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HIGHLIGHTS

e An integrated 0D/1D/3D numerical framework for CFD simulations is proposed.
e The numerical framework is intended for ICEs fueled with NH;—H, mixtures.

e The framework is tested to convert a marine Diesel engine to NH;—H, mixtures.
o NH;—H, mixtures are effective Diesel substitutes in terms of performance.

e NH;—H, mixtures suffer from NOy formation even at very lean conditions.
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ABSTRACT

In the maritime transportation, e-fuels represent a valid alternative to fossil energy sour-
ces, in order to accomplish the European Union goals in terms of climate neutrality. Among
the e-fuels, the ammonia-hydrogen mixtures can play a leading role, as the combination of
the two allows to exploit the advantages of each one, simultaneously compensating their
gaps.

The main goal of the present publication is the proposal of a robust numerical frame-
work based on 0D, 1D and 3D tools for CFD analyses of internal combustion engines fueled
with ammonia-hydrogen mixtures.

The 1D engine model provides boundary conditions for the multi-dimensional in-
vestigations and estimates the overall engine performance. 3D in-cylinder detailed ana-
lyses are proficiently used to predict combustion efficiency (via the well-established
G-equation model supported by laminar flame speed correlations for both ammonia and
hydrogen) and emissions (with a detailed chemistry based approach). Heat transfer and
knock tendency are evaluated as well, by in-house developed models. As for the 0D/1D
chemical kinetics calculations, firstly they support 3D analyses (for example via the gen-
eration of ignition delay time tables). Moreover, they allow insights on aspects such as NOy
formation, to individuate mixture qualities able to strongly reduce the emissions.
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The present paper offers also indications for designers on the effectiveness of NH;—H,
as valid substitutes of traditional fuels in marine applications. In fact, the proposed
framework is preliminary tested to convert an existing marine Diesel engine to ammonia-
hydrogen mixtures. Different proportions (among the two fuels) are investigated, included
pure ammonia and pure hydrogen and the NH;—H, 80mol%-20mol% mixture is selected as
the best compromise. Thanks to both the anti-knock quality of the ammonia and the
(limited) addition of hydrogen as combustion enhancer, the engine supplied with NH;—H,
mixtures is able to operate free of knock and keep the same performance as the original
one. Simultaneously (neglecting the presence of lubricant oil in the combustion chamber)
unburned hydrocarbons, carbon monoxide and carbon dioxide are eliminated. Still in
comparison with the Diesel version, the heat transfer is similar, the NO, formation is much
greater and the engine range (here evaluated in terms of working hours) noticeably
reduces.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The climate neutrality claimed by the European Union (EU)
within 2050 [1] will force a huge reduction of greenhouse gas
(GHG) emissions (such as carbon dioxide) in the next few
years. Since the transportation is one of the main re-
sponsibles of CO, production [2,3], it will be largely impacted
by future legislation. In automotive, EU has already imposed
severe limitations with the recent ban to internal combus-
tion engines (ICEs) fueled with traditional fossil fuels starting
from 2035. This is pushing car manufacturers towards an
intense electrification of their fleets. As for the maritime
transportation, european legislation will be less restrictive
since alternative solutions such as electrification are less
straightforward, mostly for very large cargo ships. In this
case, biofuels [4—6] or e-fuels [7—9] seem to be more attrac-
tive. In fact, a well-consolidated technology such as the in-
ternal combustion engine can be still adopted while keeping
an overall carbon-neutrality. For example, considering bio-
diesel, if the CO, absorbed by the crop compensate for the
GHG at the exhaust due to combustion, the fuel is carbon-
neutral that is the net CO, emission null. Taking into ac-
count hydrogen, one of the most promising e-fuels, it is
carbon-free. Moreover, it can be considered carbon-neutral if
produced via electrolysis and the used electricity comes from
renewable sources. Besides H,, another e-fuel that is gaining
popularity is ammonia, mostly in combination with the
hydrogen itself. Compared to pure H, or pure NH3, mixtures
of the two are more appealing as substitutes of traditional
fuels (such as Diesel). In fact, despite the very promising
combustion-related properties reported in Table 1, hydrogen
suffers noticeable problems of storage. Even at liquid phase
(which requires cryogenic temperatures, i.e. < 100K, not
easy to achieve), its density is nearly one order of magnitude
lower than the Diesel one. At gaseous phase, even a
compression up to 700 bar(a) would not ensure a storage of
hydrogen sufficient for an autonomy comparable to the one
provided by Diesel. In addition, such a compression-based

technology is expensive and not suitable for long term stor-
age [10].

Other drawbacks related to the use of hydrogen are pre-
ignition and backfire. The first is due to hot spots inside the
chamber (such as spark-plug or deposits) that easily ignite
hydrogen because of the small value of the Minimum Ignition
Energy (MIE) compared to traditional fuels such as gasoline, as
visible in Table 1. The second takes place in case of port in-
jection as a consequence of a pre-ignition that occurs during
the intake stroke. Alternatively, backfire can occur (still in case
of port injection) as the flame goes back in the intake port even
if valves are closed. This is possible because of the very reduced
quenching distance (a comparison with gasoline is visible once
again in Table 1).

Conversely, NH; at liquid phase (pretty easy to be obtained,
since a compression to 10 bar(a) is enough at ambient tem-
perature) has a density similar to traditional fuels. Moreover,
itis characterized by a very high anti-knock quality. However,
ammonia suffers reduced Lower Heating Value (LHV) and
Laminar Flames Speed (LFS). In addition, the energy required
for ignition is higher with respect to hydrogen and traditional
fuels. In this scenario, NH3;—H, mixtures can be proficiently
adopted so that the two fuels can mutually compensate their
deficiencies. Ammonia and hydrogen properties are resumed
in Table 1 and compared with gasoline and Diesel ones.

Compared to traditional fuels, the advantage of NH;—H,
mixtures relies in the elimination not only of the principal
GHG (namely CO,), but also of many tailpipe emissions. UHC,
CO and soot (particulate matter) disappear, as carbon is not
present anymore in the fuel composition. NOy are the only
pollutants remaining at the exhaust. To be fair, it is important
to point out that a complete elimination of the previously
indicated pollutants (such as UHC) cannot be completely
satisfied, because of the production due to the traces of
lubricating oil on the combustion chamber walls that inevi-
tably take part to the reactions.

The adoption of ammonia-hydrogen mixtures is not a
novelty in the engine panorama. Review articles as well as
numerical and experimental studies are available in literature.
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Table 1 — Comparison in terms of properties between ammonia, hydrogen, gasoline and Diesel [10—34]. For such fuels

(especially for the latter), the proposed values are only indicative, as properties are strongly related to both quality and
provenience of the fuel.

Properties NH; H, Gasoline Diesel
Storage Liquid Compressed Liquid Liquid
Storage temperature [K] 300 300 300 300
Storage pressure [MPa] 1.1 70 0.1 0.1
Density under storage conditions [kg/m?3] 600 39 740 840
Density (standard conditions) [kg/m?] 0.703 0.082 740 840
Lower Heating Value (LHV) [MJ/kg] 18.8 121 43.5 42.7
Volumetric energy density (storage conditions) [GJ/ m?] 11.3 4.7 33 35.7
Stoichiometric air-fuel ratio (by mass) 6.05 34.29 14.5 14.5
LFS @ ¢ = 1 (standard conditions) [m/s] 0.07 2 0.4 0.8
Auto-ignition Temperature [K] 930 858 550 503
Research Octane Number (RON) 130 >100 98 15
Flammability limits in air (standard conditions) [vol%)] 15-28 4.7-75 0.6—8 0.6—5.5
Flammability limits in air (standard conditions) in terms of @ 0.6-1.4 0.1-7.1 0.3-4.1 0.5-5
Minimum Ignition Energy @ ¢ = 1 (standard conditions) [mJ] 8 0.018 0.2 0.63
Quenching Distance @ ¢ = 1 (standard conditions) [mm] 7 0.64 2 =

The current status of the development of engines fueled
with ammonia-hydrogen blends has been extensively
reviewed in Refs. [28,35—37].

Moving to the experimental investigations, tests were
proficiently employed to develop/improve chemical kinetics
mechanisms [38] or evaluate ignition delay times [39] and
laminar flame speed [40,41] of ammonia-hydrogen mixtures.
Moreover, several works [19-22,27,42—53] deal with experi-
mental activities aiming at evaluating the potential of
ammonia and hydrogen to replace traditional fuel without
penalizing engine performance and NOy formation. HCCI
combustion of ammonia-hydrogen mixtures is also investi-
gated [10,54]. In Refs. [55,56], an on-board generation system
of H, from NH; was developed and tested for the production of
ammonia-hydrogen mixtures to be adopted in an ICE. In
Ref. [S57], NH3— H, mixtures were exploited to fuel an engine
utilized as a range extender in a hybrid vehicle.

As for the numerical studies, even in this case fundamental
aspects such as chemical kinetics mechanism reliability,
ignition delay times, laminar and turbulent flame speeds as
well as emissions formation were investigated [58-67].
Moreover, numerical analysis dealing with the virtual con-
version of existing engines to ammonia-hydrogen mixtures
and aiming at evaluating performance and emissions are
proposed in Refs. [26,68—76]. In these papers, besides a more
traditional solution based on spark plug, HCCI and Diesel in-
jection ignition are also tested.

From the literature review, it is evident the lack of a
comprehensive numerical framework able to investigate all
the main aspects involved in the application of ammonia-
hydrogen mixtures to ICEs and also to simulate traditional
fuels (such gasoline or Diesel) for comparison. As a conse-
quence, there is no numerical study where an all-
encompassing set of results able to provide a feedback on
the potential of ammonia-hydrogen mixtures to replace
traditional fuels is presented.

The main goal of the present publication is the proposal of
a robust and comprehensive framework to investigate inter-
nal combustion engines powered by NH;—H, mixtures. Also
traditional fuels, such as gasoline or Diesel, can be simulated

by the proposed CFD methodology, for comparison with
NH;—H, mixtures thus highlighting pros and cons of the
latter. The numerical framework relies on 0D, 1D and 3D tools
and aims at predicting engine performance, combustion effi-
ciency, NOy emissions, heat transfer and knock, thanks to
well-established or in-house developed models.

