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ARTICLE INFO ABSTRACT
Keywords: Ultra-lean operation of hydrogen-fueled spark-ignition (SI) engines is a promising solution for the ongoing en-
Hydrogen flame ergy transition, but simulation of their performance poses a major challenge due to the complex interaction

Flame kernel expansion
Ultra-lean SI engine
0D/1D modeling

Flame instability

between thermo-diffusive (TD) flame instability and in-cylinder turbulence. This interaction influences even the
flame kernel (FK) formation process, whose significant impact on the engine performance has so far been esti-
mated primarily through experimental evidence. Here, this estimation is conducted by integrating a FK model
recently proposed by the authors into a 0D/1D engine simulation framework formulated within a commercial
software package. The FK model provides a 1D description of an expanding spherical kernel based on the
transient thermo-diffusive theory through laminar flame speed, activation energy, and Lewis number. From the
FK model outputs, a kernel duration is defined and used as a delay between spark timing and start of combustion
in the 0D/1D simulation. Consolidated literature sub-models account for TD instability and turbulence effects
during both FK formation and in-cylinder combustion, simulating the latter with a phenomenological approach.
The model predictions are compared with experimental outcomes from a single-cylinder hydrogen-fueled SI
engine operated at 1500 rpm, different loads (3-8 bar BMEP) and multiple equivalence ratios (0.25-0.71). The
instability-affected FK delays are captured well in all 21 operating points tested, leading to substantial im-
provements in the prediction of pressure cycles, burn rates, combustion angles, BMEPs, and NOx emissions. The
accuracy of the proposed 0D/1D simulation makes it suitable for ‘virtual engine’ applications aimed at fast
calibration and testing of alternative designs.

transport as well as off-road and light-duty vehicles, especially in a
spark-ignition (SI) configuration [6,7], showing also significant benefits

1. Introduction over FCs thanks to better adherence to circular economy principles,

higher tolerance to fuel contamination, and easy retrofitting of existing

Nowadays, worldwide efforts are focused on reducing greenhouse ICEs [8].

gas and noxious emissions to curb air pollution and global warming [1], Despite these promises, the widespread adoption of hydrogen ICEs is
to which the transport sector is a key contributor due to the widespread hindered by several factors. A relevant one is the low volumetric energy
use of internal combustion engines (ICEs) fed with hydrocarbon fuels, density of hydrogen, which makes its efficient storage very complex and
whose combustion releases harmful compounds [2]. The stringent ultimately results in a lower power output compared to gasoline SI units
emission targets imposed by current international regulations are forc- [9-12]. Moreover, hydrogen ICEs are susceptible to abnormal combus-
ing a strong push toward alternative solutions, such as the transition to tion phenomena (e.g. pre-ignition, backfiring), which require specific
cleaner low- or zero-carbon fuels or the employment of hybrid electric countermeasures such as direct injection and/or ultra-diluted mixtures.
powertrains, battery electric vehicles, and fuel cells (FCs) [3-5]. Among However, while ultra-diluted combustion is actually advantageous

these options, hydrogen ICEs appear very suitable for long-distance
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Nomenclature

Symbols

Awyr) Area (of laminar / turbulent flame front)

Bios Flame instability parameter coefficients

CKa Flame instability tuning constant

Lo Specific heat at constant pressure

[} Flame wrinkling factor correction

Car Adjustment coefficients for flame kernel model
Cq Entrainment area

d Distance

D Mass diffusivity

D3 Fractal dimension

E Energy

furyy Normalized thicknesses for flame kernel model
h Absolute enthalpy

k Thermal conductivity, turbulent kinetic energy
Ka Karlovitz number

Iy Thermal flame thickness

L; Integral length scale

Lmin/mex  Minimum / maximum flame wrinkling length scale

Lep/g/efr) (Deficient / excess / effective) Lewis number
m Mass

Men Entrainment mass flow rate

p Pressure

p Power

Pr Prandtl number

r Radius or radial coordinate

R Normalized radius

Ro Ideal gas constant

S Flame speed relative to the unburned mixture
Sr Unstable laminar flame speed

Ss Unstable turbulence-affected (effective) flame speed
t Time

T Temperature

U Normalized expansion velocity

u Turbulence intensity

v Absolute expansion velocity

Vv Volume

Xy Inert gas fraction

y Normalized mass fraction

Y Mass fraction

Ze Zeldovich number

Greek symbols

B Weighting parameter for effective Lewis number
y Heat capacity ratio

8 Thickness

13 Turbulent kinetic energy dissipation rate

n Energy deposition efficiency, Kolmogorov length scale
0, 0 Normalized temperature

9 Jacobi theta function

u Dynamic viscosity

I (crie) Normalized (critical) pressure

p Density

= Flame wrinkling factor

T Normalized time

¢ Normalized radial coordinate, equivalence ratio
@ Corrected equivalence ratio

of Normalized reaction rate

o)) Flame instability parameter

Subscripts and superscripts

['a Activation

[a Deficient reactant

[Jad Adiabatic flame

[y Burned

[bd Electrical breakdown

[]. Electric(al)

[ena End condition

[y Flame or flame kernel

[ Spark gap

Ll; Initial

B Laminar

[ Unburned

[Jawssmp Affected by turbulence and TD instability
[1° Reference

Acronyms

0D/1D/3D Zero/one/three-dimensional
ABDC Reference

A(C/F)TDC After (combustion/firing) top dead center

BBDC Before bottom dead center
BMEP  Brake mean effective pressure
BTDC Before top dead center

CAD Crank angle degree

CFD Computational fluid dynamics
CoV Coefficient of variation

DL Darrieus-Landau

FC Fuel cell

FK Flame kernel

HRR Heat release rate

ICE Internal combustion engine
IMEP Indicated mean effective pressure
LFS Laminar flame speed

MFB, x% of mass fraction burned
NOy Nitrogen oxides

(0) Operating point

SI Spark ignition

SoC Start of combustion

ST Spark timing

TD Thermo-diffusive

TPA Three-pressure analysis

thanks to its lower flame temperatures, which reduce both wall heat
losses and NOy emissions [13], it is also challenging to control [12]. A
key reason behind it is the instability of lean hydrogen/air flames, whose
impact on the combustion speed is complex and not yet fully clarified
[14].

Dedicated investigations into flame instability show that lean
hydrogen/air flames can undergo two types of instabilities. The first
type is the Darrieus-Landau (DL) instability, which is caused by the
sudden gas density change across the flame. This induces strong hy-
drodynamic disturbances on the flame surface, whose ultimate effect is

increasing the combustion speed [15]. The second type is the thermo-
diffusive (TD) instability, which emerges specifically in lean
hydrogen/air mixtures due to the higher mass diffusivity of the limiting
reactant, Hy compared to the thermal diffusivity of the mixture (i.e.
Lewis number Le < 1). This generates preferential diffusion effects as Hy
approaches the reaction zone, resulting in greater local reaction rates
that increase the fuel burn rate and hence the flame speed [16]. Both
instabilities generate cellular structures causing the self-wrinkling of the
flame, but the DL cells are larger than the TD ones [17]. Moreover, while
the DL effects can be neglected at high pressures, the TD effects become
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increasingly relevant as the pressure rises, influencing even the early
flame kernel (FK) growth in spark-driven processes [18]. Therefore, for
reliable modeling of hydrogen-fueled SI engines, focusing on the FK
formation while accounting for the simultaneous presence of TD insta-
bility and in-cylinder turbulence becomes crucial.

