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ARTICLE INFO ABSTRACT

Handling Editor: Dr C O Colpan In the recent years, the growing pressure by the European Union to phase out the internal combustion engines
has raised the quest for alternative solutions for low-environmental-impact mobility. Nevertheless, concerns on
the life-cycle emissions of battery electric vehicles and perplexities on the socio-economic sustainability of the
ecological transition suggest that maintaining the interest in internal combustion engines can be strategic,
provided that carbon-neutral fuels are adopted. On the basis of the technological neutrality principle, relying on
already existing and well-established technologies requires less effort and cost to convert the whole road
transport. Moreover, the adoption of bio- or e-fuels obtained from renewable sources widely spread across the
globe is not of secondary importance. In fact, cost reduction and worldwide diffusion of the resources are both
main promoters of socio-economic sustainability.

In this scenario, green hydrogen represents one of the main solutions for the survival of reciprocating engines.
Since the production is solely based on renewable energy sources, it is not simply characterized by zero CO2
emissions at the tailpipe, but it can be considered overall carbon neutral. A technical drawback in the use of
hydrogen is represented by emissions of nitrogen oxides (NOy), due to the ever-present high temperature
combustion process. For this reason, an ad-hoc design is mandatory to minimize NOy production, and CFD can be
a valid tool to reduce cost and time to market for the development of hydrogen engines.

In this regard, the current work proposes a 3D-CFD numerical methodology, based on the combination of G-
Equation and Detailed Chemistry models, for NOy prediction in in-cylinder simulations of reciprocating internal
combustion engines fueled with hydrogen. Although the combination of level-set method and chemical kinetics is
not a novelty in literature, it is the first time that it is applied to evaluate NOy emissions in Hy engines. The
proposed approach is validated against experimental data on a direct injection, spark ignition, hydrogen engine.
The methodology is able to properly predict NOy emissions at different mixture qualities, revving speeds and
spark times. The total number of investigated cases is 17, which is a large set of simulations compared to the
existing literature. Considering the best chemical mechanism (i.e. the one providing the best results among the
tested ones), the error in the NOy prediction is always lower than 25% for all the simulations.

Once the methodology is validated, the effect of spark and injection timings on NOy is discussed. Such a
deepening is useful to emphasize the potential of the CFD to investigate phenomena leading to emission for-
mation and, thus, to optimize engine parameters for NOy reduction.

1. Introduction currently re-gaining interest in the scientific community as well as in the
industrial field. They are recognized as a possible way to guarantee a
Hydrogen reciprocating Internal Combustion Engines (ICEs) are cleaner power generation during the ecological transition towards
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sustainable technologies. The use of green hydrogen (produced by
renewable sources) in reciprocating ICEs can be of interest for specific
applications. For example, when the mileage is a limit for a battery-
powered electric vehicle, Hp ICE can be a valuable stand-alone alter-
native or adopted as range extender. It is also valid for energy produc-
tion in small power plants, where the high efficiency even under load
variations and the relatively simple architecture make the internal
combustion engine competitive with respect to turbomachinery [1,2].
Fairly, the conversion from electric power to hydrogen and then back to
electric power by combustion in reciprocating engines implies a strong
energy loss. Nonetheless, the need of energy storage and the possibility
to provide it back during request peaks are strategic for a proper usage of
renewable energy sources. From a social and economic standpoint, the
widespread availability of primary sources around the globe is a sig-
nificant advantage for its adoption. The decentralization of primary
sources and power generation promotes, in fact, greater sustainability.
Hy ICEs are, in this picture, among the most balanced solutions
considering ease of transition to green economy and pollutant
abatement.

The challenge in the adoption of hydrogen as a fuel in ICEs is to
adequately exploit the positive aspects while minimizing drawbacks.
Considering the Hy main properties available in literature [3-6], it is
possible to take advantage of the very high Laminar Flame Speed (LFS)
to increase both combustion and indicated efficiencies. Alternatively,
the wide flammability range can be exploited to operate hydrogen ICEs
in a diesel-like manner [7], thus further increasing the efficiency [8].
Moreover, both the LFS values and the flammability range mentioned
above enable extremely lean combustions that minimize NOy emissions.
Another peculiar characteristic of Hy is the low Lewis number that leads
to the onset of thermo-diffusive instabilities. Such phenomena typically
occur at equivalence ratio values lower than roughly 0.75 [6] and they
cause, in turn, a strong increase of the laminar burning velocity with the
positive effects mentioned above. Fairly, under turbulent conditions, it is
still unclear to which extent the additional flame wrinkling due to in-
stabilities can increase the flame speed compared to the turbulence ef-
fects [9-11]. Still on the Hy advantages, the low quenching distance can
increase the combustion efficiency as it allows the flame to burn the
mixture in narrow crevices and very close to the walls. Finally, the very
low minimum ignition energy ensures mixture ignition even at very lean
conditions.

However, as previously anticipated, it is necessary to minimize the
drawbacks, such as the decrease of the adiabatic efficiency resulting
from the close proximity of the flame to the chamber walls. Moreover,
the low ignition energy promotes pre-ignitions [12] that are a
well-known problem of Hy ICEs [13]. One of the main drawbacks in the
use of Hj is represented by NOy emissions. Despite unburnt hydrocar-
bons, CO, CO; and soot are nominally eliminated among the combustion
products, nitrogen oxides can potentially be present with high concen-
trations if slightly lean mixtures (i.e. ¢ values close to 0.8) are adopted.
The reason is related to the high adiabatic flame temperature of Hy. The
main strategy to reduce NOy emissions relies on the use of very/ultra
lean mixtures in combination with injection timings able to optimize the
stratification of the charge. Tailpipe NOy production represents also the
main drawback of ammonia. The latter could be a valid alternative to Hy
for ICEs fueling, with the same advantages in terms of carbon neutrality
and sustainability. In addition, NHj is characterized by easier storage.
However, the presence of nitrogen in the molecule [14] implies a
massive formation of NOy during combustion. In fact, while Hy forms
nitrogen oxides because of the high temperatures of the burnt gases
(thermal NOy), ammonia forms the same pollutants as a consequence of
the composition (fuel NOy). Therefore, it is not possible to work on
engine parameters (such as equivalence ratio) to drastically abate the
nitrogen oxides. For completeness, it is useful to point out that NOy are
not the only drawback of NHs. In fact, it has a very low laminar flame
speed, which makes the engine design challenging [15], and it requires
high ignition energy. In order to overcome the ignition difficulties,
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hydrogen may be added to ammonia. However, onboard generation of
hydrogen from ammonia is not trivial [16]. Finally, ammonia is toxic.

