have been proposed in literature, primarily derived from the experiments conducted by Lewis
and Von Elbe and their resulting theory of quenching distances. However, these approaches
appear in conflict with more recent experimental outcomes, and the impact of the ignition
device is neglected. This work proposes a novel approach for modelling the MIE, which is
based on a flame kernel expansion model recently proposed in another paper. In this approach,
the proposed model, which has general validity, is specialized to the particular case of the
estimation of the MIE, supplied via an electrical breakdown. A model advancement is also
included that consists in the quantification, albeit at a preliminary level, of the impact of
different gap distances and spark plug quenching effects on the flame kernel development. The
results are validated against literature models and experimental data for two fuels, propane and
hydrogen, and multiple equivalence ratios. In contrast with the noticeable MIE overestimation
of literature models, for propane the proposed approach leads to better results compared to the
experiments. Instead, for hydrogen a tendency towards a MIE underestimation is observed,
especially for lean mixtures. The model is also tested for Sl-engine-relevant conditions,
showing satisfactory overall trends. The key source of error seems related to the very complex
kernel-electrode interaction, the modelling of which will be improved in future developments.

1. Introduction

The minimum ignition energy (MIE), defined as the minimal energy required to initiate combustion in
a flammable mixture under specified pressure and temperature conditions, holds significant
importance. It is a pivotal factor in enhancing combustion stability and fuel efficiency within spark-
ignited (SI) internal combustion engines (ICEs), while concurrently mitigating the risks associated
with unintended explosions in industrial and aviation sectors. An extensive series of experiments
aimed at determining the MIE for various fuels was conducted by Lewis and Von Elbe [1]. These
experiments involved measuring the energy stored in a capacitor at a known voltage, which was then
discharged through the electrodes of a spark plug. With a similar approach, Moorhouse et al. [2]
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determined the MIE for some hydrocarbon/air mixtures using an ignition probability criterion of 0.8,
which means that there is a probability of 80% that a specific electrical energy input will cause the
ignition of a flammable mixture. In their study, the MIE values for propane/air mixtures were found to
be more than double than those reported by Lewis and Von Elbe [1]. Instead, Randeberg et al. [3]
conducted experiments on dust clouds and propane, obtaining one-order-of-magnitude lower MIE
values compared to Lewis and Von Elbe [1]. The discrepancies observed in these contributions are
probably the consequence of different experimental set-ups (e.g., shorter spark duration), but another
key reason of such different results derives from the fact that the ignition phenomenon is a stochastic
event. Indeed, statistical analyses have been performed [4] [5] [6] to correlate the probability of a
successful ignition with the spark energy, further confirming this stochastic behaviour. Such
randomness, which in the end affects the entire combustion development, makes it hard to match
accurately the experimental data using any prediction model.

In addition to the sheer problem of predicting the MIE, modelling the ignition of a combustible
mixture, whether successful or unsuccessful, presents considerable obstacles in itself. Elements such
as electrical breakdown, interaction between flame kernel and electrodes, dynamics of burned gases,
and combustion kinetics at non-adiabatic flame temperatures must all be taken into account. Although
Computational Fluid Dynamics (CFD) coupled with reaction mechanisms offers a powerful tool for
studying the ignition, and hence the MIE [7] [8], it is undeniable that this approach is very time-
consuming and rather impractical for the simulation of ICE combustion.

In this framework, the present contribution aims to provide a novel approach for the MIE
estimation of fuel/air mixtures, which is based on the simulation of the expansion of a flame kernel at
very low ignition energies. This is done using a novel kernel expansion model proposed by the present
authors and based on the thermodiffusive theory [9]. It is worth noting that the thermodiffusive theory
assumes constant density and no convective flows [10], and therefore the simulation of an actual flame
kernel requires appropriate adjustments of the theory, which were partially carried out [9]. In addition,
this theory assumes a perfectly spherical kernel geometry, but this is inconsistent with the presence of
the spark plug electrodes. Therefore, appropriate modelling changes are necessary, and this work
illustrates some preliminary strategies to consider these elements.

In this paper, Section 2 briefly illustrates the main analytical models for the MIE determination,
and then presents the authors’ flame kernel expansion model together with the preliminary strategies
to account for the effect of actual ignition devices (e.g. spark plugs) on the kernel development. In
Section 3, the validation of the proposed approach is conducted and results for typical ICE conditions
are shown. Finally, conclusions and future developments are presented in Section 4.