In order to test the framework and provide designers with
general indications on the capabilities of NH;—H, mixtures to
replace traditional fuels, the second goal is the proposal of an
exhaustive set of results by a virtual conversion of an existing
marine Diesel engine to ammonia-hydrogen mixtures. For
simplicity, just a single cylinder is accounted for, whose
operation with Diesel fuel was experimentally investigated in
the past [77]. The single cylinder prototype was purposely
manufactured to allow experiments in a bench designed to
test light duty engines, characterized by total displacements
much smaller than the one of the starting marine Diesel en-
gine. Different NH3;—H, mixtures are tested, included extreme
cases, i.e. only NH; or only H,. The role of CFD is to evaluate
the actual capabilities of NH3;—H, mixtures to substitute
traditional fuels, by comparison with the original version of
the powertrain. In particular, the 1D model of the engine es-
timates the performance moving to the NH;—H, mixtures,
besides providing boundary conditions for the 3D in-cylinder
simulations. The latter predict combustion efficiency, NOy
emissions, heat transfer and knock tendency. 0D/1D chemical
kinetics simulations support 3D analyses (with tables of
autoignition delay times) and allow insights on aspects such
as LFS and NOy formation, in order to investigate the possi-
bility to reduce nitrogen oxides for particular ranges of
mixture quality.

Compared to the existing literature, the present paper
proposes a different and more robust numerical setup, espe-
cially for the in-cylinder 3D simulations of ammonia and
hydrogen. In other words, the ensemble of the models has
never been used before for the investigation of NH;—H, mix-
tures and it should increase the predictive capabilities of the
CFD. Moreover, the overall framework based on the integra-
tion of OD, 1D and 3D tools is another distinctive element of
this work that cannot be found in literature, as it allows the
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investigation of all the main aspects involved in the com-
bustion of ammonia-hydrogen mixtures (engine performance,
combustion indicators and efficiency, NOx emissions, heat
transfer, knock and autonomy) and a comparison with Diesel
operation. Finally, the comprehensive set of results proposed
hereafter (by the Diesel engine conversion test case) that al-
lows to evaluate the potential of ammonia-hydrogen mixtures
cannot be found elsewhere in the existing studies.

The structure of the paper is briefly resumed in the
following. After the introduction, the investigated engine and
the operating condition (with both Diesel and NH;—H,
mixture) are described. The numerical setup of 0D, 1D and 3D
simulations is presented. Then results are discussed (both for
Diesel and NH;—H, mixtures) and, finally, conclusions are
drawn.

2. Engine, investigated conditions and
experimental data

2.1. Engine overview, Diesel operating condition and
experimental data

The examined engine is a single-cylinder direct-injection 4-
stroke engine derived from a larger heavy-duty Diesel unit
for marine propulsion applications. The latter is characterized
by a maximum specific power >2000 kW, obtained with a
total displacement > 50,000cm?. The main characteristics of
the single-cylinder engine are reported in Table 2. The engine
is equipped with a common rail injection system able to
manage injection pressures up to 160 MPa and, due to the
solenoid electro-injector, multiple injection strategies can be
employed. Diesel is injected at 1550bar via a centrally
mounted 8-holes direct injector. No turbocharger is present.
Indeed, an external supercharging system is able to provide
intake pressures up to 4 bar and presents a pressure regula-
tion valve which instantly adjusts the flow in order to reach
the required pressure value. The engine is connected to an
asynchronous motor by a HBM T10FS torsiometer, which al-
lows torque acquisition. In addition, the flow rate supplied to
the engine is continuously measured through a flow sensor
meter. The in-cylinder pressure is monitored by a Kistler
7061B piezoelectric pressure transducer and the injection
current signal to the solenoid is obtained by an amperometric
clamp. All the data are acquired by the AVL INDICOM 621. The
AVL DiGas 4000 is used for the acquisition of HC, CO and CO2
concentrations and the fuel equivalence ratio. Moreover,
compared to Ref. [78], the same instrument (whose main
characteristics are summarized in Ref. [79]) is adopted to
obtain NO4 concentration at the exhaust.

Table 2 — Main engine features.

Engine Model Single cylinder Diesel unit

Compression ratio 136:1

Bore/Stroke, mm 170/185

Displaced volume, cm? 4200

Valve number 2 intake + 2 exhaust
Maximum brake power, kW 155

Maximum revving speed, rpm 2100

The engine is numerically investigated at part load (93 kW
as brake power) and 1700 rpm. In fact, for this condition, all the
data (brake torque, air flow rate, fuel flow rate, boost pressure,
in-cylinder pressure and emissions) are available for CFD
computations. Boost pressure and inlet temperature provided
by the bench for the investigated condition are equal to ~ 2.8
bar and ~ 298 K.

2.2. Operation with NH;—H, mixtures

In the present study, the engine operation under NH;—H,
mixtures aims at reproducing the original Diesel operation
described in the previous paragraph. Hence, nominally, the
operating condition is the same. De facto, as it will be evident in
the result section, the engine output is slightly different as it is
not known, a priori, the exact amount of ammonia and
hydrogen required to achieve the original engine performance.
In this regard, conversion is made on equal theoretical heat
release. As visible in Table 3, which resumes the investigated
fuel compositions (along with mixture qualities and required
masses), the theoretical energy is kept the same as in the
original engine. This is purposely done, as a first attempt, to
obtain a brake power as similar as possible to Diesel operation.
Five fuel compositions are preliminary investigated (at ¢ =
1), ranging from pure ammonia to pure hydrogen, then the
mixture NHs;—H, 80mol%-20mol% is selected as best
compromise and considered for further investigations (such
as operation at @ = 0.4). The choice of a stoichiometric air/fuel
ratio for the preliminary investigations is motivated by the
combustion-related properties of the ammonia. In particular,
LFS at @ =1 is strongly lower compared to traditional fuels
(even in case of H, addition if the latter is moderate). There-
fore, as a preliminary step, it is preferred not to further
penalize it moving towards lean (or rich) air/fuel ratios.
Different aspects can be noticed from Table 3. Firstly, a
strong increase of the H, mole percentage does not corre-
spond to an increase equally large of mass percentage,
because of the reduced molecular weight. Secondly, the fuel
mass required to obtain the same theoretical heat released
diminishes increasing the hydrogen content. This is related to
the LHV value that, as visible, is extremely higher for H,.
Thirdly, at ¢ = 1, the air mass (required to burn the reported
fuel amount) is similar for the different fuel compositions.
This is due to the energy content (intended as heat released
per air mass unit) which does not remarkably change
increasing the hydrogen content. This is due, in turn, to the
energy content definition (LHV/«s), in which both LHV and «s
increase with H, concentration. A similar trapped air mass
target between the cases implies a minimal difference in
terms of boost pressure (ranging from ~ 1.7 to ~ 1.8 bar),
which is in turn lower than Diesel operation one. Only
decreasing the equivalence ratio to 0.4, as shown in Table 3,
trapped air augments along with the boost pressure (up to
~ 3.8 bar). As for the air temperature provided by the test
bench, it is supposed to be the same as Diesel case, i.e. 298 K.
Operation with NH3;—H, mixtures implies modifications to
the engine layout compared to the original one. Despite the
conversion to the e-fuels is virtual, it is intended to minimize
interventions, in order to reduce complexity and costs in case
of actual realization. Firstly, the injection system is modified.
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Table 3 — Investigated fuel compositions.

Fuel Diesel NH3*H2 NH3*H2 NH3*H2 NH3*H2 NH3*H2 NH3*H2
100mol%- 90mol%- 80mol%- 80mol%- 50mol%- 0mol%-
O0mol% 10mol% 20mol% 20mol% 50mol% 100mol%
NH; [mol%] 100 90 80 80 50 0
H, [mol%] 0 10 20 20 50 100
NH; [mass%] 100 98.7 97.1 97.1 89.5 0
H, [mass%] 0 13 2.9 29 10.5 100
Energy [J] 17,630 17,630 17,630 17,630 17,630 17,630 17,630
Fuel Mass [mg] 410.0 937.8 875.9 810.1 810.1 597.0 145.7
Air Mass [mg] 11,840.0 5674.6 5621.6 5565.2 13,913.0 5382.7 4996.1
Total Mass 12,250.0 6612.4 6497.5 6375.3 14,723.1 5979.7 5141.8
(Air + Fuel) [mg]
LHV [MJ/ kgryel] 4325 18.80 20.13 21.76 21.76 29.53 121.00
Energy Content, 3.015 3.107 3.113 3.120 3.120 3.152 3.529
@ =1 [M]/ kgai]
as 14.34 6.05 6.42 6.87 6.87 9.02 34.29
(] 0.5 1 1 1 0.4 1 1

The original one is replaced by a solution similar to the
apparatus proposed by Lhuillier [53], in which ammonia and
hydrogen are stored in tanks, port-injected and mixed with air
before the intake plenum, where homogeneity is achieved.
Following the works proposed by Dinesh and Frigo [21,27],
storage pressure for NH; and H, can be equal to nearly 9 bar
and 150 bar, respectively. As for the first, it is sufficient to keep
NH; at liquid phase at room temperature. As for the second,
the high value is needed to achieve a density sufficient for the
engine test at the bench. Lower storage pressure for the
hydrogen would lead to a rapid depletion. Geometry of head,
liner, piston and ports is preserved, along with the compres-
sion ratio. The latter is kept not to penalize the efficiency,
relying on anti-knock quality of the ammonia. Diesel injector
faced to the combustion chamber is replaced by a commercial
spark plug with an electrode gap of 0.8 mm. However, for
simplicity, the spark plug geometry is not included in the
numerical model. As for the electrical circuit, a coil ignition
system of a current production high performance engine is
considered. The secondary circuit is characterized by resis-
tance, inductance and electric energy equal to 2100 Ohm, 1.8 H
and 44 mJ, respectively. As for the valve lifts, they are modified
in order to minimize the overlap (wide in the original Diesel
version to promote exhaust gas release), thus reducing the
possibility of fuel leakage at the exhaust. This is done antici-
pating the exhaust valve closing (EVC) and retarding the
intake valve opening (IVO). In addition, exhaust valve opening
(EVO) is delayed in order to maximize the indicated work. De
facto, in the exhaust profile, ramps are approached reducing
the interval of maximum lift. As for the intake profile, the
shortening takes place via a scaling as the interval of
maximum lift is too short and approaching the ramps would
lead to a reduction of the maximum lift and a consequent
reduction of the permeability. This optimization of the valve
lifts accounts for only the investigated condition. In a future
development of the present work it will be necessary to
evaluate the effectiveness of these profiles even on other
operating conditions. A comparison between original and
modified valve lifts is proposed in Fig. 1.