3D-CFD can be proficiently adopted to investigate, for example, the
capabilities of lean mixtures and ad-hoc injection strategies to suppress
NOy formation in Hy ICEs. However, NOy estimation in hydrogen com-
bustion by in-cylinder simulations is far from being trivial. Besides an
ad-hoc modeling for the emission formation, it is necessary to have a
robust methodology able to properly simulate gas injection, mixture
formation and combustion. In-cylinder simulations of Hy ICEs with focus
on combustion and NOy emissions are not a novelty in the scientific
literature, where multiple combinations of combustion and NOx models
are adopted. For example, Rakopoulos [17] and Kosmadakis [18]
exploit an in-house developed combustion model and Zel’dovich
mechanism to predict performance and NOyx formation. They also vali-
date the numerical results against experimental outcomes. Hairong et al.
[19] rely on Detailed Chemistry (DC) for both combustion and NOy
prediction. Chun et al. [20] still adopt DC for combustion but Zel’dovich
mechanism for NOy estimation. Maio et al. [21] correlate CFD outcomes
and experimental data in terms of combustion and emissions using
ECFM and Zel’dovich mechanism, but at the expense of a case-by-case
calibration of the setup. Berni et al. [22] investigate NH3—H, mixtures
and combine G-Equation (for flame propagation) and DC (in the burnt
region) for a proper estimation of both combustion and nitrogen oxides.
Despite the combination of G-Equation and DC is already validated in
literature (for both combustion and NOy emissions) in case of gasoline
and propane [23,24], unfortunately no experimental data is presented in
Ref. [22] to support the numerical outcomes in presence of Ho.

In view of the literature review proposed above, it is possible to infer
that, in case of Hy combustion, a thorough validation of G-Equation
combined with DC is not available. Therefore, the present paper aims at
filling this gap, to demonstrate the capabilities of such numerical
methodology. Compared to the other approaches found in literature and
outlined above, it is authors’ opinion that the combination of G-Equa-
tion and DC (in the burnt region) can be an optimal solution to properly
estimate both Hy turbulent premixed (or partially premixed) flame
propagation and NOy emissions, at least in the flamelet regime. In fact,
unlike pure DC approaches, G-Equation is purposely developed to pre-
dict flame wrinkling at this condition. Moreover, compared to a
simplified approach based on Zel’dovich model, DC is more accurate to
predict NOy in the burnt region. In the present paper, the approach is
validated on different operating points, by comparing numerical and
experimental data in terms of in-cylinder pressure, combustion in-
dicators and NOy emissions. Interestingly, considering the variations of
equivalence ratio, revving speed and spark-time, 17 validation cases are
proposed in the present manuscript. This set of cases is among the most
extended ones available in literature (not to say the most extended one).
For example, considering the papers cited above, Rakopoulos et al. [17]
validate on 6 cases. The same number of points is proposed by Kosma-
dakis et al. [18]and Hairong et al. [19]. Chun et al. [20] propose only
one case. Therefore, although the proposed methodology is not char-
acterized by a higher precision in terms of NOy estimations compared to
the existing literature, in the present paper it undergoes an extensive
validation which has no equal in other works. Moreover, on the same
cases, the validation deals with combustion and nitrogen oxides emis-
sions, i.e. the attention is simultaneously focused on both the aspects.
Finally, the agreement between CFD and test bench measurements
across the different conditions is sought after without case-to-case
calibration of the models, which is another noteworthy aspect
compared to the literature.

The current paper represents a development of a work previously
published by the authors [25]. Compared to Ref. [25], where the
emissions were not considered, in this paper the 3D-CFD numerical
methodology is improved by introducing DC to predict NOy production.
Moreover, although the investigated engine is basically the same, in this
case the injection pressure is doubled and injector nozzles are different.

After the introduction, experiments are described. Subsequently, the
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CFD model is proposed and then validated against experiments. Before
the conclusions, a deepening on the obtained results in terms of NOx
emissions is proposed. In particular, the impact of spark and injection
timings is discussed to highlight the potential of the CFD.

2. Experimental apparatus and data

The experimental activity starts with the adaptation of the original
engine to Hy injection and combustion [26]. The production Diesel en-
gine, namely Lombardini 15LD500, was developed nearly 20 years ago
for several light duty applications. Table 1 provides details of the engine
specifications before and after the conversion.

The conversion to Hy involves the adoption of two low-pressure in-
jectors (operated at 12 bar), a spark-plug for mixture ignition and a
reduction of the geometric compression ratio (CR) from 19:1 to 10:1.
The CR reduction is achieved by a broader piston bowl, which is shown
in Fig. 1, and inserting a spacer between crankcase and cylinder. In order
to mount the two Hy injectors, an external portion of the engine head is
flattened. Fig. 2 reports the cylinder head with the additional compo-
nents used for the conversion.

Table 2 resumes the experimental operating conditions replicated by
the numerical simulations. They include different revving speeds,
equivalence ratios (hence loads) and spark times.

A schematic representation of the test rig is depicted in Fig. 3. The
complete system is positioned on the test bench and the engine output
shaft is connected to a “Borghi e Severi” eddy current dynamometer,
controlled by an API microprocessor unit. In order to obtain the indi-
cated cycle, pressure is measured by the Kistler 6052C piezoelectric high
temperature sensor, with a nominal sensitivity of nearly —20 pC/bar and
a pressure range of 250 bar, featuring a maximum linearity error of
+0.4% of the full-scale output. The crankshaft position measurement
relies on the 365X AVL angle encoder with +0.1°CA precision. The
signals of in-cylinder pressure sensor and encoder are processed by the
AVL IndiCom 1.2 acquisition code, in order to obtain the indicated cycle.
The electronic control of injection and ignition is entrusted to the engine
control unit (ECU), namely the Motec M400. In the exhaust line, the
Bosch LSU 4.2 wide-band lambda sensor is installed to evaluate the
equivalence ratio. Due to the strong sensitivity of the lambda sensors to
H, operation, three probes are alternated during the tests to keep the
measurement accuracy within £5%. To reduce the uncertainty of the
data, ¢ values are verified by mass flow rate data of both intake air and
Hs. Fuel and intake air mass flow rates are obtained by the Bronkhorst
High-Tech EL-FLOW mass flow meter. To calibrate the lambda sensors, a
suitable range of mixture qualities is firstly individuated based on the
engine conditions. Then, a mixture with the highest equivalence ratio of
the defined range is imposed in the engine with the help of the mass flow
meters. Given the voltage signal of the lambda sensor, the corresponding
output value is scaled to match the imposed one. This procedure is
repeated at steps of 0.1 till the lower equivalence ratio and the measure
is checked for different days to account for the specific ambient condi-
tions. The calibration is considered satisfactory if the measure remains
within a 5% error without adjustments for all the days. The test bench