Concerning the FK development in SI engines, the research has been
conducted following a variety of approaches. For instance, an empirical
correlation was developed by Giménez et al. [19] to predict the FK
duration from 48 operating points of a SI engine fueled with natural gas,
hydrogen, and their mixtures, which yielded good results for their case
but lacked general validity. Instead, Keum et al. [20] proposed a semi-
empirical FK model to reproduce the laminar-to-turbulent flame tran-
sition, but validation against the experimental outcomes of a propane-
fueled combustion bomb was achieved only after recalibrating the FK
model parameters. This lack of generality is typical of empirical for-
mulations, and attempts to overcome it have been carried out using
analytical FK expansion models. However, most of them derive from the
historical work by Herweg and Maly [21], who proposed a FK model
based on mass and energy conservation laws capable of accounting for
multiple engine parameters (ignition system, unburned mixture, flow
field). A notable limit of this model is the too simplified description of
flame stretch through a linear correlation, but this simplicity also
favored its application in CFD-based simulations. As an example, Fan
et al. [22] used Lagrangian marker particles to track the FK location
developing in a hydrocarbon-fueled SI engine. Recently, FK models of
this kind have been applied also to the simulation of combustion in lean
hydrogen SI engines, conducted either adopting a fully 3D CFD approach
[23] or using Herweg and Maly's model up to a fixed value of the kernel
radius followed by a G-equation approach [24]. The latter work is rather
interesting, as good agreements with the experiments on the FK for-
mation were observed in conjunction with a noticeable underestimation
of the pressure cycle for some operating conditions. This difficulty in
modeling the impact of the instability-affected FK formation on the
performance of (ultra-)lean hydrogen SI engines is yet to be solved, as
shown by the need for extensive experimental evidence demonstrated in
very recent contributions [25] [26].

In this work, the open problem of estimating the impact of the FK
formation on (ultra-)lean hydrogen combustion in SI engines is tackled
by using a 1D FK model of general validity recently proposed by the
present authors [27]. This model is based on the transient thermo-
diffusive theory of flames [28], which considers the temperature and
reactant gradients upstream of the flame sheet to estimate the kernel
expansion speed, and accounts also for the high-temperature ionization
and dissociation effects associated with the SI process. This FK model,
recently tested on laminar hydrogen flames [29], is here extended to
hydrogen-fueled SI engines by coupling it with Howarth et al.'s formu-
lation of TD instability [30] to estimate the FK formation time or
duration. This is then incorporated into a 0D/1D model of the SI engine,
developed in a GT-Power™ environment, to simulate the entire TD-
unstable in-cylinder turbulent combustion. The 0D/1D model is vali-
dated against the outcomes of a dedicated experimental investigation
performed on a single-cylinder hydrogen SI engine operated at different
equivalence ratios and load levels. Its predictive capabilities are proved
with reference to FK duration, in-cylinder combustion, engine perfor-
mance, and NOy emissions. The main novelties and merits of this work
can be summarized as follows:

e provision and validation of a modeling method for accurate predic-
tion of the FK growth after a spark ignition, with special emphasis on
the unstable combustion of lean hydrogen;

e demonstration of the strong impact of a well-predicted FK formation
on the overall performance and emissions of a hydrogen-fueled SI
engine;

e use of a 0D/1D simulation framework, whose low computational
burden compared to 3D CFD methods enables easy set-up of a ‘virtual
engine’ for multiple practical applications, such as fast engine
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calibration, simulation of new designs, and/or modifications to
current units [31].

The article is structured as follows. First, the authors' FK model is
briefly recalled in Section 2, and the methodology to estimate all rele-
vant flame properties is presented and validated for three different fuels
in Section 3. Then, in Section 4 a criterion is established to identify the
FK duration when using a typical automotive ICE spark plug, and the
impact of the key flame parameters on this duration is examined. In
Section 5, the predicted FK durations are compared with the outputs of a
dedicated experimental investigation involving 21 operating points
(OPs) of an ultra-lean hydrogen SI engine, highlighting the key role of
the TD instability. Finally, in Section 6 the FK model is integrated into
the 0D/1D model of the aforementioned engine alongside phenomeno-
logical sub-models that cover in-cylinder turbulence, large-scale TD
instability, and NOy formation. The 0D/1D engine model is applied to
predict combustion onset, burn rates, and trends of global performance
and NOy emissions for all the 21 engine OPs. The conclusions are drawn
in Section 7.

2. The flame kernel model

The model adopted to describe the initiation and expansion of a
spark-ignited flame kernel was presented recently by the authors
[27,32], and in this section it is only briefly recalled.

On a fundamental level, the FK model is split into ignition and early
expansion stages. The ignition coincides with the electrical breakdown
between the plug electrodes, which results in the formation of a plasma
column that expands via a mostly cylindrical shock wave to release the
local overpressure, gradually increasing its mass. The initial conditions
for the kernel expansion stage, inspired by the work of Meyer and
Wimmer [33] and here denoted by subscript i, are established upon the
extinction of the shock wave at the end of the breakdown. These con-
ditions, calculated using Eqs. (1), consist of plasma column radius r;;,
its absolute enthalpy h;, and the time ¢; required for pressure equaliza-
tion following the shock wave:

Epq 1z
o1 = 057, = 0.5( =
Tion = BT (3.9477:dgpu>

t = 1.5t = 1A5<

. ) m
V yupll/pu

(hi — hu)p;Vi = nypgEpa,  With V; = ’”fcyzdg

In Egs. (1), whose functional dependencies appear to hold true also
following experimental tests at multiple pressure levels [34], r. and t.
are the characteristic length and time scales, while E,; denotes the
breakdown energy deposited across spark gap d, with efficiency #,,. For
the mixture-related quantities, p, is the ambient pressure, assumed
uniform, y,, p,, and h, are the heat capacity ratio, the density and the
enthalpy of the unburned mixture, respectively, and V; is the plasma
volume. Initial temperature T; is derived from absolute enthalpy h;
under the assumption of chemical equilibrium at known p,. Finally,
since the flame kernel is assumed to expand spherically, its initial radius
is converted into that of the equivalent-volume sphere, resulting inr; =
(3V;/4m)"°.

The second stage is the early FK expansion, which is modeled relying
on 1D mass, species, and energy conservation Egs. [27] with the
incorporation of temperature and reactant gradients at the outer flame
surface derived from Yu and Chen's work on transient thermo-diffusion
[28]. In this framework, the combustion is modeled as a one-step re-
action process controlled by a deficient reactant A (e.g. fuel for lean
mixtures) with mass fraction Y4, while the pressure remains constant
and uniform throughout the process. The flame front is treated as a
vanishingly thin reactive spherical shell, with preheat and mass diffu-
sion zones extending into the unburned mixture. The consideration of
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temperature and reactant profiles, T(r) and Ya(r) respectively, and the
inclusion of transient thermo-diffusion enable capturing both linear and
non-linear flame stretch effects with no need for external correlations,
effectively superseding historical mass-and-energy kernel growth
models [21]. Fig. 1 illustrates the FK model, including the temperature
and deficient reactant profiles on the unburned mixture side.