It is important to point out that the proposed conversion
accounts for (most of) the thermo-fluid dynamics aspects. The

structural ones are not considered in the present paper, even
if they are not of secondary importance. In fact, hydrogen
characteristics are able to strongly affect the mechanical
strength of components as valves and injectors. This requires
the adoption of ad-hoc materials and/or superficial coatings.

3. Numerical set-up

0D, 1D and 3D tools that compose the CFD framework pro-
posed in the present paper are extensively described in the
following along with their numerical setup. As anticipated in
the introduction, 0D/1D chemical kinetics models are exploi-
ted to support 3D simulations via autoignition delay time
table. Moreover, they allow insights on different aspects such
as laminar flame speed and NOy emissions. The 1D model of
the engine provides 3D simulations with boundary conditions
and helps to evaluate the engine performance. 3D in-cylinder
analyses estimate combustion efficiency, NO, emissions, heat
transfer and knock.

Valve Lift

15

12

[mm]

-=-=-Exhaust Diesel
——Exhaust NH3-H2

-==Intake Diesel
——Intake NH3-H2

Fig. 1 — Intake and exhaust valve lifts for the original Diesel
engine and the modified one.
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3.1. 0D/1D chemical kinetics models

Chemical kinetics calculations are exploited to obtain values
of ignition delay, laminar flame speed and NOy concentration.
For all the 0D/1D chemical kinetics simulations DARS v2020.1
licensed by SIEMENS PLM is adopted. Different chemical
schemes are used based on the specific task. All the 0D/1D
analyses are briefly described in the following.

e Ignition delay calculations: they are carried out via a con-
stant pressure 0D (unsteady) reactor. Governing equations
for the reactor are widely described in DARS manual [80].
Calculations are performed for different NH;—H, mixtures,
100mol%-0mol%, 90mol%-10mol%, 80mol%-20mol%, 50mol
%-50mol% and Omol%-100mol%. Different chemical
schemes are adopted, namely Shrestha [12], Klippenstein
[81] and Creck [82—84]. For these mechanisms, the number
of species is 125, 33 and 31, while the number of reactions is
1090, 207 and 203, respectively. As for the thermodynamic
conditions, wide ranges of pressure and temperature are
considered, in order to account for all the possible
states experienced by the charge during the hot portion of
the engine cycle. In detail, 20 < p [bar] < 200, 400 < Ty [K] <
1400, 0.9 < @ < 1and 0 < EGR [mol%] < 5. Itis useful to point
out that the high-temperature auto-ignition delay time is
defined as the time for which the mixture temperature in-
crease from its initial state exceeds 400 K [85].

Laminar flame speed calculations: they are performed
adopting the 1D (steady-state) freely propagating flame
tool. A freely propagating flame model is a hypothetical
model of a planar, unstretched and infinitely large flame
front propagating through a premixed medium. Governing
equations can be found in DARS manual [86,87]. The same
three chemical mechanisms mentioned in the first bullet
point are adopted. Simulations are carried out only for the
mixture NHs;—H, 80mol%-20mol% at ¢ =1 and different
conditions in terms of pressure and unburnt temperature.
The reason to limit the analysis to a unique mixture (both
in terms of fuel composition and air/fuel ratio) is that the
latter is identified as the most promising one in the present
study, as it will be clarified in the next paragraphs. As for
the pressure and temperature conditions, they are repre-
sented by the 14 points reported in Fig. 2. They can be
considered as representative of the conditions experienced
by the mixture during the hot portion of the engine cycle,
i.e. between 700° and 765° CA (Crank Angle). Laminar flame
speed calculations account for the presence of EGR as well,
which ranges from 0 mol% to 2mol%.

Species concentration calculations: similarly to laminar
flame speed ones, they are carried out via the 1D (steady-
state) freely propagating flame tool. These simulations are
focused on the estimation of the mass concentration of NO,
and, besides the same three chemical mechanisms
mentioned in the first bullet point (adopted for the NH;—H,
mixtures), a further one still provided by the Creck Modeling
Group is exploited (adopted for C;,Hys which replaces Diesel)
[88—90]. On the one hand, NO, calculations are performed
with NH;—H, mixtures for rich-to-very-lean mixtures
(~ 0.1 < @ < 1.2) and are mainly used to investigate extreme

(TU;p)

120

110 +
100
90
80

[bar]

70 4
60
50 -
40 -

30
720 760 800 840 880 920 960 1000

Fig. 2 — 14 thermodynamic states representative of the
conditions experienced by the mixture during the hot
portion of the engine cycle.

@ values that inhibit NO, formation. On the other hand, NO,
calculations with Cy,Hys provide outcomes to be compared
with NO Relaxation Approach (NORA) model [91] for valida-
tion purposes, as it will be shown in the next paragraphs.

3.2. 1D engine model

GT-SUITE licensed by GAMMA TECHNOLOGIES is the 1D
commercial code adopted to represent the engine. The
developed model is the same described in Ref. [78] and in-
cludes intake and exhaust ports as well as the cylinder. As for
the pipes, the unsteady 1D flow is solved, while the in-cylinder
phenomena are simulated via a 0D approach. Focusing on
Diesel operation, lifts and phasing of the valves correspond to
the actual ones and are imposed as inputs to the model. The
boosting is not provided by a combination of turbocharger and
cooling heat exchanger, but it is simply reproduced imposing
the plenum pressure (in order to mimic the bench). Temper-
ature is fixed at the plenum as well. The Woschni-GT model
[92] closely resembles the classic Woschni correlation [93] and
predicts the convective heat transfer through the combustion
chamber walls. Revving speed, injection timing, fuel mass per
cycle and plenum pressure are fixed equal to the experimental
value; the engine exhaust pressure is set equal to the ambient
one. Wall temperatures are fixed equal to the ones adopted in
the 3D simulations (that will be presented in the following).
Turbulence and combustion are simulated through sub-
models available in GT-SUITE. In particular, premixed and
diffusive combustion modes of Diesel operation are replicated
by the ‘DIJET’ phenomenological sub-model. The latter is
properly calibrated against the experimental data of the
investigated condition, adopting a unique set of tuning con-
stants. In particular, the calibration is performed via a tuning
of the constants of ignition delay time, jet break-up time,
liquid droplet evaporation rate and entrainment rate of air
and residuals.
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Moving to the NH;—H, mixtures, similarly to Ref. [78], the
1D model of the original Diesel engine is converted to Spark
Ignition (SI) operation under NHs/H,/air mixtures. Diesel
direct injector is replaced by a spark plug. Following the con-
siderations proposed in the previous paragraphs, ammonia
and hydrogen are not supplied by port injectors near the
combustion chamber but directly imposed at the feeding line
of the intake plenum. In particular, the mixture composition
(i.e. concentrations of air, NH; and H,) is fixed before the
plenum. Valve lifts and phasing are ad-hoc modified, as pre-
viously presented. Similarly to the Diesel version, intake
pressure and temperature are simply imposed modifying the
conditions upstream the intake plenum. In this regard, it is
necessary to point out that the mixture temperature corre-
sponds to the one of the air provided by the bench, thus
neglecting the effect related to the injection of both H, and
NHj;. On the exhaust side, ambient conditions are still applied.

Heat transfer model and wall temperatures are the same
adopted for the Diesel simulations. As it will be confirmed by
the 3D simulations, the total thermal load is nearly the same
between Diesel and NH3;—H, mixtures (even if differently
distributed among the boundaries of the cylinder), so
considering the same wall temperatures can be acceptable for
the OD heat transfer model. In-house developed sub-models
for turbulence and combustion are implemented into GT-
SUITE to perform preliminary simulations aimed at
providing boundary conditions for the 3D-CFD analyses.

Turbulence is reproduced by a 0D sub-model, widely vali-
dated in the past by the authors [94,95]. Tuning of the turbu-
lence model parameters for the currently investigated engine
can be found in Ref. [78]. Briefly, the tuning is realized by a
hierarchical 1D/3D numerical methodology, deeply treated in
Refs. [78,95—97], where 3D-CFD simulation results of in-
cylinder mean flow and turbulence under motored condi-
tions and different speeds are taken as reference to calibrate
the user-defined 0D turbulence sub-model.

As for the combustion, similarly to Ref. [78], a predictive
sub-model is employed, able to provide accurate results even
in presence of limited experimental data or 3D outcomes. It
has a physical background relying on a fractal behavior of the
wrinkled flame front. De facto, the model reproduces the
enhancement of the laminar flame front surface due to the
turbulence effect [98]. The laminar flame speed adopted by the
model is the same as the one of the 3D-CFD simulations.
Therefore, a wide description of the LFS is demanded to the
following paragraph.

As previously anticipated, predictive turbulence and com-
bustion models are adopted just in preliminary simulations.
In fact, ulterior calculations aimed at verifying the engine
output starting from burn rates provided by the 3D-CFD are
carried out via a simplified approach based on the application
of a combustion profile. In such performance simulations, the
heat transfer model is calibrated against 3D outcomes to
provide a proper estimation of the heat transfer.

3.3. 3D models
3.3.1. In-cylinder model for Diesel fuel

3D-CFD simulations are carried out with STAR-CD v4.34,
licensed by SIEMENS PLM [99]. Turbulence is approached via

Table 4 — Heat transfer models. qy, p, ¢, U,, T, Ty, y* and
Pr are wall heat flux, gas density, gas specific heat,

friction velocity, gas temperature, wall temperature,
dimensionless distance and Prandtl number,
respectively.

GruMo-UniMORE Angelberger
T
_ poUs (T = T) _ ”CP“TT‘"(ﬁ>
Qv = 2075In(y*) + 132Pr —5.34 Qv = 2075 In(y+) + 3.9
Adopted Model
T
U, TIn( —
i (Tw)

9w = 5075 In(y*) + 13.2Pr —5.34

the k—¢ RNG model for compressible flows [100], widely
diffused for in-cylinder simulations in the engine community.
The ideal gas equation of state is adopted to close the set of
RANS equations. Viscosity, specific heat and thermal con-
ductivity are temperature dependent. The first is modeled by
Sutherland equation. The second and the third are polynomial
functions. At the walls, a non-slip conditions is imposed and
temperature is fixed. Despite intrinsic limitations [101,102], a
high-Reynolds (i.e. wall function based) approach is preferred
for the near-wall flow modeling, to limit the computational
cost. As for the heat transfer modeling, a purposely developed
model is adopted, based on a combination of two well-
consolidated ones, namely the GruMo-UniMORE (developed
by the authors [103—105]) and the Angelberger [106]. As visible
in Table 4, the adopted heat transfer model is similar to the
Angelberger but with the thermal wall function proper of the
GruMo-UniMORE. The reason relies on the opportunity to
exploit the capabilities of both the models. In authors’ expe-
rience [107], Angelberger is recommended when the revving
speed is low (especially in SI engines), as in the present
analysis. The thermal wall law of the GruMo-UniMORE model,
instead, allows to account for the mixture properties thanks to
the variable Prandtl number. Therefore, it is possible to ac-
count for peculiar characteristics of ammonia and hydrogen.
Wall temperatures for head, liner, piston, intake port, exhaust
port, intake valve face, intake valve stem, exhaust valve face
and exhaust valve stem are fixed to 500 K, 450K, 550K, 350K,
550K, 450K, 350K, 810K and 700 K, respectively.