Table 1
Stock and modified engine specifications.
Diesel Hydrogen
N° of Cylinders 1 1
Valves per cylinder 2 2

Alimentation

Bore

Stroke

Displacement
Compression ratio
Max Power

Max Torque
Combustion initiation

Naturally aspirated
87 mm

85 mm

505 cm®

19:1

9 kW @ 3600 rpm
31 Nm @ 2000 rpm
CI

Naturally aspirated
87 mm

85 mm

505 cm®

10:1

9.1 kW @ 3000 rpm
32.7 Nm @ 2500 rpm
SI
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Fig. 1. Piston with modified bowl [26].

Fig. 2. Modified head and additional components such as hydrogen injectors
and spark plug [27].

also monitors the temperatures of intake air, exhaust gas and injected Hy
by thermocouples. The Beckman 951 chemiluminescence analyzer is
used to measure NOy emissions, which is characterized by an accuracy of
+0.5% of full scale. Gases are sampled by a probe installed in the
exhaust line. Further details on the experimental apparatus can be found
in Ref. [27].

3. CFD model

The numerical methodology adopted in the present work is derived
from a simpler version previously validated by the authors on the same
engine operated at multiple speeds and equivalence ratios [25]. In
Ref. [25], simplicity and reliability are the pillars governing the meth-
odology development. In this regard, the adoption of G-Equation for
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Table 2
Test bench operating conditions; a negative ST means that ignition occurs before
the TDCF.

Test [ SOI [° CA p Ha Speed Spark Time [°
N° bTDCF] [bar] [rpm] CA]
1 0.8 225 12 3000 0

2 3

3 6

4 9

5 12
6 0.6 190 12 3000 —-15
7 -12
8 -9
9 -6
10 -3
11 0

12 3

13 0.8 175 12 2000 0

14 3

15 6

16 9

17 12

- )
1

Mass flow
controller

H2 tank
Pressure
Sensor

Y
1
1
1
1

__ [ Temperature |_
sensor
Chemilumi

nescence
analyzer

duct controller

[ Exhaust Mass flow ]

—

__| Temperature | _
sensor

Data
acquisition [«
system

Pressure
sensor

(o }-

Fig. 3. Test bench scheme.

combustion modeling is due to the predictive capabilities without (or
with minimal) case-to-case tuning of the model constants. The same is
not valid for other well-consolidated combustion models, such as
ECFM-3Z which requires, based on the authors’ experience with it,
significant calibration when the operating conditions considerably
change. Also pure DC is not considered in Ref. [25], but in this case the
choice is governed by theoretical considerations. In fact, the flamelet
combustion regime that usually characterizes the ICEs along with a
computational grid not able to fully resolve the turbulent phenomena
prohibit the adoption of pure DC and require the modeling of the
turbulence-flame interaction. Compared to Ref. [25], in the present
work the authors increase the methodology complexity by introducing
DC model in the burnt gases, to accurately compute their composition
and predict NOy emissions. The most challenging aspect of the new
methodology deals with chemical mechanism. It is necessary to select an
effective skeletal mechanism able to ensure accuracy and simulta-
neously limit the computational effort. A detailed description of the CFD
model is presented hereafter.

The solver adopted for the in-cylinder simulations is STAR-CD,
licensed by SIEMENS DISW. The reason for this choice is the long-time
experience of the authors with this software which leaded, in the last
two decades, to the in-house development of multiple models (such as
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the heat transfer and ignition ones adopted in the present work). A
URANS approach to turbulence is adopted, closing the Navier-Stokes
equations with the k-e RNG model [28,29], which is used as exten-
sively adopted in the literature and in previous publications by the au-
thors [30-35]. A high-Reynolds wall treatment is preferred to limit the
computational cost. The Improved GruMo-UniMORE heat transfer
model [36-38] developed by the authors and implemented in STAR-CD
is used. This model accounts for the actual Prandtl number of the
mixture and effectively predicts wall heat fluxes regardless of the
near-wall grid resolution. The time step is set to 0.05° CA (corresponding
to 2.77 x 107® s at 3000 rpm and 4.16 x 10~° s at 2000 rpm) during
valve opening and closing, injection and combustion, while 0.1° CA
(corresponding to 5.54 x 107° s at 3000 rpm and 8.32 x 107% s at 2000
rpm) is adopted in the remaining portions of the cycle. Experimental
pressure and temperature values are assigned to intake and exhaust
boundaries. The mass flow rate applied at both the Hy inlet boundaries
(in correspondence of the injectors) follows an experimentally derived
trapezoidal law. The adopted wall temperatures are reported in Table 3
and are based on the authors’ experience on both spark ignition and
compression ignition engines [39-41]. The simulations start at 90°CA
aTDC and end at 810°CA aTDC. Then, for each operating point, multiple
consecutive cycles are simulated to eliminate the effect of the initial
conditions and obtain a converged solution, i.e. no significant
cycle-to-cycle difference can be noticed.

3.1. Mesh

The mesh size ranges between 1 and 2 mm in the core. Ad-hoc re-
finements are carried out around the spark-plug (the cell size is halved)
and in correspondence of the injectors (the cell size is reduced to 1/32 of
the core mesh, leading to a minimum size of nearly 30 pm). With this
setup, the maximum number of cells at BDC is 927 k. The adopted nu-
merical grid is reported in Fig. 4. A detail of the injector internal ge-
ometry included in the domain as well as the mesh utilized for the
discretization are visible in Fig. 5. At the walls, a single 0.3 mm thick
prismatic layer is adopted.