To summarize the model, the kernel conservation laws are applied
and rearranged, resulting in a system of two equations, i.e. Egs. (2a) and
(2b), where quantities related to the fresh mixture at flame temperature

are denoted as ['], =[], (Tf) and those related to the burned gas as []-
dT; . oT
Mozt = (PuASY0r + 1) (g — y) + ArkusCrg | +Pe (2a)
U
1 (k ova(ve)| o
Ie (g) quAT , = YAuPuSLCUf (2b)

Here S? is the planar adiabatic laminar flame speed, which burns at

adiabatic temperature T, while w; = (Ty/ Tad)zexp{ -05 Ta-(Tf* 1

T;j) } accounts for the effect of a non-adiabatic flame kernel tempera-

ture, i.e. Ty # Toq, on the reaction rate. P, is the electric power supplied
in arc/glow mode, and m,, is the entrainment mass flow rate, assumed
proportional to P,, which accounts for non-spherical flow effects
induced by the electric discharge [30] [35]. Since the kernel surface area
and mass can be expressed as A; = 4ar; and m; = pgjar}, respectively,
the system unknowns are the FK temperature, Ty, and its radius, ry.
However, these equations require the knowledge of temperature and
deficient reactant gradients at ry, which provide inherent estimation of
flame stretch effects and are adapted from the results of transient
thermo-diffusive theory [28] as follows:

T . > r
.¢
',.

Fig. 1. Sketch of the flame kernel expansion model, including deficient reac-
tant and temperature profiles outside the kernel.
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The dimensionless terms in Egs. (3a) and (3b) are defined in Egs. (4)
with respect to the planar adiabatic laminar flame and especially its
absolute propagation speed V0 = (p,/p.4)S?, which serves as the key
point of reference. This approach accounts for the convective flows
caused by thermal expansion, in contrast to purely thermo-diffusive
models that assume no density jump across the flame.

- kaa tOZE :r_fTZLU:%:v_f
PadCpaa¥? B VYT T dr W @
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Egs. (3a) and (3b) are completed by Jacobi theta function 9(x) =1+
23" xand by the definitions of f,; and f,y, given in Egs. (5a) and
(5b), respectively [27]:

(1 RU
fur = /szexp(77(271))ds (5a)
1
+oo -1
1 LeRU
for = /s—zexp(— e2 (52—1))ds (5b)
1

Finally, in Egs. (2) adjustment coefficients C4 and Cr account for the
variation in thermodynamic properties caused by temperature and
mixture composition, which is neglected by the thermo-diffusive theory.
These coefficients can be calculated precisely only under two limiting
scenarios, which are the adiabatic planar flame and the stationary flame
ball, whereas for all other conditions the coefficients assume interme-
diate values. Limiting-scenario coefficients and values in intermediate
conditions are found in the authors' previous work [27].

3. Input data for the flame kernel model

The FK model requires the knowledge of the thermochemical prop-
erties of the fuel/air mixture, as well as the ignition system character-
istics. These input data are estimated according to the procedures and
choices reported in the following subsections.

3.1. Evaluation of flame properties for different fuels

This section presents the estimation of the flame properties for two
hydrocarbon fuels, methane and propane, and for hydrogen using soft-
ware package Cantera, an open-source chemical kinetics solver [36]. As
known, to characterize fully the flame properties of individual fuel/air
mixtures a proper selection of the chemical reaction mechanism is
required, and Table 1 reports detailed specifications of the mechanisms
chosen for the investigated fuels.

For each fuel, the present calculation aimed to estimate a set of three
parameters, namely the planar adiabatic laminar flame speed (LFS), S?,
the activation energy, E,, and the mixture Lewis number. The calcula-
tion was conducted using a one-dimensional domain 1 cm long and
discretized using 500 nodes to capture well the sharp species and tem-
perature gradients. For the transport models, both the mixture-averaged
and the much more demanding multicomponent formulations were
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Table 1
Details of the kinetic mechanisms used for the cantera calculations.
Fuel Kinetic Mechanism characteristics Reference
mechanism
Methane, GRI-Mech 3.0 5 ele[.nents, 53 species, 325 1371
CHy4 reactions
Propane, San Diego 6 elerﬂnents, 57 species, 268 [38]
C3Hg reactions
6 el ts, 11 ies, 32
Hydrogen, H, ~ Zhang et al. N emen s species [39]
reactions

tested, the latter also accounting for the Soret effect, but its inclusion led
to minor differences only in the hydrogen LFS, consistently with the
literature [40]. Therefore, to cover the wide range of operating condi-
tions included in this work in a reasonable timeframe the much faster
mixture-averaged model was applied.

Referring to the activation energy E,, or the equivalent activation
temperature T, = E,/Ry, with R, being the universal gas constant, the
definition provided by Eq. (6) was used:

E, =Ro'Tq (6)

aln(p,S?
—2-Ry- M
aTad

o
being p, the unburned gas density. The right-hand-side derivative
was estimated as the angular coefficient of the linear regression of

In(p,S?) against 1/T,4 obtained by altering the Nj-to-O; ratio of air by

+0.5% and + 1%. Finally, for the Lewis number the formulation of

Bechtold and Matalon was used [41], according to which an ‘effective’
Lewis number, Ley, is computed as a weighted average of the Lewis
numbers of two reactants, as shown by Egs. (7) to (9):

(Leg — 1) + (Lep — 1)
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B Tu—Tu
R, T2

ad

Ze 9

Here, Ze is the Zeldovich number, T, is the unburned temperature,
and Leg and Lep are the Lewis numbers of excess and deficient reactant,
respectively. The reactants, fuel and oxygen, are associated alternatively
with Leg and Lep based on equivalence ratio ¢, and a similar relationship
is valid for parameter ¢. The values of ¢, Ley and Lep are computed
according to Egs. (10) to (12) below:

_[o <,
¢= {(p otherwise, (10)
_ Leoz lf ¢ < 17
Lep = {Lefuel otherwise, an
_ [Lepa <1,
Lep = {Leo2 otherwise. 12

3.2. Validation of the flame properties

The present calculation procedure was applied to compute the E, and
Legy values for mixtures of the three aforementioned fuels with air, so as
to perform a comparison with available literature data over a wide range
of equivalence ratios [42-44]. This comparison is reported in Fig. 2 for
ambient temperature and low pressures. It is immediately highlighted
that the E, calculation method outlined above struggles near the stoi-
chiometric condition due to the lack of a clear difference between excess
and deficient reactant, which leads to unphysical E, peaks at ¢ = 1. The
solution to this issue, recommended in literature [43] and followed for
all results in Fig. 2, is ignoring the E, values computed in the ¢ =
[0.8;1.2] range and estimating them by interpolating the E, obtained for
leaner and richer mixtures.