PISO solution algorithm and second order MARS numerical
scheme are adopted for momentum, temperature and turbu-
lent quantities transport equations. Turbulent Prandtl and
Schmidt numbers are constant and set equal to 0.9.

As for Diesel fuel simulations, the computational domain is
reported in Fig. 3a) and itincludes cylinder and intake/exhaust
ports.

The total number of fluid cells is about 475k at TDC and
960k at BDC. Layer addition and removal is adopted to
account for mesh motion. Time step ranges between le — 6s
and le — 7s, to keep the CFL number below 1. Time dependent
pressure and temperature boundary conditions are derived
from the GT-SUITE 1D model described in the previous
paragraph. As for the spray, a Lagrangian approach is
adopted, whose description is demanded to Appendix A,
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a)

b)

Fig. 3 — Computational grid for a) in-cylinder full chamber simulation and b) in-cylinder sector simulations.

where the vessel spray simulation setup is described and
validation is proposed. Senda approach [108] is included to
manage the interaction between droplets and walls and the
evaluation of the Leidenfrost temperature is demanded to the
Habchi model [109].

Combustion is modeled via ECFM-3Z [110], as it was
widely validated in previous publications by the authors on
several engines [96,104,105,111-113]. ECFM-3Z is a general-
purpose combustion model able to simulate turbulent mix-
ing, flame propagation (i.e. premixed or partially premixed
combustion), diffusive combustion and pollutant emissions
formation. For Diesel combustion simulations in ECFM-3Z,
pre-ignition chemical kinetics is not on-line solved: the
Tabulated Kinetic Ignition (TKI) model is adopted [114],
which relies on pre-computed libraries containing auto-
ignition delays. For the present simulations, a table pro-
vided with the software installation is adopted, in which
delays are computed via DARS using a n-dodecane/p-xylene
mixture as Diesel surrogate and a reduced mechanism
from LLNL [115]. The same surrogate and mechanism are
adopted to compute laminar flame speed (LFS) values which
are tabulated as well, similarly to ignition delays, as a func-
tion of unburned temperature, pressure, equivalence ratio
and EGR.

LFS is exploited in the flame surface density (X) transport
equation [99] of ECFM-3Z, which governs the turbulent flame
propagation (and thus the fuel burning rate) during the first
stage characterized by premixed combustion.

Premixed combustion obeys to the one step reaction re-
ported in Eq. (1), in which C;,Hye (With DF2 properties [116]) is
adopted as a representative of the fuel (C,Hp).

CnHm+F(n+%>Oz+(1—F)(g)Oz

— FnCO, + (1 — F)nCO + F(%)HZO +(1-F) (%) H,

1 o<1
F—{[4(n+m/4)/<b—2n]/(2n+m) 1<d< (2+m/2n)
0 @ > (2+m/2n)

Considering post-flame reactions, ECFM allows to
account for diffusive combustion mode and emission
formation.

As for the diffusive combustion, Eq. (1) simplifies to Eq. (2).

Cobln + (0 +%> 0, - nCO; + (%)HZO )

The fuel burning rate in diffusive mode is calculated via the
eddy break-up assumption [99].

As for the emission modeling, NORA [91] and Sectional
[117,118] models are activated in order to predict formation of
NOy and soot. As for the unburned hydrocarbons (UHC), there
is no specific model and they are simply approximated to the
residual fuel at EVO. The presence of unburned fuel can be due
to uncomplete premixed combustion or lack of oxygen in the
burnt gases (even for a partial oxidation into CO). End of
simulation (EoS) is close to the EVO, so that the in-cylinder
concentrations of the pollutant emissions at the end of run
are adopted for comparison with the experimental data
(under the hypothesis that reactions are frozen at EVO).
Further details on the methodology to compare emissions
from CFD and experiments can be found in Ref. [119].
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Simulation start and end are fixed to 90° CA and 810° CA
respectively, with 720° CA that corresponds to the TDC of
firing. Multiple cycles are run to eliminate the influence of the
initial conditions.

3.3.2. In-cylinder model for NH;—H, mixtures

Moving to the in-cylinder simulations with NH;—H, mix-
tures, the computational domain is the same as for Diesel
analyses. Wall temperatures and simulation start/end are
kept as well. Multiple cycles are run even in this case, to
eliminate the effect of the initial conditions. Time dependent
pressure and temperature boundary conditions are still
derived from the previously described GT-SUITE 1D model.
Compared to Diesel simulations where only air flows in the
domain from the intake port, a premixed (homogeneous)
mixture is fixed as boundary condition at the intake. Besides
the proposal of a comprehensive numerical framework, the
present paper aims at comparing the operation, on the same
engine, with Diesel and NH;—H, mixtures. Therefore, it
would be straightforward the adoption of the same numeri-
cal framework moving from fossil to e-fuels. This is even
more true considering that, for Diesel operation, simulations
are validated against experiments, thus the predictive ca-
pabilities changing only the fuel should be promising. How-
ever, moving from Diesel to NH;—H, mixtures the numerical
framework is forcibly different, at least in terms of ignition,
combustion and emission modeling. In fact, despite ECFM-3Z
and NORA models can simulate all types of combustion
(premixed, partially premixed and unpremixed/diffusive),
they do not support simulation of fuels devoid of carbon
content, as implemented in the adopted STAR-CD version.
Conversely, G-Equation and Detailed Chemistry (DC) models
(adopted for the simulation of NH;—H, mixtures) cannot
simulate diffusive combustion such as under Diesel opera-
tion. Apart from ignition, combustion and emissions, the rest
of the numerical setup (such as mesh, numerics and turbu-
lence modeling) is the same moving from Diesel to
ammonia-hydrogen mixtures.

It is important to point out that, despite experiments are
not available in the current work for premixed combustion
with NH;—H, mixtures, validation of G-Equation along with
the adopted ignition model and the Damkéhler (Da) correla-
tion for the turbulent flame speed has already been carried out
by the authors at similar conditions: in Ref. [120] a Diesel en-
gine converted to SI operation with hydrogen is investigated
and numerical results are successfully validated against
experimental data.

As anticipated, in case of NH;—H, mixtures, combustion
and emissions formation are simulated via G-Equation
[121,122] and DC [99,123,124]. G-Equation is a level-set-method
based combustion model, which separates the burnt region
from the unburnt one by an iso-surface of a scalar named G.
This iso-surface is defined as the G = 0 surface. It can be seen
that the G = 0 iso-surface only defines the flame front posi-
tion. To describe the flame structure in turbulent flows, the
variance of G (G’) is also required, from which we can obtain
the turbulent flame thickness.

St is the turbulent flame speed which is expressed by the
Da correlation [122] and reported in Eq. (3).

u'\"
s ()

A and n values are inherited from Ref. [99] and are equal to
3.6 and 5/6 respectively. u’ is the RMS of the turbulent velocity
fluctuations. As visible in Eq. (3), Sy relies on S;. With respect to
Diesel simulations carried out in the present work, where the
laminar flame speed is tabulated, for NH;—H, mixtures LFS is
obtained via correlations inherited from Ref. [125] and char-
acterized by the form reported in Eqg. (4) (unless the scaling
factors for the very lean conditions which are omitted here for
brevity).

8
T\
51 =Su0 (m) < pi) (4)

Sio, @ and @ are polynomial functions depending on the
equivalence ratio. Coefficients for such polynomials (and for
the scaling factors at very lean conditions) as well as values of
reference pressure (ps) and temperature (T,) can be found in
Ref. [125]. In this reference, coefficients and reference quan-
tities can be found for LFS of both pure ammonia and pure
hydrogen and are obtained via chemical kinetics simulations
carried out with DARS software and the Creck mechanism
[82,83] already mentioned in the previous paragraphs. It is
important to point out that, as visible in Eq. (4), EGR is not
accounted for in the laminar flame speed correlations avail-
able in Ref. [125]. Nonetheless, they are adopted because EGR
percentage (by mass) is nearly 1.7% for all the analyses pre-
sented in the following, thus its impact is not significant. This
approximation will be further discussed in the results section.
Moreover, since the adopted laminar flame speed correlations
for ammonia and hydrogen are obtained from 1D chemical
kinetics correlations, they do not include the effects of the
instabilities due, for example, to differential diffusion, which
is non-negligible in case of hydrogen. However, as reported in
Refs. [120,126], the inclusion of the instabilities is not essential
to obtain a reliable estimation of the engine performance.

In order to obtain laminar flame speed for NH;—H, mix-
tures, starting from the ones for pure ammonia and pure
hydrogen, Hirasawa model [127] is adopted. This model as-
sumes that the flame temperature of each fuel component is
determinant to obtain the laminar burning velocity of the
mixture. Therefore, the latter (Syn), reported in Eq. (5), is made
of quantities that are weighted composition of the properties
of the component fuels.

(3)

_Tam

SLm =e Thm (5)

Definitions of T,y and Ty, are reported in Eq. (6) and Eq. (7).

— E xininj In (SLJ')

Tam = ‘ZlT (6)
n
=2 xiniTy;
Tin = % ?)
m

x; is the mole fraction of fuel component i in the mixture
while n; is the number of total moles of products and inert
gases produced from the combustion of 1 mol of fuel
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component i under stoichiometric conditions. Tr; and S;; are
flame temperature and laminar burning velocity, respectively,
of fuel component i at the equivalence ratio of the mixture. n,,
is defined as in Eq. (8).

N = il XiN; (8)

In the light of the mixtures investigated in the present
study and previously mentioned, xyu; assumes values equal to
0,0.5,0.8,0.9 and 1. xy, values are 0, 0.1, 0.2, 0.5 and 1. nyy3 and
ny, are equal to 19.28 and 5.76, respectively. Finally, Ty ys and
Ty 2 are fixed to 2073.15 K and 2383.15 K [128], which represent
adiabatic flame temperatures at ambient conditions, namely
298K and 1 bar(a). The adoption of fixed values despite con-
ditions change during the engine cycle will be justified in the
result section of the present paper.