3.2. Ignition

Ignition is simulated by an in-house model which is developed and
extensively validated in LES approach [42,43]. A simplified RANS
version of the model is adopted in the present work, in which the impact
of the electric circuit delay on the flame kernel deposition is neglected.
In fact, as reported in literature [44-46], the time between nominal
spark time and effective breakdown is in the order of 10 ps (to be
considered as an order of magnitude), which is negligible at the inves-
tigated revving speed.

The growth of flame kernel after the spark event is governed by a 1D
model represented by Eq. (1), which is similar to the Herweg and Maly
one [47].

dric _py

dt  p, M

Vi [1 dT
(SL + SPlasma) + _k |:_ k:|

A |Te dt

1y is the kernel radius and p,, is density of the unburned gases. p, and Ty

Table 3

Wall temperatures.
Combustion dome 523 K
Piston crown 523 K
Cylinder wall 453 K
Intake valve stem and port 320K
Intake valve face 420 K
Exhaust valve stem 720 K
Exhaust valve face 720 K
Exhaust port 473 K
Spark plug 600 K
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Fig. 4. Computational mesh at BDC.

are mean density and temperature of the kernel, respectively. Vi and Ay
are volume and surface of the kernel. S; and Spj,sma are laminar flame
speed and expansion velocity of the plasma channel. Compared to the
Herweg and Maly model, no transition function from laminar to tur-
bulent flame speed is introduced and only the laminar one is used. When
the flame kernel size is equal to 2 mm, the ignition model switches off
and G-Equation activates. In fact, after that size, turbulence contribution
becomes significant [47] and the above 1D model loses accuracy.

The value of Spjgmg is determined by solving the one-dimensional
unsteady heat conduction equation (assuming a spherical kernel initia-
tion) proposed in Eq. (2), still similarly to the Herweg and Maly model.

b

i Sug ey,
i
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aT_ 9

P = ox

P @

T
(5)
p and ¢, are density and specific heat, respectively. T and t are tem-
perature and time, x is the radial coordinate while k is the thermal
conductivity. As for the plasma properties, pc, is here fixed to 8000 J/
(m°K) and the thermal conductivity to 0.2 W/(mK) [48-53]. The
boundary condition of Eq. (2), that is the temperature at x = 0, is set
equal to 60 e 10% K [47]. Basically, Eq. (2) aims at investigating the
velocity of temperature diffusion along a specific direction starting from
a high-temperature source (corresponding to the plasma channel) and
this velocity is assumed as Spigsmg-

The initial value of ry (i.e. the initial condition for Eq. (1)) is esti-
mated similarly to Ref. [54]. A volume of burnt mass is computed as the
volume of a cylinder with height equal to the spark gap (dg,p, equal to
0.5 mm for this case) and radius equal to the flame thickness &;. The
initial radius of the spherical flame kernel is then computed following
Eq. (4), i.e. it is the radius of the sphere having the volume computed in
Eq. (3).

3

2
Vk.init = dgapﬁaL

3 1/3
T init = (Evk,init>

8, values are computed for the investigated operating conditions using
1D steady-state freely propagating flame simulations conducted in DARS
v2020.1 licensed by SIEMENS DISW. The governing equations for the
freely propagating flame model can be found in the DARS manual [55].
The kinetics mechanism proposed by Shrestha [56] is employed for the
simulations. Values of pressure, temperature and equivalence ratio for
the 1D simulations are derived from both 3D simulations and experi-
mental data. Pressure and temperature are calculated as mass-weighted
averages within the combustion chamber at spark time. Equivalence
ratio values correspond to the nominal values. EGR is not considered due
to the negligible concentration. The investigated conditions in the 1D
simulations are resumed in Table 4.

The resulting flame kernel sizes, computed from the laminar flame
thickness &, according to Eq.s (3) and (4), are reported in Fig. 6. Since,
for all the conditions, pressure, temperature and equivalence ratio are
similar, the initial kernel radius is roughly characterized by the same
size, equal to 2 e 10~° m. For this reason, such value is adopted as the
initial condition for the kernel development equation in the ignition
model. A sensitivity to this value, not reported for brevity, points out
that no significant variation of the results is noticed for small variations
of the initial value of ri. In other words, it is sufficient to consider a
proper order of magnitude for it, as the kernel growth is then fast enough
to compensate possible variations.

4

Fig. 5. Detail of the mesh in correspondence of the injector.
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Table 4
Equivalence ratio, pressure and temperature, at ST, for the different operating
conditions.

Engine speed [rpm] ) P [bar] T [K] ST [° CA]
2000 0.8 26.4 849 0
26.0 843 3
25.0 833 6
23.7 819 9
22.0 801 12
3000 0.6 19.3 831 -15
20.9 846 -12
22.3 858 -9
23.4 866 -6
24.1 869 -3
24.2 868 0
23.9 862 3
3000 0.8 25.2 853 0
24.8 848 3
23.9 838 6
22.7 824 9
21.1 806 12

3.3. Combustion

As stated earlier, turbulent premixed (or partially premixed) com-
bustion is simulated using the flamelet G-Equation model, based on a
level-set method which distinguishes burned and unburned regions by
an iso-surface of the scalar G, denoted as the G = 0 surface. This surface
solely indicates the flame front position. To simulate the flame structure
in turbulent flows, it is necessary to consider the variance of G, which
provides information to calculate the turbulent flame brush thickness.
Eq. (5) represents the transport equation of G (while the transport
equation for its variance is not reported for brevity).

%pG+a%puiG = pSr|VG] )]

A regress variable (c), ranging from 1 (in the unburnt mixture) to
0 (in the fully burnt mixture), is calculated via the turbulent flame brush
thickness and it is exploited to account for the presence of a flame brush.
Further details can be found in Refs. [25,57]. When the G = 0 iso-surface
starts to propagate, c decreases. Once the regress variable falls below
0.99, the Detailed Chemistry model is activated. This model is specif-
ically designed to integrate detailed chemical kinetics into engine sim-
ulations. In other words, the chemical kinetics is online solved instead of
being tabulated (i.e. calculated offline). DC relies on both transport
equations for all the species, such as the one reported in Eq. (6), and a
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comprehensive reaction mechanism.
—(pYi) Jri (pwY; —Fij) =S; (6)
ot ox; ) J

Y; is the mass fraction of the i-th species, x; the i-th coordinate, u; the j-th
velocity component, F;; the diffusion flux component and S; represents
the production/consumption rate of the i-th species. To derive an
expression for S;, it is necessary to introduce a detailed multi-step
chemical reaction mechanism as in Eq. (7), including N chemical spe-
cies and Ny reactions.