2. Methodology

2.1. Analytical MIE estimation models from literature

In general, all analytical models for estimating the MIE are independent of the ignition device, and
they are based on finding the smallest spherical kernel able to expand successfully, often denoted as
the critical flame kernel. Lewis and Von Elbe [1] introduced two relations to estimate the MIE,
represented by equations (1) and (2). In equation (1), the MIE corresponds to the energy required to
balance the heat lost from the surface of the kernel, which has adiabatic flame temperature T,,; and
diameter equal to the quenching distance, d,, towards the fresh mixture at temperature T;,. In equation

(2), the MIE corresponds to the energy required to heat up a sphere of diameter d, from T, to Tyq4:

MIE = md? M’ (1)
SO
1 L

MIE = gndgpadq;(’rad - Tw), ()

where S? is the planar adiabatic laminar flame speed, p,q is the burned gas density, A and Cp are the
thermal conductivity and specific heat at constant pressure averaged between burned and fresh
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mixture. Both of these models are able to capture the overall MIE behaviour, but challenging is the
quantification of dg, for which analytical calculations require so many simplifications that only rough

estimates, such as the d, = V66, given by Turns [11], §, being the laminar flame thickness, can be
achieved. As a result, while equations (1) and (2) continue to enjoy ample use even today [12] [13], d,
needs to be calibrated on a case-by-case basis, usually relying on experimental data.

A second key limitation of these models is that mass diffusion is neglected, especially in terms of
the Lewis number, Le, which is the ratio between heat and mass diffusion. However, as demonstrated
by He [14], Le is the parameter most affecting the flame stretch, which dominates the entire kernel
response. Firstly, flame stretch changes the critical radius to be exceeded by the kernel to achieve
successful ignition, which explains why calibration of d; is required. Secondly, flame stretch is very
often correlated linearly with the kernel expansion speed, but experimental evidence shows that for
small (under 6-8 mm) kernels this relationship is highly non-linear [15]. Additionally, flame stretch
plays a significant role in modifying the kernel temperature, Ty, when Le # 1, resulting in Tr # Tgq
[16] [17]. All these observations suggest that a kernel expansion model capable of capturing these
effects could improve the MIE estimation.

2.2. Summary of the novel flame kernel expansion model

Recently, the authors of the present work introduced a model to describe the initiation and expansion
of a spark-ignited flame kernel [9], which is summarized in this section. Concerning the ignition
phase, it is assumed to occur via an electrical breakdown between two electrodes, which causes the
formation of a plasma column that expands via a cylindrical shock wave, increasing its mass. The
initial conditions for the expansion model, named [-];, are set at the end of the breakdown, and their
modelling, inspired by the work of Meyer and Wimmer [18], is further discussed in another paper
[19]. Equations (3) yield the parameters for the end-of-breakdown column, including its radius 7 ¢,
absolute enthalpy h;, and the time t; required for pressure equalization after the shock wave:

f 057 = 0.5 ¢ ”
Teeyt = 0T = B 3 04md,p, )
< T
t; = 1.5t, = 1.5 <—C> ®)
VYubu/ Py
(hi = hy)piVi = MpaEpa With V; = ey dg.

In equations (3) 7, and t, are characteristic time and length scales, Ej; is the breakdown energy
deposited across spark gap dg with efficiency 1,4, py, 1s the uniform pressure at the end of expansion,
. 1s the heat capacity ratio of the fresh mixture, p,, its density, h,, its enthalpy, and V; is the plasma
volume. However, the kernel is assumed to expand spherically, and hence the initial radius is reported
to that of the equivalent-volume sphere and computed as r; = (3V;/4m)'/3. Initial temperature T; is
estimated from the absolute enthalpy h;, since p,, is known and chemical equilibrium is assumed.

With the initial conditions set, the flame kernel expansion model is based on the solutions of 1D
spherical mass, species, and energy conservation equations of the kernel [9], and it is supported by
elements of the theoretical work of Yu and Chen on transient thermodiffusion [20], In this model, one-
step combustion is assumed, which is controlled by the deficient reactant having mass fraction Y,
while the pressure is constant and uniform. The flame front is assumed to be a zero-width reactive
surface, while the pre-heat and mass diffusion zones extend into the unburned mixture. An illustration
of the model along with temperature and deficient reactant profiles is shown in Figure 1.