For all the considered fuels, Fig. 2 shows that the experimental trends

Legr =1+ 7)
Z 1+p of both E, and Le. are captured with acceptable accuracy by the sim-
ulations. For methane, Le.s is reproduced quite well, whereas minor
P=1+Ze(p-1) ® discrepancies emerge for E,, which is underestimated by up to 15%
109 . 1 00 13
@l o . on,
k- o 1 .!'uv - o Ll P ¥ =5 alm w
pe — ' « £ 80 — s Teaom K 14 3
Ao Te 208X e 205 { S ~t -4
g = R 1 = . r15 §
-~ — - - - - o
< e’ 5 ’ s < \ - 4 x
53 - . - 0w » iAZ
- - f : . "4
— U - e, — £
= », . M, S & 04 e N 1=
E ol § £ 40 — u%
- ¥ -
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Fig. 2. Validation of activation energy E, and effective Lewis number Leg for (a) methane, (b) propane, and (c) hydrogen. Dashed segments denote interpolated

E, (values)
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away from the stoichiometric condition. For propane, the predicted Le
values overestimate the experimental outcomes by 5% to 10% going
from lean to rich mixtures, while E, is slightly overestimated in rich
conditions. Finally, for the hydrogen-air mixture the modeled Le.
agrees well with the reference values especially for lean conditions,
while E, is overestimated by about 10%.

The results in Fig. 2 can be considered an acceptable validation of the
present calculation procedure, supporting its application to the predic-
tion of both E, and Leys over large ranges of pressure, unburned tem-
perature, equivalence ratio, and inert gas ratios. Conversely to E, and
Leg, no validation for SY is included here, since it has already been
conducted extensively by the authors who proposed the kinetic schemes
used in this work.

3.3. Flame parameters and ignition system characteristics for the FK
model application

The variability of operating conditions in SI engines requires that the
flame parameters be computed for a wide range of mixture conditions.
This was done using the procedure of Section 3.1 and expressing the
results as maps of laminar flame speed S?, activation energy E,, and
effective Lewis number Le.s. Examples are shown in Fig. 3 to Fig. 5,
which report for each fuel examined (CHy4, C3Hg, and Hy) the isocontours
of 89, E,, and Ley as a function of pressure and unburned temperature
for a lean mixture (¢ = 0.6) with no inert gas (x, = 0).

Looking at these figures, well-recognized literature trends of LFS are
obtained for all fuels, i.e. S? values increasing with mixture temperature
and decreasing with pressure (Fig. 3a, Fig. 4a, Fig. 5a). Concerning E,,
trends similar to those observed for S? are obtained for the two hydro-
carbon fuels (CH4 and CgHg in Fig. 3b and Fig. 4b, respectively), whereas
the activation energy of H, reported in Fig. 5b behaves very differently,
being lowest at high temperatures and low pressures and highest at
medium-to-high pressures and low temperatures. Finally, regarding
Legy, the fuels show very different values under the same thermody-
namic conditions due to their different diffusion characteristics. Indeed,
Fig. 3¢ shows a near-unity Leg for methane over the entire pressure and
temperature range explored, whereas in Fig. 4c propane has a Le.y =
1.6 and slightly decreasing as the temperature increases. Conversely,
lean hydrogen exhibits a Le.y much lower than unity, with a decreasing
trend as pressure rises (Fig. 5¢). This case demands particular attention,
because Le,;<1 is responsible for the onset of TD flame instabilities, as
detailed in the following sections.

Finally, the ignition device considered in this work is an automotive
ICE spark plug whose main characteristics are summarized in Table 2.
The parameters were chosen consistently with the present FK model,
with breakdown energy assumed proportional to unburned gas density
(i.e. Epgxp,) following recent experiments [34]. Note that the values

SLatphi= 0.6, xr =0

Pressure, bar

Preasure, bar
sssssssassﬁ
gaasassass

500 "0 700 (] 00
Unburmmed Temperatare, K

Eaatphi =06 xr~0

500 L0
Unburned Temporsture, K
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assigned to these parameters affect strongly both the ignition stage and
the early FK expansion, with fading importance as the kernel grows
larger.

4. Flame kernel duration

In this section, a kernel ‘formation time’ or ‘duration’ is extracted
from the FK model of Section 2. In Section 4.1 a threshold is selected and
applied to the FK model to define the kernel duration, whose response to
different flame parameters and mixtures is examined in Section 4.2.

4.1. Definition and estimation of kernel duration

The FK model with the aforementioned input parameters was
applied to compute the evolution of both flame radius ry, and expansion
speed vy, for pressure/temperature levels (20 bar and 700 K) typical of
an automotive ICE at the time of spark ignition. These outputs were
calculated for different fuels, air/fuel ratios, and inert gas levels under
the assumption of constant unburned pressure and temperature and
ignoring any flame instabilities. As an example, Fig. 6 shows the evo-
lution of r¢ and vy at two equivalence ratios (i.e. ¢ = 0.6 and ¢ = 1.0)
and zero residual gas (i.e. x, = 0) for the three fuels considered. For
convenience, the elapsed time on the x-axis is converted into an
equivalent crank angle degree (CAD) assuming an engine speed of 1000
rpm.

The solid lines in Fig. 6 refer to radius ry, which increases almost
linearly after a fast initial growth consistently with the trend of the
dotted lines representing vy, which, initially very high, decreases quickly
until it approaches a constant value. This is due to the rapid drop in
flame kernel temperature Ty that occurs when combustion replaces
electricity as the main driver of the kernel expansion. Consequently,
parameter oy, defined in Section 2 as a reaction rate correction term that
accounts for a non-adiabatic temperature, also decreases, quickly
reaching a close-to-unity value after which the flame expands at near-
constant Ty and vy. Here, the kernel has grown large enough that heat
of combustion and thermal losses toward the unburned gas are almost
balanced, and flame stretch plays a minimal role in influencing the
expansion. In practical terms, the FK formation can be assumed to end
when wy drops below a value marginally above 1, which means
Tf = T,q. This value, here denoted as wyenq, is associated with final
temperature T nq and is set as follows:

) e osn ()]
, = : e. —0.5Tq- -—— | =11 13
fend ( Tﬂd ) P ¢ Tf,end Tad ( )

This condition is used to define a conventional time at which the
kernel formation stage is completed, hereinafter referred to as kernel
‘formation time’ or ‘duration’.
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Fig. 3. Adiabatic laminar flame speed [cm/s] (a), activation energy [kcal/mol] (b), and effective Lewis number [—] (c) for methane at ¢ = 0.6 and x, = 0.
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Fig. 4. Adiabatic laminar flame speed [cm/s] (a), activation energy [kcal/mol] (b), and effective Lewis number [—] (c) for propane at ¢ = 0.6 and x, = 0.
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Fig. 5. Adiabatic laminar flame speed [cm/s] (a), activation energy [kcal/mol] (b), and effective Lewis number [—] (c) for hydrogen at ¢ = 0.6 and x, = 0.

Table 2

Main characteristics of ICE spark plug for application of the FK model.
Parameter and unit of measurement Magnitude
Spark plug gap dg, mm 0.6
Breakdown energy Epg, mJ [0.1; 10]
Breakdown efficiency 7,4, — 0.77
Electrical energy via arc/glow E., mJ 6
Arc/glow duration t,, ms 0.3
Electrode gap efficiency 77, — 1
Constant area for spark-driven mass flow entrainment Cg, mm? 0.02

Following this definition, Fig. 6 shows that the kernel duration is
shortest for hydrogen and longest for methane at the same ¢, with
propane in the middle. In addition, for a given fuel, the FK model
reasonably predicts a kernel duration increase when moving from stoi-
chiometric (¢ = 1) to lean mixtures (¢ = 0.6). Finally, it is noted that
the final kernel radii for the three fuels (filled circles in Fig. 6) fall within
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the range [1.6;2.0] mm using the threshold value of Eq. (13). Based on
this observation, in the following subsection a radius of 2 mm is used as
the threshold for evaluating the kernel duration as a function of the
engine operating conditions.