N
> (VeBi) = Y (uRi),R=1,2,...,Ng 7

N
k=1 k=1

Vg and vy, represent the stoichiometric coefficients for reactants and
products, respectively. Their subscript (Rk) indicates k-th species and
reaction R. Ry is the chemical symbol of the k-th species. The produc-
tion/consumption rate of the i-th species is described in Eq. (8).

RiJ™ — ki [ | [Rk]vék)} (®)
k=1

M; represents the molecular weight of the i-th species, while vy, and
Vg; have the same meaning as Vg, and vg, , respectively. [Ry] denotes the
mole concentration, while kg and kg stand for forward and backward
rate constants of reaction R. The DC approach is utilized to estimate
emission formation. For instance, in case of NOy, transport equations for
NO and NO; enable the monitor of production and consumption of these
scalars.

Regarding the chemical schemes utilized in the 3D in-cylinder sim-
ulations with DC, the widely validated mechanisms proposed by
Shrestha [58] and Klippenstein [59] are tested, and their results are
compared. This is purposely done to investigate the sensitivity of the
results to the chemical scheme.

For the propagation of the G = 0 iso-surface, the turbulent flame
speed St is required in Eq. (5) and it is computed by the Damkohler-
derived correlation [60] reported in Eq. (9).

N
ST:SL(l tAe (Si) ) )
L

S.. is the unstretched laminar flame speed, u' is the root-mean-square
of the turbulent velocity fluctuations. A is an empirical coefficient equal
to 2.2. Sy is calculated using the correlation proposed by Verhelst [61],
which is valid for p, T, ¢ and EGR ranges equal to 5 bar < p < 45 bar,

Si=M; ZR |:(V;,§i - V;Ii) (kfR H [

k=1

Initial kernel radius

0.025 .

0.02 -
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Fig. 6. Initial radius values for all the operating conditions; each bar corresponds to a different ST.
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500K <T <900K, 0.33 < ¢ <5,0% < EGR <50%. Therefore, it is valid
throughout the conditions of the experiments here utilized.

Different studies in literature emphasize the significant impact of the
thermo-diffusive instabilities on the flame speed in hydrogen combus-
tion. For instance, after a rigorous theoretical analysis, Atlantzis et al.
[62] and Matalon et al. [6] highlight the influence of such instabilities
on the flame speed at laminar conditions but, simultaneously, they ex-
press uncertainty regarding the effect at turbulent conditions. Other
publications show the influence of the instabilities also in turbulent
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flows. For example, Berger et al. [63] observe the effect of the interac-
tion between thermo-diffusive instability and turbulence on the flame
speed in a DNS combustion simulation carried out at ambient pressure
and temperature and lean mixture. However, the conditions investi-
gated by Berger et al. differ significantly from those commonly found in
engines. Consequently, the actual influence of the instabilities at
engine-like conditions (i.e. at high pressure, temperature and turbu-
lence) currently remains a topic of debate. In this regard, preliminary
attempts to include the instabilities in engine simulations are available
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in literature. Hernandez et al. [64] include the instability effect in
3D-CFD combustion simulations of a hydrogen engine, with modest
impact on the results. Instead, De Bellis et al. [65] strongly enhance the
result accuracy by including the instability effect in 1D simulations of an
H, engine. Conversely, in a previous publication by the authors of the
present paper [25], satisfying results over a wide set of conditions
(0.4<9<0.8 and 1500<rpm<3000) are obtained investigating by
3D-CFD a hydrogen engine without including thermo-diffusive in-
stabilities. Therefore, given the existing literature just discussed (from
which it is not possible to univocally sentence about the
thermo-diffusive instability effect at engine-like conditions) and coher-
ently with the previous publication by the authors, in the present work
the thermo-diffusive instabilities are not accounted for either in the
laminar flame speed or in the turbulent one. This choice is also coherent
with recent experimental observations proposed in Ref. [66] on a
hydrogen engine operated at ultra-lean conditions. In Ref. [66], it is
shown that it is possible to match the experimentally measured turbu-
lent flame speed, starting from the unstretched S; and adopting a
Damkohler-derived correlation for St (corresponding to Eq. (9) unless
the constants), completely neglecting the instability representation.
Finally, as a further support to the choice, in Ref. [67] the authors of the
present paper show that it is possible to obtain good results, at
engine-like conditions and neglecting the thermo-diffusive instability
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effect, even in case of ultra-lean hydrogen mixtures (i.e. at ¢ = 0.3,
where the effect should be stronger), still adopting unstretched S;, and
Damkohler-derived correlation for St.

4. Results
4.1. Numerical methodology validation

The first part of the result section is dedicated to the validation of the
proposed numerical methodology. In particular, since the NOy forma-
tion is closely related to the combustion process, it is necessary to assess
the capabilities of the CFD model to properly predict such phenomenon
at first. For that purpose, numerical and experimental pressure traces are
compared during the high temperature portion of the engine cycle and
they are reported in Fig. 7. For each of the tested operating conditions,
the results of three different spark times are shown.

A satisfactory agreement between CFD outcomes and experimental
evidences is obtained, which is noteworthy considering that no case-by-
case calibration of the model constants is carried out. The 3D model is
able to properly reproduce the trend of the in-cylinder pressure as a
function of the spark time. In order to provide a more quantitative
comparison between simulated and experimental pressures, in the sec-
ond column of Fig. 7 an error analysis is proposed. The coefficient of
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determination R? and the pressure peak percentage error are also re-
ported. The worst errors can be noticed in the 3000 rpm - ¢ = 0.8 sweep,
especially for the more advanced spark times. Conversely, the best re-
sults are observed in the ¢ = 0.6 sweep. A possible explanation is related
to the injection duration. The longer it is, the lower the time for the
mixing becomes. In turn, the mixing dampens (by homogenizing) po-
tential errors due to, for example, inaccuracies in the injection modeling.
In this regard, the 3000 rpm - ¢ = 0.8 sweep is the one characterized by
the lowest time intervals between injection end and ST.