In order to account for flame quenching at the walls, a
dedicated model is adopted [99]. It is based on the calculation
of the quenching distance lj, reported in Eq. (9). When the
distance between a cell centroid and a wall is less than I, the
turbulent flame speed of the cell is set to the laminar flame
speed.

lo=fo[115m / (pC07k0%) | )

fqis a parameter whose valueis set to 5, asin Ref. [99]. p and
w are density and molecular viscosity, k is the turbulent ki-
netic energy and C, is the empirical coefficient adopted in the
formulation of the turbulent viscosity. 11.5 represents the
value of the dimensionless distance (y*) which should act as
separation point between viscous sub-layer and log-region in
the boundary layer. De facto, the model establishes that below
ay' of 57.5 (i.e. in both viscous sub-layer and buffer region) the
flame stretch due to turbulence is negligible. This represents a
simplification of the Bruneaux model [129]. In fact, the latter
provides for a correction of the integral length scale (to be
adopted in the stretch effect calculation) approaching the
wall, namely for y™ <50, to account for that vortices larger
than their distance to the wall are not expected to survive. In
the present model, instead, for y* <57.5, turbulence effect on
the flame speed is totally neglected.

Despite separation of burnt and unburnt gases is ideally
governed by G iso-surface, the presence of a flame brush is
considered by means of the definition of a reaction progress
variable (c), determined via the turbulent flame brush thick-
ness [99]. Value of c ranges from 1 (unburnt mixture) to 0 (fully
burnt mixture).

As stated before, G separates burnt and unburnt regions.
When spark occurs and G = 0 iso-surface starts propagating, c
value diminishes. When the progress variable becomes lower
than 0.99, Detailed Chemistry model activates. The latter is
designed to meet the requirements of incorporating detailed
chemical kinetics in engine simulations. This model effi-
ciently solves transport equations for all the species, in which
the production/consumption rate is obtained by means of a
detailed reaction mechanism.

DC is purposely adopted to predict emissions formation.
For example, considering NOy, transport equations for NO and
NO, allow to trace production/consumption of these
quantities.

As for the chemical schemes adopted in the 3D in-cylinder
simulations with DC, Shrestha, Klippenstein and Creck
mechanisms have been considered, that are the same
exploited for 0D/1D analyses in DARS.

For the NOy evaluation, the hypothesis of frozen reactions
after EVO is still assumed. Moreover, even in this case, con-
centration in the cylinder at EoS is considered, despite the
latter occurs well before the EVO for NH;—H, mixtures. The
reason is that NO, concentration does not remarkably change
after the EoS.

In addition to NOy, the estimation of unburnt NH; and H, at
the exhaust is possible as well. The two e-fuels that are not
consumed contribute to the formation of unburnt NH; and H,
at the exhaust. Similarly to NOy (and for the same reasons), it
is supposed that unburned NH; and H, at the exhaust can be
calculated via the concentrations at EoS.

In order to start the combustion process (imposing an
initial flame kernel and governing its growth) and initialize the
G-field, an ignition model is adopted.

In order to simplify the modeling of the ignition process,
several assumptions are made. First of all, electrical circuit
dynamics modeling is not considered for two different rea-
sons. Firstly, the electrical circuit has not a relevant impact on
the ignition delay. In fact, as reported in Refs. [130—132], the
time interval between nominal spark time and break-down is
equal to few microseconds (~ 10us), thus negligible in terms of
CA at the currently analyzed revving speeds. Break-down is
even faster, thus negligible as well. Secondly, despite a proper
modeling of the circuit can help to verify the existence of the
conditions for the ignition occurrence, it is not necessary for
the present analysis, thanks to the adopted ignition system
described in the previous paragraphs, meant to be utilized
with SI high performance engines supplied with traditional
fuels. In fact, neither the break-down voltage nor the Mini-
mum Ignition Energy (MIE), both able to significantly affect the
ignition occurrence, remarkably change moving from fossil
fuels to ammonia and hydrogen. Starting from the break-
down event, Tambasco [133] shows that addition of methane
to air does not remarkably affect the break-down voltage of
the latter. Moreover, in Refs. [134—136] it is shown that break-
down voltage required by hydrogen is lower than air one.
Finally, in Ref. [137] the break-down voltage of ammonia is
indicated to be similar to that of air. From this literature re-
view it is possible to conclude that moving from traditional
fuels to NH3;—H, mixtures should not affect the possibility of
break-down to take place.

Focusing on the MIE, it is necessary to anticipate that the
NH;—H, mixture selected for the engine operation is the
80mol%-20mol%. For this composition, Verkamp shows in
Ref. [11] that MIE is comparable to a traditional fuel such as
methane.

As for kernel formation and growth after the spark event,
the modeling is inspired to the well diffused Herweg and Maly
approach [138] with some simplifications. From Ref. [138], Eq.
(10) that governs kernel growth is inherited, where 1, is the
kernel radius, p, density of unburned gases, p, and T, mean
density and temperature of the kernel. V}, and A;, are volume
and surface of the kernel. S; and Spigsmqe are laminar flame
speed and expansion velocity of the plasma channel. How-
ever, compared to the original version, pressure term
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contribution is neglected. Moreover, the turbulent flame
speed (St) is replaced by the laminar one (S.). In Ref. [138], a
complex expression for the turbulent flame speed is consid-
ered, in order to account for that, at very small diameters, St
has to reduce to S;. (since turbulence is not able to affect the
kernel), while at greater values of 1, the impact of turbulence
becomes no more negligible.

Vi

%:%(SL + SPIasma) + Ai]e |:le %} (10)

In the present case only S; is considered and the turbulence
contribution is neglected. This approximation is justified
considering that Eq. (10) is exploited as long as the kernel
radius achieves 2 mm (after that, ignition model is switched
off and only G-Equation model acts to govern the burn rate).
As reported in Ref. [138], the contribution of the turbulence is
significant just beyond radius values of 2 mm.

As for Spigsma, it is evaluated as in Herweg and Maly model,
i.e. solving a one-dimensional unsteady heat conduction
equation as the one reported in Eq. (11).

oT 0 oT
P = (k &> +S (11)

p and ¢, are density and specific heat, respectively. T and t
are temperature and time. x is the coordinate while k and S are
thermal conductivity and source term. Compared to Ref. [138],
Sis neglected, i.e. the power provided by the ignition system is
not accounted for. Using as boundary condition (i.e. atx = 0,
Vt) a temperature of 60-10°K [138], Eq. (11) investigates the
velocity of temperature diffusion along a specific direction
starting from a hot point (corresponding to the plasma chan-
nel). It is useful to point out that the initial temperature atx =0
is 60-10°K, while it is equal to the unburnt temperature at x> 0.

Since Eq. (10) just describes the kernel growth, an initial
value for r, is required. The latter is adopted equal to 1-10~*m
and the adoption of this value will be further discussed in the
results section. It is important to point out that, even if not
presented in this paper for brevity, a sensitivity is carried out
on the initial r, value and results do not significantly change if
lower values are adopted. Even higher ones can be used
without noticeable variations of the combustion indicators,
provided that the order of magnitude rests the same as the
proposed value (i.e. 10~*m).

Another important difference compared to Diesel investi-
gation is the inclusion of an in-house developed knock model,
adopted to predict abnormal combustion onset for the SI
(NHs—H,) operations that can potentially limit the perfor-
mance of the engine. An exhaustive description of the model
can be found in Ref. [139] and it will be briefly outlined in the
following.

Livengood-Wu relationship [140] reported in Eq. (12) is
adopted to detect knock onset.

t
"1
I= | —dt 12
E e
to
to is a conventional time at which the chemical reaction
rate becomes relevant for the analyzed case. In this study it is

assumed equal to 680° CA, since before this point ignition
delays are too high to be relevant for the computation of the

Livengood-Wu integral. Time integration in Eq. (12) occurs
during the run (t corresponds to the simulation physical time)
and, if the condition I = 1 is met somewhere in the combus-
tion chamber at a given CA, the latter is defined as the knock
onset angle. If the condition is never met, the unburnt mixture
is sufficiently knock resistant and autoignition does not occur.
The integral function loses any physical meaning for I > 1.
Therefore, the Livengood-Wu Integral is a synthetic way to
model chemical kinetics before knock event, as it is based only
on auto-ignition delay times. The main advantages of this
approach are: a strong reduction of the computational cost,
improvement in the calculation of auto-ignition delays with
respect to empirical correlations and, finally, a fully decou-
pling from the combustion model. The physical variables
governing the autoignition delay time (i.e. pressure, temper-
ature, equivalence ratio and EGR) are not related to a specific
combustion model.

The knock model is based on an extended set of delays,
calculated off-line by a chemical kinetics solver. A description
of the chemical kinetics calculations is presented in the pre-
vious paragraphs. Delays are used to define a look-up table
which is recalled for each fluid cell at every iteration and an
autoignition delay is calculated based on the closest physical
conditions stored in the look-up table and thanks to a pro-
cedure based on multiple linearly interpolating operations.
The range of physical conditions (i.e. pressure, temperature,
equivalence ratio and EGR) is ad-hoc selected in order to cover
all the possible states that the end-gases experience during
the hot portion of the engine cycle. The look-up table resolu-
tion should be as high as possible, in order to limit the inter-
polation job and to reduce the related error.

Since the model only aims at tracking knock occurrence,
once this condition is met no heat due to autoignition is
released and the simulation proceeds as knock did not occur.

Since the number of simulations is large, besides the full
chamber, a 1° sector domain is considered as well, to speed up
the investigation. This is visible in Fig. 3b) and consists of 2k
cells at BDC and 1k cells at TDC. It is exploited to simulate only
the closed-valve portion of the cycle. Wall temperatures are
the same as the full-chamber calculations. Initial conditions,
at least for the flow field, are mapped from the full-chamber
model. Pressure and temperature are fixed as uniform and
inherited from GT-SUITE. Mixture composition is uniform as
well and obtained from a combination of data reported in
Table 3 and GT-SUITE results. Sector simulations are charac-
terized by a single run (a multiple cycle approach is obviously
not possible) which starts at 680° CA and terminates at 810°
CA.