A summary of the model is provided in this section. Starting from the conservation laws, a
rearrangement of the equations is carried out [9] that leads to a two-equation system, which is reported
in equations (4a) and (4b). Hereafter, quantities related to the fresh mixture at flame temperature are
denoted as [],, 5 = [-]u(Tf), while quantities concerning the burned gas as [*]y.
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Figure 1 — Sketch of the flame kernel (left) and profiles of temperature and deficient reactant (right).

dT; . or

mep'fE = Af(puSL (A)f + men)(hu,f — hf) + Afku,fCTa . + Pe, (43)
f

L(k)

Le \c, wf 4 or

where wy = (Tf / Tad)zexp[— Ta/2(1/ Tr—1/ Taa)] expresses the dependency of the reaction rate
on kernel temperature Ty, P, is the arc/glow electric power and i, is an entrainment mass flow,

assumed proportional to P, and taking into account non-spherical effects caused by this energy supply
[21]. The system unknowns are kernel temperature Ty and radius 77, being vy = dry/dt and my =

= YaupuSL wy, (4b)
Ty

4mtp frf3 /3. However, these equations require the temperature and deficient reactant gradients at 7y, for
which the results of transient thermodiffusive theory are used [20]. These gradients are:

oT a6 (Tad - Tu) fuT (Tad - Tu) T[quT2

or - ool 19 R [Bf +0;(9(x) )] 0 , X = exp R2 T (5a)
Y, 0yal Yau 0Ya fuy Yau 7Tzfuyz

_— = — = — = —19 —_, = — i

or by, =~ 01,18 "9l T RO ¥ OP\ T ez T) D)

The required non-dimensional terms are defined in equations (6) using the planar adiabatic flame, and
especially its expansion speed v0 = S? - p,/paa, as the reference condition. This accounts for the
convective flows due to thermal expansion, unlike thermodiffusion, which assumes constant density.

ook B m o dR v
padcp,advg UB lg t? dr 172

o T—T, Y, . r ro@ (6)
=—’ =—’ e:—, =—, oO=—=—,
TG —T, A7, D, YT R

Then, equations (5a) and (5b) are completed by the Jacobi theta function, defined as 9(x) =1+
230 x™, and by the terms f,r and f,,,, computed according to the expressions below:

- th Fyp = — B o2 -1
fuT - J-1+oo FquO" wi ul — 0_2 exp 2 g ) »

! n RULe ™
uor = f1+oo Fuydo" W fuy = a2 P 2 ’ )
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Finally, in equations (4a) and (4b) adjustment coefficients C4 and Cr are necessary to account for
the variation of thermodynamic properties with temperature and mixture composition, also not
covered by thermodiffusion. These coefficients can be computed exactly only under two extreme
conditions, the adiabatic planar flame and the stationary flame ball, and their values are reported in
Table 1. In all other cases, the coefficients will assume intermediate values.

Table 1 — Adjustment coefficients C4 and Cr for the adiabatic planar flame and the flame ball.

Adiabatic planar flame [*]. ;4 Flame ball [-]. ,
Cy (k/cp)ad/(k/cp)u,ad 1
C (hu,ad — Naa) . kaa hu,z —h,
T Cp,ad (Taa — Tw) kyaa Cpuz (Taa — Tw)

2.3. MIE estimation using the proposed kernel expansion model

The present expansion model enables predicting the flame kernel development under flame stretch of
any intensity, thanks to the explicit consideration of the species conservation law and to the separation
between pre-heat and mass diffusion zones, which in fact leads to two different gradients. This allows
the model to predict even a stretch-induced kernel extinction, as done by the present authors for
propane/air flames [9]. The two key model parameters are S, higher values of which promote the
expansion, and Le, whose growth above 1 renders the expansion increasingly difficult, while T, has a
more modest effect. Given its capabilities, it is possible to apply this model for estimating the MIE of
any fuel/air mixtures, and this can be done by finding the minimum energy at which a given kernel
survives without extinguishing due to flame stretch. However, before doing so some modifications to
the expansion model itself are required. Firstly, as highlighted in the literature [3], in MIE experiments
the electrical energy from capacitive sparks is transferred to the gas almost entirely during and
immediately after the breakdown, and arc/glow sparks can be neglected. Consequently, here it is
assumed that the ignition energy is provided only during the breakdown phase, and hence P, = m,,, =
0. This assumption is particularly valid for lower MIEs, because the energy stored in the capacitor is
transferred very quickly. At the same time, P, accounts also for the heat lost to the electrodes through
a deposition efficiency, and this effect must be considered even when there is no external energy
provided. To do so, a heat transfer rate, Q,,, is introduced in equation (4a) to replace P,:

Qw = —hA,(Tr — T,), )

where h is the heat transfer coefficient and A,, is the contact area between the hot kernel expanding
from the center of the spark gap and the electrodes, assumed to be at the temperature of the fresh
mixture. The heat transfer always cools the flame kernel fostering its extinction, but it does so with
increasing intensity as the gap gets smaller, since the kernel comes earlier into contact with the
electrodes. Hence, small gap distances d; are expected to require more energy to ignite the mixture
compared to larger gaps. However, multiple experiments [1] [22] show that the MIE actually increases
as dg exceeds an optimum value. This is mainly because for long gaps the kernel starts as an elongated
cylinder, which undergoes transition to a sphere during its expansion until it reaches a reasonable size,
but also because longer gaps require higher breakdown voltage, which ultimately leads to higher E, 4
[1]. Modelling these two phenomena is an extremely complicated task, which is why simplifications
are made in this work. Firstly, E} 4 is assumed to be supplied independently of the electric circuit, thus
treating it as a freely chosen parameter. Then, concerning the cylinder-to-sphere transition, the kernel
is assumed to remain spherical throughout the simulation, but a preliminary solution was implemented
that attempts to account for this occurrence by modifying the normalized radius, R = 7/ 12. The key
idea is keeping the kernel as a sphere of radius r¢, but using a smaller effective radius 7 eff to
compute R, which controls the gradients in equations (5) in such a way that a smaller R yields a
stronger flame stretch. This reduction is assumed to subside when 75 reaches d /2, after which the
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kernel is considered spherical and 7 o = 7. In this work a cubic interpolation between d,;/2 and the
end-of-breakdown cylinder radius, 1; ¢y;, was chosen, which is expressed by equation (9):
3 2
(7 — Tieyt) (7 — Tieyt)

(o2~ riey)’ da/2= it

Treff = Tieyl = )
An advantage of this expression is that 75 . ¢, considered only for the computation of R, is continuous
also in its derivative with respect to 7y at dy/2. A visualization of 75 . ¢ during the cylinder-to-sphere
transition and its behaviour as described by equation (9) are shown in Figure 2.
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Figure 2 — Effective kernel radius 7y o visualized (left) and estimated as per equation (9) (right).

Another issue in evaluating the MIE arises when the breakdown event is very intense, which leads
to the formation of a toroidal structure that activates a large volume of gas around the electrodes. This
occurrence has been observed experimentally [23] and numerically [24] [25], but this effect cannot be
accounted for by the present analytical model, because an overall 1D spherical geometry is assumed,
with amendments only for the aforementioned cylinder-to-sphere transition.

Having accounted for the heat losses to the electrodes and the altered kernel geometry, the MIE of
a given spark-ignited fuel/air mixture can be estimated with a series of simulations in which the
breakdown energy, Ejq4, is steadily reduced from a high initial value until the kernel stops expanding
and extinguishes due to flame stretch. The smallest E;; that ensures successful self-sustained kernel
propagation is selected as the MIE, while deposition efficiency 1,4 = 0.9 is set as an average value
following the literature [18]. For the extinction criterion, the first option would be to define it as the
condition at which U = v¢ = 0, but experiments [17] [26] show that actual kernels extinguish before
U = 0. This is because at low v the flame front cannot entrain the reactants quickly enough to sustain
the combustion, thus causing the kernel extinction, but the front still advances some more by
stretching the reactive surface, for which the zero-width assumption made in this model is no longer
valid. Following these observations, in this work the expansion speed threshold was set to U = 0.1,
meaning that the kernel is considered extinguished if vy drops below 10% of v?. Finally, the statistical
dispersion of the ignition phenomenon is neglected, as it goes beyond the scope of this model.