In order to strengthen the validation of the numerical methodology,
Fig. 8 reports the combustion indicators MFB 0-10, MFB 50 and MFB
10-90 (duration), for all the cases. The absolute errors are also reported
in figure, ranging from —3.4° CA up to +3.3° CA. Although these errors
highlight the limits of the numerical methodology (opening to the
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possibility of improvements), the considerable number of cases as well
as the absence of case-to-case tuning allow to consider the setup as
adequate to predict combustion. Therefore, the attention can be focused
on the validation of the predictive capabilities of the model about the
NOy emissions.

In this regard, Fig. 9a) to 9c) show the comparison between CFD and
experiments in terms of NOy. In the first column, such a comparison is
carried out for all the investigated cases. The second column shows the
prediction errors by the simulations, including the average values for
each sweep. Moreover, on the numerical side, two different sets of re-
sults are presented, one per tested chemical scheme. It is important to
point out that the numerical NOy quantities reported in Fig. 9a) to 9¢)
correspond to the sums of NO and NO; and they are the mg present at the
exhaust valve opening. Therefore, it is supposed that reactions are
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frozen in the exhaust pipe, following the validated practice proposed in
Ref. [34]. NO and NOy mass fractions are not separately presented as, for
all the cases, NOy mass fraction is always at least 4 orders of magnitude
lower than NO mass fraction.

The simulations are able to match qualitatively and quantitatively
the experimental data. Firstly, for all the revving speeds and the
equivalence ratios, numerical results are able to properly reproduce the
trend as a function of the spark time. In addition, focusing on ¢ = 0.8
cases, the decrease of NOy increasing the revving speed is properly
captured by the simulations. Similarly, on equal revving speed (3000
rpm), CFD is able to correctly predict an increase of NOy with the
equivalence ratio. Moreover, in quantitative terms, all the numerical
data are very close to the experimental counterparts, which means all
the involved phenomena, gas injection, mixing, combustion and chem-
ical reactions are reasonably captured by the proposed CFD methodol-
ogy. As for the chemistry, it is interesting to point out that, despite the
mechanism by Shrestha always provides slightly better estimations
compared to the one by Klippenstein, the two mechanisms provide
similar results. This is a proof that NOy emissions can be properly esti-
mated regardless the mechanism, provided that the latter is well vali-
dated (as the adopted ones). Moreover, considering Shrestha
mechanism, although the errors seem to be relevant (with values even
greater than 20%), they are in line with the values proposed in other
publications [17-20]. Reducing the error in NO prediction is not trivial,
as many factors concur in the determination of the emissions. In other
words, it is necessary to be confident on the modelling of several phe-
nomena to have accurate predictions of the nitrogen oxides, such as
turbulence, hydrogen gas injection, mixing, combustion and chemical
reactions in the burnt gases. It must be noted that, for specific aspects,
errors are consciously accepted. For example, the DC model requires a
detailed mechanism accurately describing all the reactions that can
occur. However, this would lead to the adoption of mechanisms con-
taining lot of species and reactions. In order to speed up the simulations
and keep the computational time acceptable, reduced or skeletal
mechanisms are usually preferred, which are inevitably characterized by
lower accuracy compared to the detailed versions.

Before the result discussion, a brief deepening on the impact of the
computational grid on NO emissions is proposed. Compared to the grid
(“coarse”) adopted for the previously presented analyses, a finer version
(“fine™) is built by halving the cell size in the core of the domain. The
new mesh is characterized by 2.3 M cells, which is roughly six times the
cell number of the base one. Fig. 10a) and 10b) show the comparisons in
terms of in-cylinder pressure and NO mass between “coarse” and “fine”
grids (only in one of the investigated cases, for brevity). Despite the
considerable modification of the grid, negligible differences can be
noticed in the results. In fact, pressure peak and NO mass at the end of
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the cycle vary of +2% and +0.24%, respectively. This means that the
coarse grid is already sufficiently fine to achieve grid-independence. As
previously discussed, NO concentration is orders of magnitude higher
than the NO3 one. For this reason, the comparison in Fig. 10b) only
refers to NO.

4.2. Discussion of the results

Once the model is validated, the results are discussed in the following
to highlight the effect on NOy emissions of two engine parameters,
namely spark and injection timings. They affect in-cylinder temperature
and mixture stratification, respectively, which are widely recognized to
dominate formation of nitrogen oxides. It is useful to point out that such
analysis not only aims to understand the phenomena leading to emission
formation, but it tries to emphasize the potential of the CFD to deeply
investigate such phenomena. This (along with the proven predictive
capabilities) makes the use of CFD suitable for the optimization of the
engine parameters to lower the emissions and simultaneously preserve
the performance.

4.2.1. Effect of the spark timing

Decreasing the spark advance leads to a reduction of the maximum
pressure inside the cylinder. The reason is that the heat release rate
occurs later and later in the cycle, and it is less and less able to
compensate the decrease of pressure as a consequence of the cylinder
volume increase. Similarly to the pressure behavior, the maximum
temperature of the exhaust gases decreases as well. In this regard,
Fig. 11a) and 11 b) show in-cylinder pressures and temperatures for the
sweep at 3000 rpm and ¢ = 0.8. Since in this case the leading mecha-
nism for NOy formation is the thermal one, the consequence of a tem-
perature reduction is a lower formation of NOy, as visible in Fig. 9¢). It is
useful to point out that, for brevity, only the condition at 3000 rpm and
@ = 0.8 is considered for the present analysis, but the same trends and
considerations are valid for the other operating conditions. It is inter-
esting to observe in Fig. 11 that, reducing the spark advance, despite a
strong peak pressure drop, the average temperature in the cylinder
shows a minimal decrease of the peak (equal to —26 K) between the
extremal cases. This is the reason why, advancing the spark timing (i.e.
delaying the combustion), the NOy decrease is poor.

4.2.2. Effect of the injection timing

NOy emissions are not simply related to the mean mixture quality,
but they are strongly dependent on the local stratification. This is
confirmed by the proposed simulations. For example, focusing on the
3000 rpm cases, Fig. 12a) to 12f) show temperature, equivalence ratio
and NO mass fraction for two different cases, one at ¢ = 0.6 and one at ¢
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Fig. 11. Computed in-cylinder pressures a) and temperatures b) for the different spark times at 3000 rpm and ¢ = 0.8.