4.2. Effects of mixture conditions and flame parameters on kernel
duration

The effects of the key ambient thermodynamic variables on the
kernel duration, expressed as a CAD interval for an engine speed of 1000
rpm, are highlighted in Fig. 7 for methane, propane, and hydrogen,
covering the mixture conditions that typically occur in a SI engine
around the ignition time. Each plot in Fig. 7 shows the change in kernel
duration as a function of a single variable (temperature, pressure,
equivalence ratio, or inert gas fraction) for fixed values of the other ones.
The durations are expressed using a linear scale in Fig. 7a-b and a log-
arithmic scale in Fig. 7c-d.
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Fig. 6. Evolution of flame kernel radius r¢ and speed v¢ for methane, propane, and hydrogen at ¢ = 0.6 (a) and ¢ = 1.0 (b), and kernel durations based on Eq. (13)

condition (filled and empty circles).
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Fig. 7. Effects of unburned temperature (a), pressure (b), equivalence ratio (c), and inert gas fraction (d) on kernel duration at 1000 rpm for methane, propane,

and hydrogen.

For all fuels, it is observed that the kernel formation time decreases
with increasing temperature and increases as the pressure grows, with
an inversely proportional trend to that of the LFS of each mixture. In
Fig. 7c, the hydrocarbon fuels (i.e. CH4 and C3Hg) exhibit a minimum
kernel duration for slightly rich mixtures (¢ = 1.2), which correspond
approximately to those having highest LFS. Instead, for hydrogen a
decreasing trend is observed in a wide range of ¢ until reaching a
minimum value for the richest mixture considered here, ¢ =1.6. Fig. 7d
shows an increase in kernel duration while raising the inert gas fraction

for all fuels, which agrees well with the drop in the LFS values. These
results highlight that hydrogen has a much shorter kernel duration than
those of the two hydrocarbon fuels, which can even lead to effective
misfires (A9 > 30 CAD) for very lean conditions (¢ < 0.5 in Fig. 7c) and
highly diluted mixtures (x, > 0.25).

Finally, emphasis on the kernel duration A9 with ultra-lean hydrogen
(¢ = 0.4) at the same ICE-like conditions is placed in Fig. 8, which
shows the duration response to +10% variations in the three flame pa-
rameters listed in Section 3, i.e. LFS sg, activation energy E,, and
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Fig. 8. Effect of +10% variations in laminar flame speed, activation energy, and effective Lewis number on the kernel duration predicted using the present FK model.
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effective Lewis number Le.g. As depicted in Fig. 6, kernel duration A¢
should be roughly proportional to 1/S?, and this is confirmed by the first
pair of bars in Fig. 8. The other two parameters influence the flame
stretch as well, which is here positive and speeds up the kernel growth
being Les<<1. Since a stronger stretch is obtained increasing E, and/or
decreasing Le,y [28], the duration should decrease accordingly with
such variations. This is in fact the outcome reported in Fig. 8, which also
shows that the sensitivities to £10% variations in E, and Le. are about
4.5% and 1.5%, respectively.

5. Application of the flame kernel model to the hydrogen SI
engine

This section focuses on how the FK model is applied to estimate the
early kernel growth in a hydrogen-fueled SI engine. Section 5.1 illus-
trates the inclusion of instability and turbulence into the FK model,
while Section 5.2 describes the experimental investigation. Then, in
Section 5.3 the experimental kernel durations are extracted and
compared with those predicted using the FK model.

5.1. Effects of hydrogen flame instabilities and turbulence

As mentioned in Section 1, hydrogen/air flames are characterized by
DL and TD instabilities, both of which increase the flame speed due to
the enhanced mixing provided by the instability cells. However, as the
impact of the DL instability can be neglected due to the sufficiently high
pressures and temperatures inside the cylinder, only TD effects are
considered here. Additionally, the TD cells can interact with the tur-
bulent flow field, ultimately exerting synergistic effects on the flame
speed. This combination generates a turbulence-affected unstable flame
speed, Ss, which effectively replaces the LFS, hereinafter generalized to
S;, in all the FK model calculations.

With regard to the estimation of the effects caused by both TD
instability and turbulence, the approach proposed by Howarth et al.
[30] was adopted in this work. This approach is based on an instability
parameter, s, expressed by Eq. (14) as a function of effective Lewis,
Prandtl (Pr = uc,/k, with 4 dynamic viscosity, ¢, specific heat at con-
stant pressure, and k thermal conductivity), and Zeldovich (Ze as defined
in Eq. (9)) numbers through coefficients Bj_; » 3 computed according to
Altantzis et al. [45]:

wy = — [By +Ze-(Leys —1)-By + Pr-Bs | a4

Positive values of w, identify the presence of TD instabilities, whose
effects on the increase of the flame speed with respect to the LFS vary
depending on the pressure regime. TD instabilities magnitude, expressed
as the ratio between unstable flame speed Sy and S;, is quantified as
follows:

if I S Hcrita

Sr [ exp(0.08-w,)
{ otherwise, as)

S, | 1+0.47m,

where IT = p [kPa]/101.3 is the normalized mixture pressure, to be
compared with the critical value, 1., given by Eq. (16) as a function of
¢ and normalized temperature ® = T [K]/300:

20-4 \ @100
. 21+10-0
M = (7 = 2@) a6)

According to Eq. (15), stronger TD effects are generally obtained
when IT exceeds its critical level, while w, <5 in typical conditions of
ICEs operated with lean hydrogen mixtures.

Finally, the interaction between TD cells and turbulent eddies leads
to a further increase in the flame speed, expressed by the ratio between
‘effective’ turbulence-affected unstable flame speed Ss and unstable
flame speed Sr. This ratio is estimated according to Eq. (17):
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% =1+ 0.26-cq-exp( — 0.038-w,)-vVKa a7
F
where cg, is a tuning constant and Ka the Karlovitz number,

computed by Eq. (18):

Ir\?
Ka = (5) (18)

where [ is the flame thickness and 7 is the Kolmogorov length scale.
In particular, Eq. (17) indicates that the presence of small-scale turbu-
lent eddies magnifies the flame instability effects through v/Ka, but also
that this impact becomes smaller as the instability level rises, which is
expressed through the exponential coefficient decreasing as w, in-
creases. The effective flame speed, S, is the quantity that replaces S; in
the FK model when applied to turbulent lean hydrogen flames.

5.2. Engine system, operating conditions, and preliminary 3D CFD
analysis

The hydrogen engine used for the present experimental investigation
is a single-cylinder SI research unit mounted on a test cell located in the
ICE Laboratory of the CMT - Clean Mobility & Thermofluids Research
Institute in Valencia (Spain). The main engine characteristics are listed
in Table 3, while the layout of the experimental test cell is illustrated in
Fig. 9.