3. Results and discussion
In this section quantitative results on the MIE are presented and discussed for both the analytical
models described in the literature and for the novel approach proposed in this work, with comparisons
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to experimental results where possible. In accordance with Section 2, the present calculations require
three key quantities: the planar adiabatic laminar flame speed, S?, the activation temperature, T, and
the mixture Lewis number, Le. These values were computed for each unburned mixture by following
well-known literature methods based on the simulation of planar adiabatic flames, carried out using
the software package Cantera [27]. In particular, after simulating the reference planar adiabatic flame
from which to extract SP, the adiabatic flame temperature was varied by slightly modifying the
nitrogen content in the mixture, which enabled determination of T,, by computing the derivative of the
mass flow with respect to T4 [16]. Then, Le was computed as a weighted average of the Lewis
numbers of excess and deficient reactants, with an equivalence-ratio-based weighting that makes use
of T,, taken as the value estimated in the previous step [28] [29].

Furthermore, for the present expansion model it is crucial to supply the two adjustment coefficients
C4 and Cp, which are estimated with the expressions successfully tested for propane/air mixtures [9].
Their values are provided below as a function of U and with j = (T, A):

(Cj_ad if U>Upqax =0.5,

U—Unin
={C Civ—C: )r——mn
C] j,Z + ( j,ad ],z) Umax — Umin

C:

],Z

if U € [Unmin; Umaxl, (10)
if U<Upin=0.2.

It is assumed that the planar adiabatic coefficients are most appropriate at higher expansion speeds,
while the stationary flame ball ones at lower speeds, with a linear interpolation in between.

Finally, regarding the electrode configuration, for all simulations cylindrical electrodes with a
diameter of 1.6 mm were considered, similar to the ones used by Lewis and Von Elbe [1]. It is evident
that modifying their shape and size would impact the MIE results, since the contact area between
flame kernel and electrodes depends on this parameter.

3.1. Behaviour of the MIE prediction model for different gap sizes and heat transfer intensities

The expansion model requires no calibration parameters other than C, and Cr, computed with equation
(10). However, some electrode-related quantities remain uncertain, such as the heat transfer
coefficient. Therefore, several simulations were first conducted to verify the sensitivity of the MIE to
variations in this parameter as the gap distance changes. A propane/air mixture at atmospheric
conditions and ¢ = 1.3, as used by Wihner et al. [6], was chosen for the calculations.
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Figure 3 — MIE as a function of gap size d g using different values of heat transfer coefficient h.
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Figure 3 illustrates the MIE as a function of gap distance d for three different values of the heat
transfer coefficient (h = 50,100, and 150 W/m2K). The electrodes effectively cool the flame kernel
when d is small, resulting in a rapid decrease in the MIE as d; increases. However, as d; becomes
larger the MIE starts increasing, and this is caused by the effective flame radius correction in equation
(9): as d rises, this correction becomes progressively more significant, because 7y or¢ remains smaller
than 77 for longer. This increases the flame front gradients, equations (5a,b), and ultimately results in a
more intense kernel heat loss towards the unburned mixture, which is counteracted only by a higher
spark energy. Therefore, by virtue of these two opposite flame kernel responses at small and large d,,
it is always possible to identify an optimal d, for which the MIE is lowest.

Figure 3 qualitatively reproduces the trends reported in the literature [1] [6], and the energy values
largely agree with the experimental ones for cases with h = 100 and 150 W/m?K. However, in these
cases the optimal d; values are larger than those in the literature [6], which range from 1.7 to 1.9 mm
and are closer to those predicted with h = 50 W/m?K. These discrepancies may be attributed to
different electrode shapes and energy supply methods, unclear in the experiments but involving only
the breakdown energy in this work, but also to a too simplified modelling of the phenomena
mentioned in Section 2.3. Finally, some MIE overlap with different h can be observed, which is
caused mainly by the fact that changing h alters the balance between electrode heat losses and
geometrical transition, leading the MIE minima at higher h to overlap the large-gap MIEs at lower h.
In light of these results, h = 100 W/m?*K was assumed for all the following simulations, and gap
distance d, was taken as that yielding the smallest MIE.

3.2. Validation of the present approach for the MIE prediction
In this section, the proposed MIE prediction model is validated against the analytical models reported
in equations (1) and (2) and a number of experimental data available in the literature concerning the
determination of MIE at atmospheric conditions (1 bar, 298 K).