4, Results

The capabilities of the numerical framework are preliminary
assessed on a Diesel operation. As described in the previous
paragraph, the setup is not strictly the same moving from
Diesel to NH3;—H, mixtures: ignition, combustion and emis-
sion modeling differ, while the rest is the same. Therefore,
aspects such as flow field and numerics can be proficiently
validated with Diesel operation. In addition, the latter can be
exploited for an assessment of the DC capabilities for the
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emissions calculation. In fact, NORA model for the NO, pre-
diction is validated against experiments, thus it can be used,
in turn, as a benchmark for DC. The comparison between DC
and NORA is demanded to Appendix B. In this section, after
Diesel operation results, the main findings related to the use
of ammonia-hydrogen mixtures are presented. Sector geom-
etry is exploited at first, then the results are confirmed on the
full chamber, with focus on specific aspects such as heat
transfer and emissions. Finally, a deepening on NO, formation
is proposed thanks to both 1D and 3D simulations.

4.1. Original Diesel engine

The 3D-CFD in-cylinder simulation is run with the numerical
setup described in paragraph 3.3.1 and the validation is car-
ried out against experiments in terms of in-cylinder pressure
and emissions. As for the first, numerical and experimental
curves are proposed in Fig. 4. As for the latter, comparisons are
proposed in Fig. 5a) and 5b). For all the quantities, the agree-
ment between simulations and experiments is satisfying. It is
useful to remember that numerical values of NO, and UHC
represents concentrations in the cylinder at the end of run

In-Cylinder Pressure
150

—CFD

[bar]

660 680 700 720 740 760 780 800
[°CA]

Fig. 4 — Numerical-experimental comparison in terms of
in-cylinder pressure.
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(which is just before the EVO), coherently with the validated
methodology proposed by the authors in Ref. [119]. Moreover,
on the numerical side, NOy are only composed by NO, as
concentration of NO, is negligible.

4.2. 1D chemical kinetics results: analysis of LFS and
initial kernel radius

The first results presented in this section are focused on the
laminar flame speed. First of all, the goal is the validation of
the Hirasawa formulation for the blending. In fact, as antici-
pated in the numerical setup description, it relies on (con-
stant) adiabatic flame temperature values inherited from
literature for ammonia and hydrogen. Fig. 6 shows the
calculated adiabatic flame temperatures (obtained from the
LFS simulations) for the thermodynamic states of Fig. 2. With
respect to the values adopted in the present paper and re-
ported in figure for comparison, the calculated variable tem-
peratures are much greater. Nonetheless, the impact in the
Hirasawa laminar flame speed values is negligible, as
demonstrated by Fig. 7 that compares, for the same thermo-
dynamic states, LFS values provided by Hirasawa as adopted
in the current work and ones coming from Hirasawa provided
with variable adiabatic flame temperatures. Interestingly, LFS
results refer to the NH;—H, mixture 80mol%-20mol% as it will
be selected, in the following, as the most promising mixture
for ICEs.

Still on the validation of the Hirasawa formulation, Fig. 7
reports data (with blue bars) coming from the 1D chemical
kinetics simulations carried out with the Creck mechanism.
The latter is the one adopted to obtain the laminar flame
speed correlations combined by the Hirasawa formulation.
Therefore, comparing Hirasawa output with 1D results allows
to evaluate the capability of Hirasawa to represent the laminar
flame speed of the investigated blend.

Besides the validation of Hirasawa formulation, the data
set presented in Fig. 7 with black bars is useful to evaluate the
approximation previously declared and dealing with EGR
presence in the mixture. As described in the numerical setup,
laminar flame speed correlations available in literature and
notincluding EGR are adopted. This is justified by the minimal
presence of EGR for the analyzed operations. In Fig. 7, laminar

UHC

[ppmC]

CFD EXP

b)

Fig. 5 — Numerical-experimental comparison in terms of exhaust gas emissions: a) show nitrogen oxides and b) unburned

hydrocarbons (expressed as ppmC, i.e. ppmC1).
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Fig. 6 — Adiabatic flame temperatures for NH; and H,. Both constant values (i.e. fixed at 298 K and 1 bar) and variable (“Var”)

ones with the thermodynamic states are reported.

flame speed values obtained with and without EGR are
compared (on equal chemical scheme, i.e. the Creck one). As
visible, with a 1.7% content by mass of EGR, the reduction of
LFS is negligible.

Moving to the analysis of the initial kernel radius, it is
useful to remember that the latter is set equal to 1.0-107*m in
the ignition model adopted in the present paper in case of
NH;—H, mixtures. This value or, to be precise, this order of
magnitude comes from an estimation of the initial burnt mass
volume based on the approach proposed in Ref. [141]. In detalil,
the initial volume of burnt mass (Vi) is calculated as in Eq.
(13), where a cylinder of height equal to the spark gap (dgap)
and a radius equal to the flame thickness (6.) is considered.
The initial radius (rpi:) of the adopted spherical kernel is
obtain from Eq. (14).

2
Viinit = dgap moL

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

As for the estimation of ¢, it is provided by the laminar
flame speed calculations carried out in the present work,

(13)

(14)
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whose description is proposed in the previous paragraphs.
The chemical kinetics calculations are carried out at the state
1 of Fig. 2, with the NH;—H, 80mol%-20mol% mixture, by
means of the already mentioned mechanisms (namely
Shrestha, Klippenstein and Creck) and they provide similar ¢,
values, as shown in Fig. 8. State 1 is considered as represen-
tative of the conditions at the combustion start and the
attention is focused on NH;—H, 80mol%-20mol% mixture for
the same reasons described above in the paragraph. Besides
thickness, Fig. 8 reports the corresponding riir values, for a
spark gap of 0.8 mm. The initial kernel radius is almost the
same for the different schemes (similarly to the thickness)
and the values justify the order of magnitude adopted in the
present ignition model.

4.3. Preliminary 3D results with NH;—H, mixtures
(sector simulations)

The first set of analyses is carried out with the 1D engine
model, just to obtain the boundary conditions (not reported
for brevity) for the 3D simulations. In order to match the target
masses of air and fuel reported in Table 3, pressure at the
boundary of the intake plenum is reduced compared to Diesel

LFS

W Creck M Creck EGR

Fig. 7 — Laminar flame speed values for the NH;—H, mixture 80mol%-20mol% and different thermodynamic states. Red bars
indicate values obtained by Hirasawa formulation and constant adiabatic flame temperatures, while green bars still come
from the Hirasawa formulation but the adopted adiabatic flame temperatures are variable (“Var”) with the thermodynamic
state. Blu and black bars report values obtained with chemical kinetics simulations, but LFS values given by black bars also
consider the presence of 1.7% by mass of EGR in the mixture. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.09.158

Please cite this article as: Berni F et al., An integrated 0D/1D/3D numerical framework to predict performance, emissions, knock and
heat transfer in ICEs fueled with NH;—H, mixtures: The conversion of a marine Diesel engine as case study, International Journal of



https://doi.org/10.1016/j.ijhydene.2023.09.158

14 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Initial Kernel Radius
0.25

0.225
0.2
0.175
0.15
0.125

[mm]

0.075
0.05
0.025

Creck Shrestha
WLFT Wk

Klippenstein

Fig. 8 — Laminar Flame Thickness (LFT) and initial kernel
radius values for different chemical schemes.

operation and ad-hoc tuned, case-by-case. An important
outcome of the 1D preliminary simulations is that the
resulting (internal) EGR is similar for all the investigated fuel
mixtures and equal to ~ 1.7% (by mass and calculated as mass
of burnt gases over the total mass of the cylinder). Pressure
and temperature time-dependent boundary conditions for the
3D model are extracted for the NH;—H, mixture 100mol
%-0mol%. For the same fuel composition, a preparatory 3D full
chamber simulation is run (with the numerical setup
described in paragraph 3.3.2) to obtain initial conditions for
the sector domain. The latter is exploited to carry out 3D an-
alyses aiming at individuating the best NH;—H,, simulta-
neously minimizing the computational effort. The full
chamber simulation provides flow field and turbulent quan-
tities (k and ¢) that are mapped on the sector mesh, while
pressure and temperature are uniform in space and inherited
by the 1D model. As for the composition, it is calculated
considering the mixture qualities reported in Table 3 and
adding 1.7% (by mass) of EGR as indicated by GT-SUITE. De
facto, the adopted composition roughly corresponds to the 1D
one. As stated above, the EGR fraction is similar for all the
investigated mixtures and equal to nearly 1.7% by mass.
Hence, this value is adopted for all the cases without
committing a significant error. It is important to point out that
initial flow and turbulent fields are kept for all the mixtures as
well. This is a stronger approximation compared to EGR
fraction. However, this is done for multiple reasons. Firstly, to
reduce the computational effort, otherwise an initial full
chamber simulation would be required for each investigated
NH;—H, mixture. Secondly, intake pressure is similar, in fact
the involved total masses shown in Table 3 are similar for the
NH;—H, mixture cases at @ = 1. Therefore, it is expected that
even flow and turbulence fields are similar for the different
mixtures. Thirdly, the comparison between the mixtures is
even more robust if the only difference between the cases
consists only in the mixture itself.

In order to save the computational cost, in the sector
simulations (run with the numerical setup described in
paragraph 3.3.2) only a single chemical mechanism (Shrestha
one) is considered to compute NOy via DC. A sensitivity to the
mechanism will be proposed in the full-chamber simulations.

Fig. 9a) to 9e) show the in-cylinder pressure for different
NH;—H, mixtures and spark timings. As for the spark timings,

the selection provides for starting at 720° CA, progressively
anticipating with a step of 5° CA. The end value is determined
by performance or knock. For NH;—H, mixtures 100mol
%-0mol%, 90mol%-10mol% and 80mol%-20mol%, the most
anticipated timing is 700° CA as moving from 705° CA to 700°
CA a decrease of performance is noticed, as reported in Fig. 10
where the gross Indicated Mean Effective Pressure (IMEP) is
shown for the cases. Instead, for NH;—H, mixtures 50mol
%-50mol%, the most advanced spark timing is determined by
the knock onset. In this regard, Fig. 11a) and 11b) show the
flame front position which defines the end gas region and the
value of the Livengood-Wu integral at 730° CA, for the spark
timing of 705° CA. In the end gas, the integral overcomes the
threshold value of 1, which means that auto-ignition
conditions are met. It is interesting to point out two
different aspects. Firstly, in order to better define the
Maximum Brake Torque (MBT), in proximity of the most
advanced timing (limited by performance or knock) stepping
is refined to 2.5° CA. Secondly, for the knock occurrence
individuation, the approach developed in the past by the
author is adopted [139]: the end gas is defined at first,
considering all the amount of mixture with a progress variable
higher than 0.5 (remembering that 1 means unburnt mixture
while 0 complete combustion); then, only in that region,
Livengood-Wu integral is evaluated and, in case of values
higher than 1, knock is detected. The exception compared to
the previous mixtures is represented by the pure hydrogen
case. In fact, even the most delayed spark timing adopted for
the previous mixtures (namely 720° CA) leads to knock onset,
as shown by Fig. 11c) and d). Therefore, just in this case, more
delayed spark timings are tested. From 720° CA, the spark is
delayed with a stepping of 5° CA. Since moving from 725° CA
to 730° CA a reduction of performance is already noticed,
no further spark timing is tested. Only a refinement of the
stepping is considered to test 722.5° CA, which is found to be
knock free.