The single-cylinder SI engine in Fig. 9 has two intake valves and two
exhaust valves. The orientation of the intake ducts, the geometry of the
combustion chamber, and the valve arrangement promote the genera-
tion of a tumble motion during the intake stroke. The engine is equipped
with a gaseous hydrogen injector on the intake side, and an external
compressor is used to provide sufficiently high intake pressure to allow
operation with lean mixtures. The experimental apparatus includes also
several sub-systems for the control and measurement of all operating
variables. The intake pressure and temperature are controlled via an
external screw compressor and an air heat exchanger, respectively,
while the exhaust back-pressure is adjusted using a knife-gate valve
mounted along the exhaust pipe. The hydrogen, stored in a pressurized
tank, is metered by a dedicated control system, and its pressure is
properly reduced before being fed to a Zavoli JET port injector, specif-
ically designed for gaseous fuels with a maximum operating pressure of
4.5 bar and a temperature range of —40 to 120 °C. As for the mea-
surement devices, a Bronkhorst F-113 AC flow meter is used for the
hydrogen mass flow rate, while the volumetric flow rate of air is
measured using a Kromschroder meter. Multiple piezoresistive sensors
collect the average intake/exhaust pressures, while a high-frequency
piezoelectric transducer is used to collect the in-cylinder pressure
trace. The continuous acquisition of NOy emission levels is performed by
a HORIBA MEXA-7600EGR gas analyzer. An overview of measured pa-
rameters, measuring devices, and their accuracy is provided in Table 4.

Within a single test, the measured data include key engine perfor-
mance parameters (torque, speed, etc.), NOy emissions, and in-cylinder
pressure traces for 250 consecutive cycles. The combustion stability is

Table 3
Key data on the engine used for the present experimental investigation.

Variable Type or value

Engine type Single-cylinder SI unit
Fuel type Hydrogen
Displacement 454.2 cm®

Bore x Stroke 82 mm x 86 mm
Compression ratio 10.7

Nr. of valves per cylinder 4

8 CAD BTDC / 30 CAD ABDC
38 CAD BBDC / 21 CAD ATDC
Port fuel injection

External compressor

Intake valve opening/closing @ 0.2 mm lift
Exhaust valve opening/closing @ 0.2 mm lift
Injection system

Engine boosting
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Fig. 9. Schematic diagram of the experimental test cell.

Table 4
Measured variables, engine sensors, and related accuracy.
Parameter (low Sensor type Measuring range Accuracy
frequency)
Engine speed Optical angular encoder ~ 1-6000 rpm +1 rpm
Engine torque Strain gauge —200 — 200 Nm +1 Nm
Air mass flow Air flow meter 0.6-100 m®/h +1%
Hyd 200-1 I/mi
ydrogen mass Thermal flow meter 00-1600 1/min +0.5%
flow (based on N»)
Fluid temperature Pt100 thermoresistance -200-850 °C +0.3°C
Pi isti
Intake pressure lezoresistive 0-10 bar +1%
transducer
Pi L
Exhaust pressure lezoresistive 0-10 bar +0.3%
transducer
Intak
ntake Type K thermocouple 0-1000 °C +0.5°C
temperature
Exhaust
Type K thermocouple 0-1000 °C +0.5°C
temperature
P; ter (high .
T;_Zl:jeirc;) 18 Sensor type Measuring range  Accuracy
- i 0,
In-cylinder Piezoelectric transducer ~ 0-250 bar i.O'B/.O
pressure trace linearity
Pi -
Intake pressure lezoresistive 0-10 bar +0.001 bar
transducer
pi isti
Exhaust pressure lezoresistive 0-10 bar +0.001 bar
transducer
Pollutant Sensor e Measuring range  Accurac
emissions typ i 8 y
HORIBA MEXA-
NOy concentration 0-10 kppm +3%

7600EGR gas analyzer

monitored by evaluating the cycle-to-cycle variation through the coef-
ficient of variation of IMEP (CoVyygp), and the stability of the tested
operating condition is considered acceptable if CoVyygp is below 5%.
More detailed information is provided in a recent dedicated paper [46].

Concerning the present experimental campaign, the engine was
operated at a fixed speed of 1500 rpm to investigate the 21 operating
points (OPs) reported in Table 5 and selected to emulate the typical
operating conditions of an equivalent multi-cylinder engine mounted on
a vehicle performing a real-world driving cycle. The OPs cover a broad
interval of equivalence ratios ¢, from 0.25 to about 0.70, combined with
a wide spanning of the spark timing from about —36.0 CAD up to —2.0

10

Table 5
Engine operating points investigated in the present work (1500 rpm fixed
rotational speed).

Case, Equivalence Spark timing, Plenum pressure, bar BMEP, bar
# ratio ¢, — CAD AFTDC

1 0.71 -2.0 0.76 3.18
2 0.63 -4.2 0.83 3.37
3 0.56 -8.0 0.90 3.46
4 0.50 -12.2 0.97 3.54
5 0.45 -16.2 1.04 3.60
6 0.42 —20.0 1.12 3.57
7 0.39 —-20.0 1.18 3.65
8 0.36 —24.2 1.27 3.65
9 0.34 —28.2 1.35 3.65
10 0.31 -30.2 1.41 3.65
11 0.29 -32.0 1.48 3.62
12 0.28 -32.0 1.54 3.54
13 0.26 —-36.2 1.61 3.43
14 0.25 —-36.2 1.67 3.18
15 0.42 —24.2 1.79 6.61
16 0.38 —26.0 1.90 6.50
17 0.37 —28.2 2.00 6.75
18 0.33 -32.0 2.15 6.83
19 0.31 -34.2 2.27 6.81
20 0.30 —-36.2 2.35 6.75
21 0.39 -30.2 2.48 8.05

CAD AFTDC. Three load levels were explored, i.e. about 3.3, 6.5, and
8.0 bar BMEP, and for the lower loads the rise in the mixture leaning was
compensated by an increase in the intake plenum pressure. A dedicated
error analysis was conducted on the experimental outputs following a
literature methodology [47].

Following the experimental tests, a preliminary 3D CFD analysis was
carried out to obtain information about flow and turbulence intensities
for the investigated SI engine. The CFD simulation was performed using
the CONVERGE software [48] and considering a computational domain
composed of the engine cylinder and portions of the intake/exhaust
ports. A hexahedral grid with a base cell size of 4 mm was adopted, with
specific mesh refinements near solid surfaces and valves and an adaptive
mesh refinement (minimum cell size of 0.125 mm) to increase the grid
resolution in domain regions with high temperature and velocity
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gradients. The numerical solution was achieved using an unsteady
Reynolds-averaged Navier-Stokes approach and a k-e turbulence model.
All details on the 3D model setup are presented in a dedicated paper
[49], where the results are validated against experimental data. The
simulation was conducted under motored conditions at 1500 rpm to
extract the variations of in-cylinder mass-averaged turbulence intensity,
u, and integral length scale, L;, with the crank angle, as shown in the
example of Fig. 10. From these results, both «' and L; were derived at the
spark timing and then passed as input parameters to the FK model,
which was applied to estimate the kernel duration for each of the 21 OPs
considered.

5.3. Experimental kernel durations against FK model predictions

This section describes the methodology adopted to estimate the
combustion delays of all the 21 OPs with respect to the spark-ignition
event. This delay is defined here as the experimentally detected time
interval between the spark ignition and the instant when combustion
starts influencing the in-cylinder pressure. The experimental delays are
compared with the kernel durations predicted by the FK model ac-
cording to the indications laid out in Section 4.