Propane was selected as the first fuel. The reaction mechanism developed by Blanquart et al. [30]
was used in the Cantera simulations detailed at the top of Section 3, and the results for SP, T, and Le
are displayed in Figure 4(a). Then, Figure 4(b) presents the MIE values predicted with the present
approach compared to the literature analytical models and the experimental outcomes of Lewis and
Von Elbe [1] and of Randeberg and Eckhoff [3], the latter being the lowest literature MIE values. For
equations (1) and (2), the quenching distance values were set as a multiple of the laminar flame
thickness, &, and, in accordance with the relevant experimental investigations, the value d; = 66}
was chosen [1] [12]. Moreover, for the two literature models, two different methods were used to
express 6,: 8graq = (Taa — To)/ (AT /AX)max, Which uses the maximum temperature gradient of the
simulated planar flame, and &gy gy, representing the full-width at half maximum (FWHM) of the
temperature gradient profile [16]. Consequently, two MIEs were calculated for each model, for a total
of four values.

The comparison of present model predictions, analytical outcomes, and experimental data for the
MIE shows that equations (1) and (2) overestimate it compared to the results from Lewis and Von
Elbe, yielding MIE values almost two orders of magnitude higher than those provided by Randeberg
and Eckhoff. On the contrary, the present MIE prediction approach based on the present authors’
kernel expansion model provides a more consistent and satisfying MIE estimation, with values very
close to those reported by Lewis and Von Elbe for a wide range of propane volume concentrations,
with ¢ = 1 corresponding to 4.04%. The lowest MIE is approximately 0.15 mJ at 4.8% concentration
(¢ = 1.2), and it falls between the two sets of experimental data. The discrepancies are very likely due
to the different characteristics of the ignition systems, but since the present electrodes are similar to
those used by Lewis and Von Elbe, predicting MIE values closer to their outcomes is not surprising.
Moreover, since propane has similar properties to those of conventional gasolines [11], the good
results obtained here suggest that the present approach could have much wider validity.
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Figure 4 —T,, Le and S? (a) and MIE (b) for propane/air mixtures over fuel volume concentration.

The second fuel examined in this work is hydrogen, and the results for the MIE of hydrogen/air
mixtures spark-ignited at atmospheric conditions are reported in Figure 5. In the simulations of the
planar adiabatic flames, the GRI-Mech 3.0 [31] was used and d, = 2.56, was adopted as suggested
by Cirrone et al. after calibration with the experimental data [13].

As Figure 5(b) shows, the results obtained using equations (1) and (2) are generally reasonable, but
there is a noticeable MIE overestimation near the stoichiometric concentration (29.6% for ¢ = 1) and
for leaner mixtures. Concerning the present MIE predictions, the proposed approach follows well the
trend observed by Lewis and Von Elbe in the rich-mixture area, but it tends to yield lower MIE values.
Apart from the ignition system differences, it is possible that this discrepancy may simply come from
the unsuitability of adjustment coefficients C4 and Cr, validated for propane (and likely to be similarly
valid for long-chained hydrocarbon fuels), but not for lighter fuels such as hydrogen. Then, around the
stoichiometric concentration, the MIE predictions match much more closely the experimental values,
but as the mixture becomes leaner the modelled MIE drops by an order of magnitude. This sudden
decrease, inconsistent with the experiments, is caused by the Lewis number dropping below 1. This
happens because as Le < 1 the flame stretch starts raising the burning temperature, leading to a super-
adiabatic kernel that experiences simultaneously a critical radius decrease and an expansion speed
increase [20]. This results in the present MIE prediction approach losing its main extinction driver,
and the kernel survival can be easily achieved with very low ignition energy. A similar phenomenon,
although measurably less pronounced, occurs for methane at ¢p = 0.9, for which Le = 1 and the MIE
0f 0.08 mJ predicted by this model clashes with the value of 0.3 mJ reported by Lewis and Von Elbe.

These outcomes suggest that when Le < 1 the detrimental effects of flame stretch on the kernel
growth act mainly at the very beginning of the expansion, that is when the plasma column tries to
expand towards a spherical kernel but fails to do so. However, it seems evident that the simplified
modelling strategies elucidated in Section 2.3 are unsuited to replicate this complicated expansion,
clearly indicating a possible path for future developments.
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3.3. Effect on the MIE of increasing pressure and temperature up to engine-relevant conditions

Finally, for SI engines it is important to quantify the MIE at unburned pressures and temperatures
much higher than ambient ones, because these represent the practical engine operating conditions.
These two effects are addressed separately in Figure 6, with Figure 6(a) showing the change in MIE of
a propane-air mixture with ¢p = 0.8 at 298 K as the pressure increases from 1 to 20 bar, and Figure
6(b) presenting the same change as a function of temperature at a constant pressure of 1 bar. In these
simulations the MIE values are not those for the optimal gap sizes, but they are computed for fixed
gap distances, as is the case for SI engine plugs. Three distances were used, | mm, 2.5 mm, and 5 mm,
with the specific values chosen only to conduct an effective sensitivity analysis of the MIE predictions
to this parameter and without aiming to replicate the actual gap sizes encountered in SI engines.