= 0.8 (further details on the proposed images can be found in the
caption). Only NO is considered in the following, as the concentration of
NOs; is negligible in comparison. Looking at the ¢ = 0.6 case, tempera-
ture seems to be the main promoter of NO formation as the highest
concentration values are roughly located in correspondence of the
highest temperature region. Although T is unquestionably a leading
factor for nitrogen oxides formation, the main responsible of the local
peak is actually the local ¢, which is close to 0.8. As a demonstration, it
is possible to observe in Fig. 12d) to 12f) the results of the ¢ = 0.8 case,
where the high values of NO concentration do not correspond to the ones
of T but, rather, to the presence of local mixture at ¢ ~ 0.8. Such an
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outcome is confirmed in literature by the works of Hairong [19] and
Duan [68].

To understand the importance of an equivalence ratio equal (or
close) to 0.8, 1D chemical kinetics computations of freely propagating
flame are carried out using DARS. A single mechanism is considered for
brevity in this analysis, i.e. the one by Shrestha. Pressure and unburnt
temperature profiles adopted for the computations are representative of
the in-cylinder conditions for the analyzed operations and they are
provided by the 3D-CFD. Fig. 13 shows the NO mass fraction from 1D
simulations at fixed pressure and unburnt temperature (40 bar and 900
K). Other conditions are omitted as the qualitative behavior with respect
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Fig. 12. a), b) and ¢) show temperature, equivalence ratio and NO mass fraction at 750°CA for the case 3000 rpm, ¢ = 0.8 and ST = —15°CA; d), e) and f) report the
same quantities at 740°CA for the case 3000 rpm, ¢ = 0.6 and ST = 0°CA on a section distant 5 mm from head plane.
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to ¢ is marginally affected by p or T. The methodology to extract NO
mass fractions from freely propagating flame computations is presented
in Ref. [22]. Similarly to the 3D analyses, the attention is focused on NO
as the other nitrogen oxides are characterized by remarkably lower
concentrations. Interestingly, Fig. 13 shows that NO production in-
creases with the equivalence ratio up to ¢ ~ 0.8. Then it rapidly de-
creases so that, at stoichiometry, the NO mass fraction is nearly the same
as that at ¢ ~ 0.45.

In the light of this result, on the one hand, it is possible to relate the
peak of NO to local ¢ close to 0.8, in agreement with the outcomes of the
3D simulations. On the other hand, still considering the in-cylinder
analyses, it is possible to conclude that, for the ¢ 0.8 case,
increasing the mixture homogeneity is counterproductive. In fact, the
peak of NO is positioned where the local ¢ is close to the average value.
Pockets that are richer and leaner compared to the average value are
characterized by lower NO mass fraction, as observed in Fig. 12. A
further confirmation of the mixture stratification importance comes
from the adiabatic flame temperature reported in Fig. 14 as function of
¢. The plot still refers to 40 bar and 900 K and only one condition is
considered, for the same reasons previously commented. The peak of
adiabatic flame T is reached at equivalence ratio of nearly 1.1, thus for
slightly rich mixtures. Considering the importance of T for NOy forma-
tion, Fig. 14 would suggest a peak of NO at ¢ close to 1.1. Instead, Fig. 13
shows a peak at ¢ ~ 0.8. The reason is that, moving from ¢ ~ 0.8 to ¢ ~
1.1, the oxygen becomes insufficient to both complete the Hy oxidation
and generate NOy. In this situation, since the oxidation process of the
hydrogen is faster than the one of nitrogen, NO production drastically
reduces even if the temperature increases. This confirms the role of ¢.
The impact of the ¢ variation overcomes the temperature effect,
although T is of primary importance here, as the main mechanism of
NOy formation is the thermal one.

Once the impact of the mixture stratification on nitrogen oxides
formation is clear, it is important to emphasize that one of the main
responsible of the resulting local ¢ is the injection timing. As a
demonstration, a delayed start of injection (SOI) is simulated, which
allows less time for the Hy to mix with air. This leads to a lower mixture
homogeneity at spark time. At 3000 rpm, the time window available for
the injection is too short to account for a shift of the injection law.
Therefore, the point at ¢ = 0.8 and 2000 rpm is considered. In partic-
ular, the ST = 0° CA is selected as reference for the SOI sensitivity. The
original SOI is equal to 175°CA bTDCF and it is an optimized injection
timing determined by the experimental tests. Details on this can be
found in Ref. [27]. The new value is equal to 150°CA bTDCF and it
implies a shift towards the TDCF. The value is purposely selected so that,
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Fig. 13. NO mass fraction as a function of the equivalence ratio.
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Fig. 14. Adiabatic flame temperature at 40 bar and 900 K.

similarly to the original case, the injection occurs under sonic condition
of the injector. In this regard, Fig. 15 reports the two injection laws, the
dimensionless intake valve lift (as a reference) and the critical pressure
above which the injectors start to operate in subcritical conditions. Such
critical value is computed as in Eq. (10):

2 \r1
Dcrit = Pintet 7+—1

Dt is the injector feeding pressure and y the specific heat ratio of
hydrogen. Although the delayed injection law is translated by 25° CA,
the injector still operates at sonic conditions for the whole event as the
injection ends well before the in-cylinder pressure overcomes the critical
value. This is important as the injection parameters (in particular
hydrogen velocity and mass flow rate) remain the same while the
phasing changes.

As visible in Fig. 16, which shows the probability density function
(PDF) of ¢ across the computational domain at the spark time, the
mixture homogeneity worsens significantly by delaying the injection.
This leads, in turn, to a reduction of NO mass of 17.1%, as shown in
Fig. 17a). In other words, the delayed injection law (starting at 150°CA
bTDCF) leads to a more heterogeneous mixture, which counterintui-
tively reduces the NOy emissions by approximately 17.1% compared to
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Fig. 15. Intake valve lift (non dimensional), cylinder pressure, critical pressure
and injection laws for the case at 2000 rpm, ¢ = 0.8 and ST = 0°CA.
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Fig. 16. Probability density function of ¢ at 2000 rpm, ¢ = 0.8 and ST = 0° CA,
for two different SOI, namely 175°CA bTDCF and 150°CA bTDCF.

the earlier injection law (starting at 175°CA bTDCF). This is coherent
with the above, that is reducing the homogeneity of a mixture whose
average @ is (roughly) the one of maximum NO production is beneficial.