The experimental combustion delay was estimated with a three-
pressure analysis (TPA) of the mean pressure cycles measured in the
cylinder and near the intake and exhaust ports. A thermodynamic two-
zone inverse model provided the experimental burn rate and hence
enabled finding the CAD associated with the start of combustion (SoC),
here identified as the crank angle where the burn rate exceeded
3.4-1073mg/CAD, an arbitrary threshold selected as suitable for the
present SI engine and test equipment. As an example, Fig. 11 shows the
TPA results for four OPs, namely cases #4, #12, #15 and #19, high-
lighting that the SoC lagged behind the spark timing (ST) by very
different CAD intervals. An additional confirmation of the actual SoC
was obtained by considering the second derivative of the mean in-
cylinder pressure trace. Indeed, the SoC could be equally identified as
the point where a local minimum in the second derivative of the pressure
occurred due to the combustion onset. All the cases plotted in Fig. 11
confirm the validity of this method, showing that the crank angles at
which the second derivative of the pressure started rising abruptly (red
circles in Fig. 11) correspond to the SoC angles identified by the inverse
analysis.

This analysis enabled quantifying also the experimental combustion
delay, measured as the difference between SoC and ST. This is plotted in
red in Fig. 12 for all the 21 OPs, together with the respective ¢ values,
shown in black. The results indicate that the combustion delays
increased as ¢ fell, but the values hardly exceeded 15 CAD. The longest
delay, around 20 CAD, was recorded for case #14, which exhibits the

4 i
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Fig. 10. Turbulence intensity, u, and integral length scale, L;, as a function of
CAD at 1500 rpm for motored engine conditions and specified intake pressure.
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lowest equivalence ratio (¢ = 0.25). Fig. 12 reports also the kernel
durations, predicted either neglecting or considering the effects of tur-
bulent TD instabilities and represented with dashed and solid blue lines,
respectively. Interestingly, for the leaner OPs the FK model predictions
without instability completely disagree with the experimental delays,
leading to kernel durations exceeding 50 CAD. Conversely, the FK du-
rations predicted accounting for the TD instability are in much better
agreement with the measured delays across the entire dataset, the
average error being about 1.5 CAD. In some OPs, such as #19, the
concordance is also due to a favorable change in the pressure regime of
the TD sub-model (IT > I1;), which led to a stronger instability that
sped up the kernel growth.

The comparison in Fig. 12 cannot be considered a rigorous validation
of the FK model, since the two sets of results depend on arbitrary choices
(threshold for @y in the FK model and minimum burn rate in the
experimental data). However, considering also the scarcity of literature
data on the FK growth in hydrogen-fueled SI engines, the widespread
agreement between experimental combustion delays and predicted FK
durations strongly supports the reliability of the selected criteria, which
may possibly extend to SI engines with similar geometry (e.g. similar
unitary displacement). Therefore, the predicted FK durations were
assimilated to the actual delays between ST and SoC. Upon reaching the
SoC, the simulation was switched to the 0D/1D engine model for pre-
diction of in-cylinder combustion, engine performance, and NOy emis-
sions as described in the following section.

6. Modeling and validation of the overall combustion process

In this section, the SI combustion after the FK formation is finally
investigated. Section 6.1 presents the 0D sub-models implemented in
GT-Power™ to complete the combustion modeling and estimate the
engine-out NOy emissions, thus closing the 0D/1D simulation. In Section
6.2, the model outcomes with and without FK durations are compared
with their experimental counterparts, showing the ability of the pro-
posed modeling framework to replicate the key engine performance and
emission outputs.

6.1. Modeling of turbulence effects and NO, emissions

The turbulent combustion process occurring in the engine cylinder
was reproduced by adopting the fractal combustion model [50]. This
applies properly in the wrinkled / corrugated flamelet combustion re-
gimes and assumes that chemical kinetics and turbulence phenomena
can be decoupled in such a way that the effect of the turbulent eddies is
only to wrinkle the laminar quasi-spherical flame surface, which con-
tinues to propagate at the local (stretched) flame speed. This speed is
usually the LFS, but effective flame speed Sg is used here to account for
TD instability. This leads to the turbulent burning rate formulation in Eq.
(19), which includes a larger flame area, Ay, compared to the laminar
one, Ay, due to the flame wrinkling:

dm A
(T:) = p,-Ar-Ss = p,-A;-Ss- <,TT> =p,ApSscy T 19)
turb+TD L

The flame wrinkling factor, X, is evaluated according to Eq. (20):

s (Lmax) D3—2
Lmin

where the fractal dimension, D3, and minimum and maximum flame
wrinkling scales, Ly, and L, respectively, were computed using a
phenomenological OD K-k-T turbulence sub-model [51]. As mentioned
above, this burn rate formulation already takes into account the
hydrogen TD instabilities by replacing the LFS, S;, with the effective
flame speed, Ss, but an additional correction is necessary for the large-
scale turbulence [52]. This is the purpose of term ¢y in Eq. (19),
which acts as a correction factor for the fractal model due to the

(20)
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Fig. 12. Comparison between experimental angular delays between ST and SoC and kernel durations predicted by the kernel model with (w/) and without (w/0) TD
effects for all 21 engine OPs.

The combustion model is closed with two modifications to the
formulation of the burning rate. The first one is introduced to handle the
transition from an initial quasi-laminar burning regime, where ¥ =1, to
a fully developed turbulent flame propagation, whereas the other one
modulates the transition from the fully developed turbulent flame
propagation to the wall combustion, where the propagation reverts to
laminar conditions. These modifications are discussed in detail in a

combustion regime changing from wrinkled / corrugated flamelets to
thickened flames when Karlovitz number Ka > 1. The overall behavior
of cy is reported in Eq. (21), while its full expression is provided in the
original paper [52].

e~ {

1 ifKa< 1,

f(Ka) > 1 otherwise. 21

12
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previous paper by the present authors [53].

The in-cylinder combustion model was activated upon reaching the
predicted FK duration, i.e. at the modeled SoC that corresponds to the
CAD interval after ST reported in Fig. 12. The calculation proceeded
until either the combustion was completed or the exhaust valves were
opened.

Concerning the NOy emissions, a dedicated sub-model was used to
estimate the NOy levels caused by the high combustion temperatures. A
multi-zone approach in the burned gas region was applied to account for
the thermal stratification, which resulted in higher-temperature zones
near the ignition site and colder zones close to piston head and cylinder
walls. The NO formation was estimated using the solution proposed by
Lavoie et al. [54], who simplified six elementary reactions (three for the
extended Zeldovich mechanism and three for the intermediate N5O one)
into an equivalent one-step reaction. This reaction was applied sepa-
rately to each burned gas parcel, cumulating the individual concentra-
tions into a single one upon the opening of the exhaust valves.

6.2. Assessment of predicted combustion rates, engine performance, and
NO, emissions

The 0D/1D engine simulation model was initially applied to model
the in-cylinder combustion for the entire dataset in Table 5 without
considering any combustion delay between ST and SoC. The computa-
tion was conducted by running 30 engine cycles to let the simulation
converge to a steady state, after which the final cycle was taken as the
model output. Fig. 13 shows the comparison between model predictions
and experimental results in terms of in-cylinder pressure trace and burn
rate in OPs #4, #12, #15 and #19. The first two OPs are representative
of low engine loads, while the other two refer to medium-load cases,
with substantial differences in equivalence ratios and spark timings.
Looking at the model predictions, plotted in blue in Fig. 13, it is clear
that the modeled SoC angles do not reproduce the test data correctly,
leading to combustion onsets that always precede their experimental
counterparts. Furthermore, the combustion onset error increases as the
equivalence ratio decreases, resulting in a progressively anticipated heat
release that causes a faster growth of the in-cylinder pressure and a
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higher pressure peak (Fig. 13a-d).