Focusing on Fig. 10 and remembering that all the cases are
on equal energy content and @, it is interesting to notice that,
increasing the hydrogen percentage, the maximum achiev-
able performance (i.e. the maximum gross IMEP) degrades. In
addition, the risk of knock increases as well, which further
penalize the performance. For example, in case of 100%
hydrogen operation, knock onset prevent the possibility to
achieve the MBT. Among the investigated mixtures, up to the
50% by mole of hydrogen content it is possible to recover the
performance of the original Diesel engine. In case of NH;—H,
mixture 0mol%-100mol%, even with the most advanced spark
timing allowed by knock, the original performance of Diesel
engine is not achieved.

For completeness, Fig. 12 proposes a comparison in terms
of combustion indicators. For a proper comparison, results
refer to the same spark timing, namely 710° CA. Since pure
hydrogen has no spark timing in common with other tested
mixtures because of knock onset, it is not included in the
comparison. The greater the hydrogen content is, the faster
the combustion results. In fact, both Mass Fraction Burnt
(MFB) 10% and MFB 50% reduce increasing the presence of H.
Only MFB 10% + 90% does not present the same behavior, it
being nearly constant for the different mixtures. The reason is
notrelated to the chemistry of the fuel, rather to the geometry
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Fig. 9 — In-cylinder pressure traces for different NH;—H, mixtures and spark timings.

of the combustion chamber. In fact, moving to the 90% of
burnt fuel, the flame propagates in the squish zone and then
approaches the crevice in correspondence of the gasket. Both
squish zone and crevice slow down the flame propagation and

this effect is more pronounced when the combustion takes
place in proximity of the TDC, which occurs in case of high H,
content as the combustion is more rapid (at least at the
beginning).
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Fig. 10 — Gross IMEP for different NH;—H, mixtures and
spark timings.

It is useful to point out two different aspects. Firstly,
comparisons of performance between the different fuels are
carried out in terms of gross IMEP, calculated as difference
between IMEP and PMEP, the latter being the Pumping Mean
Effective Pressure. In fact, the actual test bench of the Diesel
engine as well as the virtual one for NH;—H, mixtures directly
provide the boost pressure required for the engine operation
and no turbocharger is included in the hardware. Therefore, in
order to avoid the misleading impact of the externally
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provided boost on the engine performance, the gross IMEP is
exploited. Secondly, gross IMEP values (proposed in Fig. 10 and
in the following) are obtained from the GT-SUITE model, in
which the predictive 0D combustion model is replaced by the
imposition of combustion profiles inherited from the 3D
sector analyses (and the heat transfer model calibrated ad-hoc
to match the 3D outcomes). The adoption of the 1D tool is
mandatory to obtain the gross IMEP, as the reduced simula-
tion interval (680°+810° CA) of the sector simulations is not
sufficient to provide the values.

Since the inlet temperature provided by the bench during
the tests is low compared to the one expected in a possible
actual use of the engine (where it depends on the efficiency of
the intercooler), a sensitivity to this parameter is carried out to
check the capabilities of the engine to guarantee a knock-free
operation. The sensitivity is reported in Appendix C. Despite
the overview on the possible combinations of ammonia and
hydrogen (included the extreme cases of pure ammonia and
pure hydrogen), not all of them can be considered as prom-
ising. First of all, pure ammonia and pure hydrogen cannot be
taken into account. Both suffer the problems described in the
introduction. In addition, pure hydrogen is characterized by
strong limitations in terms of performance at @ = 1, mostly
due to knock, as highlighted by the results presented above.
This is a confirmation that the high RON number mentioned
in the introduction is not sufficient to avoid knock occurrence.
As reported in Ref. [142], probably MON (equal to 60 [143]) is a
more accurate measure of resistance to knock in hydrogen
engines. Focusing on NH;—H, mixtures, low hydrogen content
is preferable for the following reasons:
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Fig. 11 — a) c: (1 —c) field, where c is the progress variable. This allows not only to individuate the flame front position (as an
alternative to G = 0 iso-surface), but also the entire reaction zone; b) Livengood-Wu integral field, shown for cells whose
progress variable is lower than 0.5; c) and b) are similar to a) and b), respectively. Differences are that a) and b) are captured
at 730° CA for a NH;—H, mixture 50mol%-50mol% and a spark timing of 705° CA, while c) and d) are taken at 735° CA for a
NH;—H, mixture Omol%-100mol% and a spark timing of 720° CA.
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Fig. 12 — Mass Fraction Burnt (MFB) 10%, MFB 50% and
combustion duration (MFB 10% + 90%) for different
mixtures are reported. In the x-axis, for brevity, the
mixture 0 mol% corresponds to the NH;—H, 100mol%-0mol
%, 10 mol% to the NH3;—H, 90mol%-10mol% and similarly
for the others. Reported values for the mixtures refer to the
same spark timing (namely 710° CA). MFB 10% represents
the interval between spark timing and 10% of burnt fuel
(and similarly for the MFB 50%). MFB 10% + 90% is the
interval between 10% and 90% of burnt fuel.

the problems of autonomy (further discussed in Appendix
D with an example) are reduced, even if still remarkable
compared to Diesel operation;

e an hydrogen content of 20% by mole is enough, at ¢ = 1, to
reduce the Coefficient Of Variation (COV) of the IMEP and
thus the risk of potential problems such as misfire
[20,21,49,53,57];

as indicated by Verkamp [11], an hydrogen content at least
of 20% by mole is needed to lower the MIE of the mixture
(compared to pure NHs) down to a value comparable to the
one of a commonly adopted fossil fuel. This is an important
aspect in order to ensure the ignitability of the mixture
with a standard ignition system of a SI engine;

e finally, limiting the hydrogen content to 20% by mole allows
to maintain both quenching distance and MIE sufficiently
high compared to H, (i.e., once again, comparable to tradi-
tional fuels such as gasoline) [11]. This reduces the risk of

1000

backfire compared to pure hydrogen (for which direct in-
jection is usually necessary), opening the possibility to port
injection.

For these reasons, the NH;—H, 80mol%-20mol% mixture is
preferred to other fuel compositions. The main drawback
related to the use of such a mixture consists in the laminar
flame speed value. Fig. 13 shows a comparison between LFS
values calculated for the different mixtures at the thermody-
namic states of Fig. 2. For comparison, gasoline LFS values are
reported as well. As for the mixtures, data are provided by the
correlations adopted for the in-cylinder simulations blended
with the Hirasawa rule. As for the gasoline, values are provided
by the correlation proposed in Ref. [144] for an EO (that is pure
gasoline without ethanol content). The NH3;—H, mixture 80mol
%-20mol% shows LFS values just slightly higher than pure
ammonia and remarkably lower than gasoline. Nonetheless,
the presented in-cylinder simulation results demonstrate that,
despite the reduced laminar flame speed, the engine is able to
obtain the original performance. In addition, to achieve a LFS
comparable to the gasoline one, a mole percentage of hydrogen
greater than 50% is required. However, this would be detri-
mental in terms of autonomy, backfire and knock. As shown
before, auto-ignition in the end-gases is already detected with a
mole concentration of 50% for advanced spark timings and
increasing the H, content could impede to achieve the original
performance.

4.4, 3D results with NHz;—H, 80mol%-20mol% mixture
(full chamber simulations)

After a cautious screening of the most promising NH3;—H,
mixture, the capabilities of the latter are verified on the full-
chamber domain, where full cycle simulations are run with
the numerical setup described in paragraph 3.3.2. Different
chemical mechanisms are tested, namely Creck, Shrestha and
Klippenstein to test the sensitivity of the results to the
mechanism. The selection of the three schemes cited above is
carried out considering that all of them account for both NH;
and H, oxidation and include mechanisms of formation and
reduction of NOy. Before the results discussion, it is useful to
point out that outcomes presented in the following are char-
acterized by the same laminar flame speed fitting polynomial
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Fig. 13 — Laminar flame speed values provided by correlations for different fuels.
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(the one presented in the numerical setup description and
derived from the Creck mechanism), since no formulation is
available in literature (limited to the authors knowledge) from
Shrestha and Klippenstein schemes able to work at the con-
ditions of Fig. 2. In the light of these considerations, it is
straightforward that only Creck case is fully coherent, as all
the chemical aspects (LFS, auto-ignition delays and NOy) are
calculated via a unique scheme. As for the other cases, despite
LFS is inherited from the Creck one as it is common, a dedi-
cated approach is adopted for auto-ignition delay times and
NO. For example, Shrestha case is characterized by a table of
auto-ignition delay times obtained by means of Shrestha
scheme and the latter is also employed in the DC model for the
nitrogen oxides prediction in the burnt gases. The same is
valid for Klippenstein case.

The setup adopted in the full-chamber analyses is inheri-
ted from the best case indicated by the sector simulations.
Hence, besides the adoption of the NH3;—H, mixture 80mol
%-20mol%, the spark timing equal to 705° CA and corre-
sponding to the MBT is utilized. As for the boundary condi-
tions, the 1D model whose result in terms of gross IMEP was
presented in the previous paragraph and characterized by the
imposition of a combustion profile coming from the 3D sector
simulation with spark at 705° CA is exploited.

Fig. 14 shows the in-cylinder pressure for Shrestha mech-
anism. The outcomes by the other schemes are omitted for
brevity as nearly coincident. Sector results are included for
comparison. The differences between the computational do-
mains (on equal setup) are acceptable even if not negligible
and are due to the approximations intrinsic to the sector-
based approach. Such differences are then minimized with a
slight modification of the spark timing. Anticipating of 1.5° CA,
it is possible to obtain almost overlapping pressure traces,
thus the full chamber simulations endorse sector results and
this is furtherly confirmed by the gross IMEP reported in

In-Cylinder Pressure - Shrestha

[bar]

680 700 720 740 760 780 800
["CA]
———ST703.5°CA Full Chamber Shrestha
+++ ST705°CA Full Chamber Shrestha
-==ST705°CA Sector (Shrestha)

Fig. 14 — In-cylinder pressure curves obtained via full-
chamber simulations and Shrestha chemical mechanism.
The results deal with the NH;—H, 80mol%-20mol% mixture
and different spark timings. For comparison, the result
obtained with the sector domain is reported.