It is important to point out that the case with the new injection law
provides a higher performance, thanks to both a slight improvement of
the volumetric efficiency (due to a smaller overlap between the openings
of intake valve and injector) and a richer mixture around the spark
(which is beneficial in terms of ignition). Therefore, for a fair compar-
ison, the NO emissions are also shown normalized by the power output,
in Fig. 17b). Even in this case, the reduction of NO is confirmed.

Interestingly, the proposed numerical sensitivity to the SOI is
confirmed by experimental evidences existing in literature. In fact, Kim
et al. [69] test different injection timings and show that a delay of the
SOI leads to a reduction of the NOy emissions.

Moreover, although in the present analysis the attention is focused
on the effect of the SOI, also the injection pressure strongly affects NOy
emissions. As shown by Huang et al. [70], decreasing the injection
pressure has the same effect as the SOI delay. In fact, lower pressure
means (on equal injected mass) longer injection duration and, thus, an
injection closer and closer to the TDC, with a consequent increase of the
mixture stratification.

SOI effect on NO, production

NO, [mg/cycle]

SOI 175 CA
a)

SOI 150° CA
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5. Conclusions

In the present paper, a 3D-CFD methodology for in-cylinder simu-
lations is proposed and validated against experimental data. The nu-
merical methodology aims at predicting both performance and NOy
formation in case of Hy combustion. It relies on in-house developed
models for ignition and heat transfer. As for combustion, the G-Equation
model is adopted, which is based on a Damkohler-derived turbulent
flame speed correlation and the well-consolidated laminar flame speed
by Verhelst. NOy emissions in the burnt gases are simulated using
detailed chemistry approach relying on validated chemical mechanisms.

The investigated engine is a single cylinder Diesel converted to
spark-ignition hydrogen combustion by the addition of spark-plug and
two low pressure gas injectors. Different revving speeds and mixture
qualities are considered for the numerical analyses and, for each con-
dition, multiple spark times are simulated. The methodology proves to
reliably estimate both in-cylinder pressure and NOy emissions, at the
different investigated operating points, with no case-by-case adaptation
of the model constants.

A deeper analysis of the CFD results points out the impact of spark
and injection timings, which in turn affect temperature and mixture
stratification and, thus, NOyx formation. In particular, a spark advance
reduction leads to a decrease of both in-cylinder pressure and temper-
ature. However, while NOy emissions are just slightly reduced (as the
temperature peak is scarcely influenced by the spark timing), pressure is
strongly sensitive and this leads to a considerable drop of both perfor-
mance and efficiency of the engine. As for the mixture stratification, 1D
chemical kinetics simulations indicate ¢ ~ 0.8 as the most critical one
for NOy emissions. 3D results confirm that NOy mass fraction is strongly
higher where the local equivalence ratio of the mixture inside the
chamber is equal (or close) to 0.8. Moreover, it is demonstrated that, in
case of combustion of a mixture with average ¢ equal to 0.8, the greater
the mixture homogeneity is (thanks to an injection timing advance), the
higher the NOy concentration at the exhaust becomes. The capabilities of
the 3D-CFD numerical methodology to predict NOx emissions and
deepen the phenomena leading to their formation make the methodol-
ogy suitable to be adopted in the optimization of engine parameters
(such as spark and injection timings), with the aim to reduce tailpipe
emissions and simultaneously preserve the performance.

It is finally fair to discuss the limitations of the proposed 3D-CFD
methodology, that can also be considered as hints for possible future
developments. The limitations are mainly related to the validation. For
example, the absence of gas injection experiments is one of the most
critical aspects. In fact, mixture stratification (which strictly depends on
the injection process) is one of the main drivers of the NOy formation, as
widely discussed in the text. Although in this work there is no rigorous

2 SOI effect on NO, production

—
o

NO, [mg/kWh]

SOI 175° CA
b)

SOI 150° CA

Fig. 17. NOy emission variation with SOI at 2000 rpm and ¢ = 0.8; a) shows values in mg/cycle, while b) in mg/kWh.
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validation in terms of Hj jets, the agreement obtained with in-cylinder
pressure and NOy emissions is a sort of indirect proof of a reasonable
representation of the injection. Still in terms of validation, the range of
operating conditions should be further expanded to include lower and
higher engine speeds as well as other equivalence ratios (both leaner and
richer). Another potential limitation is the flame thermo-diffusive
instability effect which is completely neglected in this work. Some of
these aspects are already under investigation by the authors and they
will be object of future works.
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A Turbulent flame speed model constant
Ag Flame kernel surface

aTDC(F) after Top Dead Center (of Firing)
BDC Bottom Dead Center

bTDC(F) before Top Dead Center (of Firing)
c Regress variable

Cp Specific heat at constant pressure
CA Crank Angle

CFD Computational Fluid Dynamics

CI Compression Ignition

CR Compression Ratio

dgap Distance between spark electrodes
DC Detailed Chemistry

ECFM Extended Coherent Flamelet Model
ECU Engine Control Unit

EGR Exhaust Gases Recirculation

Fij Diffusion flux component

G Passive flame propagation scalar
ICE Internal Combustion Engine

k Thermal conductivity

ker Forward reaction R rate constant
kir Backward reaction R rate constant
LES Large Eddy Simulation

LFS Laminar flame speed

M; Molar weight of species i

MFB Mass of Fuel Burnt

NOyx Nitorgen Oxides

P Pressure

Perit Critical pressure

PDF Probability Density Function

Pinlet Inlet pressure

Ik Flame kernel radius

I'k,init Initial condition for flame kernel radius
[Rk] Mole concentration of element Ry
RANS Reynold Average Navier Stokes
rpm Revolution Per Minute

S; Production/consumption rate for species i
Sy Laminar flame speed

St Turbulent flame speed

Splasma Expansion velocity of plasma channel
SI Spark Ignition

SOI Start Of Injection

ST Spark Time

T Temperature

t Time
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(continued)
TDC(F) Top Dead Center (of Firing)
Tk Flame kernel temperature
URANS Unsteady Reynold Average Navier Stokes
Vi Flame kernel volume
Vi, init Initial condition for flame kernel volume
u Velocity fluctuations RMS
u; i-th velocity component

X Space coordinate

Stoichiometric coefficient of reactant species i in reaction R
Stoichiometric coefficient of product species i in reaction R

Yi Mass fraction of species i
oL, Laminar flame thickness
) Equivalence ratio

v Specific heats ratio

Vhi

Vhi

Pk Flame kernel density

p Density

Pu Unburnt density
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