The significant deviations between model and experimental results
observed in Fig. 13 highlight the need for a kernel formation time in the
computational procedure. This can be provided by the kernel duration
(= combustion delay) predicted by the present FK model and shown in
Fig. 12 for the 21 OPs considered in this work. Once included in the 0D/
1D engine model, this delay resulted in the pressure and burn rate plots
of Fig. 14.

The results in Fig. 14 show that the application of the FK model for
estimating the SoC—ST delay significantly improves the combustion
onset prediction for the same set of engine OPs considered in Fig. 13. The
improved SoC prediction leads to a much better agreement between
simulated and experimental traces of in-cylinder pressure and burn rate,
reproducing well their overall trends, peak locations, and intensities. Of
particular note is the good outcome achieved for the ultra-lean case #12
(¢ = 0.28), since at similar equivalence ratios a CFD-based simulation
recently conducted by some of the present authors yielded unsatisfac-
tory results [49].

This comparison shows that, with ultra-lean hydrogen/air mixtures
(¢ < 0.5), the quality of the present SI engine simulation comes from
both an accurate prediction of the FK formation time and a reliable
estimation of the TD instability effects on the burning rate throughout
the entire combustion process. However, the addition of the ST-SoC
delays resulted in a higher computational effort, with the total pro-
cessing time for a single OP rising from 1 to 2 min to 4-5 min on a
modern small desktop workstation. This increase was caused by the
integral terms in Egs. (5a) and (5b), whose calculation takes a few sec-
onds for each engine cycle computed to simulate a single OP.

In the final step, the calculation was extended to all the 21 OPs,
resulting in the outcomes reported in Fig. 15. Firstly, Fig. 15a compares
the predicted SoC and characteristic combustion angles MFB;o, MFBs,
and MFBys with those obtained from the TPA. For these main combus-
tion events, a good overall agreement between model results and
experimental data is observed, although moderate prediction errors
occur for both MFB;( and MFBs especially in OPs #11 to #13, which
refer to very low ¢. For these cases the burning rate appears slightly
underestimated, which could imply changes in the flame regime related
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Fig. 13. Comparison of experimental (Exp) traces of in-cylinder pressure and burn rate with predicted (1D) traces without the FK model in four OPs: (a) case #4, (b)

case #12, (c) case #15, and (d) case #19.
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characteristic velocity and length scale ratios in the combustion center, MFBs, with symbol size proportional to the equivalence ratio (b).

to the Karlovitz number that were not fully captured by the adopted sub-
model. Additionally, several higher-load OPs (OPs #17, #19, and #20)
exhibit some prediction errors in the combustion tails, with the model
underestimating the experimental MFB;5 angles. These discrepancies
may again depend on a combustion regime change not adequately
captured, but they may also derive from a too simplified modeling of the
flame-wall interaction.

A clearer light on the role of the combustion regime is shed by
Fig. 15b, which reports the Borghi diagram hosting, for all 21 OPs, the
modeled ratios of characteristic length and velocity scales at the com-
bustion center, MFBso. To distinguish the operating conditions, the
symbol sizes are proportional to the ¢ values listed in Table 5. It is noted
that for the low-load OPs (3.3 bar BMEP), as the mixture gets leaner the
combustion regime moves from the wrinkled flamelets (¢ > 0.44)
through the corrugated flamelets (0.34 < ¢ < 0.44) to the thickened
flames (¢ < 0.34). A similar trend occurs for the points at 6.5 bar BMEP,
while the OP at 8.0 bar BMEP borders the thickened flames regime.
These outcomes confirm that the slightly higher modeling errors
observed above are associated with this regime, suggesting that the
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estimation of the corrective factor cys used in Eq. (19) could be improved.
Nevertheless, the 0D/1D engine model as currently proposed captures
quite reliably the overall combustion development, yielding acceptable
results for all 21 OPs.

Turning the attention to the engine outputs, Fig. 16a reports the
assessment of the engine BMEP for all 21 OPs, showing that a satisfac-
tory agreement is achieved between model predictions and experiments.
The low average error, of about 5.3%, results from the reliable simula-
tion of several overlapping effects, including cylinder filling, in-cylinder
heat transfer, and combustion. Finally, Fig. 16b shows that the proposed
model also reproduces the NOy emission trend quite well, capturing the
decrease in NOy levels driven by lower in-cylinder temperature peaks
resulting from leaner mixtures. The NOy emissions appear predicted
with acceptable errors, the average deviation between experimental
data and model results being about 82 ppm. The largest error, observed
for OP #21, could be related to the combustion speed underprediction
until MFBsq (see Fig. 15a), which led to lower in-cylinder peak tem-
peratures that curbed the effectiveness of the Zeldovich mechanism.
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7. Conclusions

Predicting the performance of (ultra)-lean hydrogen SI engines is a
major challenge due to the interaction between flame instabilities of
primarily thermo-diffusive nature and turbulence, which affects even
the flame kernel formation. In this work, this prediction has been con-
ducted with an 0D/1D engine simulation model that combines a novel
1D model for the early FK growth with a classical two-zone model for the
combustion stage, accounting for both in-cylinder turbulence and TD
instability. The 0D/1D model has been validated using experimental
data from a single-cylinder SI engine operated at 1500 rpm in 21
operating points with equivalence ratios ranging from 0.25 to 0.71 and
loads between 3 and 8 bar BMEP. The key outcomes are as follows:

at ICE-like conditions and regardless of fuel type, the kernel forma-
tion is dominant until a radius of about 2 mm, the time to achieve
which is labeled ‘kernel duration’;

with lean hydrogen, the kernel duration is affected by the
turbulence-enhanced TD instability, which is accounted for by
replacing the LFS, Sy, with an effective flame speed, Ss;

for all 21 OPs, the kernel durations predicted by the TD-unstable FK
model match quite well (average error about 1.5 CAD) the com-
bustion delays between ST and SoC extracted from the experimental
pressure traces;

using the predicted durations in the 0D/1D engine model leads to
significant improvements in the predictions of in-cylinder pressures
and burn rates, especially for ultra-lean cases;

for almost all OPs, the main combustion angles (MFB;, MFBso and
MFBys), the BMEP values, and the NOy emissions are estimated
satisfactorily;

modest prediction errors remain for ultra-lean OPs in the thickened
flames regime, with CAD overestimations until MFBs, at lower loads
and underestimations after MFBs5 at higher loads.

Future developments will move in two main directions. Firstly,
model refinements will be assessed to solve some residual inaccuracies,
which should also enable coverage of a wider range of operating con-
ditions and, possibly, prediction of the cycle-to-cycle variation with
acceptable reliability. Secondly, the use of this 0D/1D model as a ‘virtual
engine’ for calibration and design purposes can be envisioned and will
be considered. Real-time application in engine control units, currently
unfeasible due to the computational time of up to 5 min, could be ach-
ieved by post-processing the FK model results to generate, for instance,
quickly accessible look-up tables.
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