Firstly, Figure 6(a) shows that the MIE decreases with increasing pressure, but it does so very
rapidly before stabilizing to approximately constant values. Additionally, at low pressure a larger d is
more favourable, because if dg is small the flame kernel is averagely larger and enters into contact
with the electrodes immediately after the ignition, hence losing heat much sooner. However, as the
ignition energy decreases, the kernel size also decreases, and smaller d; minimize the detrimental
effects caused by the elongation of the plasma column. Secondly, regarding Figure 6(b) the analysis is
more straightforward, because increasing T,, always leads to smaller MIE values, as expected since S}
rises quickly with T;, but Le does not [11]. Then, a similar trend as before is observed concerning d,
and the quenching effect of the electrodes.

All these results are fully consistent with the typical use of small plug gaps (1 mm or below) in
conventional SI engines, but they also suggest that under very specific circumstances, such as the
reduced pressure and temperature conditions experienced by the unburned mixture at low engine
loads, larger gaps could actually provide beneficial effects.
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4. Conclusions and future developments
Estimating the MIE of spark-ignited fuel/air mixtures is an important aspect for proper prediction of SI
engine performance, but the many experiments conducted cannot be explained by analytical prediction
models, whereas numerical methods are more accurate but also very time-consuming. In this work, the
MIE estimation has been conducted with a novel modelling approach, which is based on the
application of a modified version of a novel analytical flame kernel expansion model proposed by the
authors. This model is based on the conservation equations for mass, species, and energy of the
spherical kernel, supported by elements of the thermodiffusive theory for estimating the reactant and
temperature gradients at the flame front, while its initial conditions come from the solution of
cylindrical conservation equations applied to the plasma volume that expands due to the shock wave
caused by the electrical breakdown. The model, able to capture the kernel extinction due to flame
stretch, accounts for different fuels and equivalence ratios through key parameters such as laminar
flame speed, Lewis number, and activation temperature of the one-step global combustion reaction.

Proper estimation of the MIE is made very complex by the difficult quantification of the impact of
the electrodes on the flame kernel development, and analysis of literature experimental data indicates
that this impact mainly consists in i) the heat losses towards the electrodes (quenching), and ii) the
elongation of the plasma column formed by the breakdown process. Preliminary modelling steps have
been made in this work to account for these elements, in particular by adding a heat loss term to
quantify the contribution of the electrodes to the kernel quenching and by introducing an ‘effective’
kernel radius that accounts for the cylinder-to-sphere transition, stronger at larger gap distances d.

Concerning the results, the MIE-d; relationship appears quite consistent with literature evidence,
and the comparison of the present MIE predictions with both analytical models and experimental data
on the MIE of propane/air mixtures at atmospheric conditions is good across all equivalence ratios. On
the other hand, for stoichiometric and rich hydrogen/air mixtures the predicted MIE is lower than the
experimental evidence, and for lean mixtures the underestimation becomes very high, reaching about
one order of magnitude. The cause seems related to a not fully adequate modelling of the impact of the
electrodes on the flame kernel at the beginning of the expansion, which is particularly evident at the
Lewis numbers Le < 1 that characterize lean hydrogen/air mixtures. Finally, the approach was tested
at fixed gap size up to engine-relevant unburned mixture conditions, showing satisfactory trends.

The present work has shown that the novel model introduced by the authors to predict the flame
kernel development after spark ignition coupled with the modifications introduced to estimate the MIE
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by accounting for spark-plug-related effects is trending in the right direction, especially in the case of
propane. This is a key aspect, because propane behaves very similarly not only to the gasolines and
gasoline-like fuels used in conventional SI engines, but also to the carbon-neutral e-fuels touted as key
components of the future power generation. However, and particularly at low Lewis numbers, the
approach still requires some improvements, especially in determining the property-related adjustment
coefficients of the expansion model, in modelling the effect of the plasma column elongation, possibly
with a more theoretically consistent approach, and in accounting for the electrode quenching effects.
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