Fig. 15. In the latter, besides sector results reported for com-
parison, data relative to the full-chamber simulations are
shown, for both the tested spark timings. Similarly to Fig. 14,
also in Fig. 15 only full chamber results obtained by Shrestha
scheme are reported, as the other mechanisms provide almost
the same values. Gross IMEP is similar between the two
computational domains and, for both, the performance is
higher than the original Diesel engine. Even in this case, gross
IMEP values are obtained from the GT-SUITE model via the
imposition of the combustion profiles provided by the 3D
simulations.

The case represented by the red line in Fig. 14 along with
the homologous ones carried out by means of the other
mechanisms (not reported for brevity) will be used in the
following to investigate the impact of the chemical schemes
on knock and NOy, on equal performance.

Focusing on knock, a comparison between the mecha-
nisms is shown in Fig. 16a) to 16c), in terms of Livengood-Wu
integral. The adopted schemes agree in predicting that the
analyzed condition is free of abnormal combustion onset.
More in detail, Shrestha and Creck provide similar results,
while Klippenstein shows lower reactivity, that is Livengood-
Wu integral values are lower and end gases are less prone to
auto-ignition.

In Fig. 16a)—16c) slight differences can be noticed in the
azimuthal direction near the flame front, due to the effect of
the hot exhaust valve faces that heat the mixture and lead to
higher values of the Livengood-Wu integral on the exhaust
side. Nonetheless, the integral is characterized by a very
uniform field in the periphery of the combustion chamber.
This is due to the homogeneous mixture fraction as well as to
the uniform propagation of the flame front visible in Fig. 17a).
The latter is in turn caused by the homogeneous mixture itself
and the (nearly) axisymmetric flow field. In this regard, the
mean velocity vector and turbulent kinetic energy fields are
reported in Fig. 17b) and c), respectively, and both are
axisymmetric.

Gross IMEP
19
18 -
®
3 17 -
16 4 —e—NH3-H2 80mol%-20mol% (Sector)
—=—NH3-H2 80mol%-20mol% F. C. - Shrestha
—&—NH3-H2 80mol%-20mol% F. C. - Shrestha - ER=0.4
- =Diesel
15
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Fig. 15 — Gross IMEP values for both sector and full-
chamber (F. C.), obtained with the NH;—H, 80mol%-20mol%
mixture, Shrestha mechanisms and different spark
timings are shown. Results with an equivalence ratio of 0.4
are also reported. Diesel case gross IMEP is included for
comparison.
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Fig. 16 — Comparison in terms of Livengood-Wu integral between different mechanisms providing the ignition delays: a)
Shrestha, b) Klippenstein and c) Creck. All the images report values at 730° CA on a section orthogonal to the cylinder axis

and located 2 mm below the cylinder head.

Moving to the emissions, the attention focuses firstly on
the NOy. In Fig. 18a) and 18b) (as well as in the following of the
paper) only NO is considered, as the production of NO, is at
least one order of magnitude lower. Results are proposed both
in terms of ppm and g/kWh. As for the latter, the values are
obtained via the NO mass in the cylinder at the end of the
cycle and the engine performance (brake power) provided by
GT-SUITE. NO estimation in case of NH;—H, mixtures changes
based on the adopted schemes, but all of them agree in pre-
dicting a NO concentration higher than Diesel operation. Such
increase is less evident in terms of g/kWh as the difference in
terms of concentration is a bit dampened by the very different
mass between Diesel and NH;—H, mixture cases.

Besides NO, simulations offer the possibility to estimate
the unburned NH; (UNH,3) and H, (UH,) at the EoS. NH; eval-
uation at the exhaust is crucial as it is dangerous for the
human health and, in fact, itis regulated by Euro 7. Results are
proposed in Fig. 19a) and 19b), both in terms of ppm and g/
kWh. Even for this pollutant, values expressed in g/ kWh are
calculated via NH; and H, mass in the cylinder and the engine

output provided by GT-SUITE. Results reveal a strong increase
of unburnt fuel moving from Diesel to NH;—H, mixtures.
Similarly to NO, such increase is less evident in terms of
g/kWh as the difference in terms of concentration is damp-
ened by the very different mass between Diesel and NH;—H,
mixture cases. One reason for the increase of the unburnt fuel
compared to Diesel operation is related to the quenching ef-
fect that the flame undergoes approaching the crevice be-
tween liner and head (in correspondence of the gasket). This is
evident in Fig. 20, which shows the unburned fuel (NH;-+H,).
However, the main reason of the unburnt fuel increase is
related to the presence of hydrogen. The unburnt fuel is, in
fact, mainly composed by UH, which has low concentration
but it is diffused everywhere in the chamber and not only in
the crevice. The relevant amount of air required by H, along
with the stoichiometric condition can probably explain the
difficulty of the hydrogen to oxidize, but further investigations
are left to a future work for a deeper understanding of the
phenomenon. By the way, the presence of a non-negligible
amount of UH, behind the flame is confirmed by the 1D LFS
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Fig. 17 — a) shows the G = 0 isosurface, providing the flame front position; b) and c) report velocity vectors (with the scale in
[m/s]) and turbulent kinetic energy (with scale in [m?/s?]). All the images show values at 730° CA on a section orthogonal to

the cylinder axis and located 2 mm below the cylinder head.
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Fig. 18 — NO comparison between Diesel and NH;—H, mixture. For the latter, results from different schemes are proposed; a)
show values in ppm while b) in g/kWh.
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Fig. 19 — Comparison between Diesel and NH;—H, mixture in terms of unburnt NH; and H,. Results for the NH;—H, mixtures
are reported for different chemical mechanisms; a) shows values in ppm (also for the Diesel case, unlike Fig. 5b) where ppmC
is used) while b) in g/kWh.
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Fig. 20 — Unburned fuel (NH;+H,) mass fraction at 770° CA for the Shrestha mechanism case.
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simulations (whose results are proposed in Fig. 7 with blue
and black bars).

The trend between the schemes is similar to the one of NO,
that is g/kWh decrease moving from Shrestha to Creck.
Moreover, for both NO and unburnt NH;—H, mixture, Shres-
tha is the scheme showing higher values compared to the
other ones. Such a correspondence between nitrogen oxides
and unburnt NH;—H, mixture is not casual, in fact, where
UNHj; and UH, are higher, there is more oxygen available for
NO formation.

Despite experimental data in terms of emissions are not
available for the present study, values obtained in terms of
NO, and UNH3+UH, are coherent with the existing literature
[10,20,25,27,48,49,52,53,55,71].

The last aspect investigated is the heat transfer. For the
NH;—H, mixture, only results provided by the Shrestha
mechanism are shown for brevity. Differences compared to
the other schemes are negligible. Results on the main
boundaries of the combustion chamber (namely dome, piston
and liner) are reported in Figs. 21 and 22 in terms of both
instantaneous heat transfer during the hot portion of the cycle
and cycle-averaged one. Figs. 21 and 22 reveal that, despite the

Heat Transfer
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Fig. 21 — Instantaneous heat transfer during combustion
on the main boundaries facing the chamber.
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total cycle-averaged heat transfer (sum on the boundaries) is
similar between the cases, the instantaneous distribution is
different. In addition, the distribution between the different
boundaries changes. Because of the change in the combustion
mode, the piston is no more invested by hot jets and the heat
transfer on it decreases moving to the NH;—H, mixture.
Conversely, because of the (uniform) flame propagation on
each direction up to the near-wall region, heat transfer in-
creases on the other boundaries (dome and liner) with
ammonia and hydrogen. Concluding, the thermal stress on
the components changes even if the total heat rejected to the
coolant remains comparable between the different fuels.

4.5. NO,: a deepening by 1D and 3D results

Results proposed in the previous paragraph point out a strong
increase of the nitrogen oxides moving from Diesel to NH;—H,
80mol%-20mol% mixture, which is one of the most detri-
mental aspects relative to the use of ammonia-hydrogen
mixtures. One of the reasons in the increase of the NO con-
centration with NH;—H, mixtures is the use of a stoichio-
metric mixture. The latter is preferred both to rich mixtures to
reduce the fuel consumption and to lean ones to avoid an
extreme reduction of the LFS, already penalized by the use of
ammonia. Nonetheless, an important information for engine
designers is the value of ¢ (if it exists) needed to eliminate (or
at least reduce of orders of magnitude) the nitrogen oxides
only acting on the mixture quality, while keeping the original
engine performance. In order to obtain such information, 1D
chemical kinetics and 3D in-cylinder simulations are exploi-
ted. In freely propagating flames, NO concentration depends
on the distance from the flame brush position (as discussed in
Appendix B), because the time available for the reactions
changes. For this reason, in order to estimate a sensitivity to
this parameter, different distances from the flame brush are
considered in the following for the evaluation of the NO mass
fractions. Making a parallel with the in-cylinder, it is the same
as considering different time (or CA) intervals inside the
combustion chamber.

In Fig. 23a) to 23d) NO mass fractions for the thermody-
namic state 6 of Fig. 2, Shrestha mechanism and different
mixtures are reported as a function of @, at different distances
from the flame brush. As for the upper limit of @, NO values
are not reported for an equivalence ratio greater than 1.2 as
there is no interest in rich mixtures in order to keep the con-
sumption as low as possible. As for the lean values of the
equivalence ratio, the calculated NO mass fractions are
limited by convergence criteria (i.e. it is not possible to obtain
a stable solution for lower ¢ values). Despite in Ref. [145] it is
suggested that limits of convergence of laminar flame speed
calculations well correspond to flammability limits, this cri-
terion seems to be strongly influenced by numerics. In this
regard, it is important to point out that the definition of the
flammability limits is not straightforward at the conditions
considered in the present study (values reported in Table 1
just refer to standard conditions). As reported in literature
[146—151], pressure and temperature strongly influence lower
and upper flammability limits. Moreover, as for the hydrogen,
the impact of thermodynamic conditions is not clearly defined
from the available studies [152,153]. Despite it is not possible
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Fig. 23 — NO mass fraction for different mixtures and distances from the flame brush position: a) 0.1 mm, b) 1 mm, c) 10 mm
and d) 50 mm. The analyzed condition is represented by the state 6 of Fig. 2. For brevity of the legend, the mixture H, 0%
corresponds to the NH;—H, 100mol%-0mol%, H, 10% to the NH;—H, 90mol%-10mol% and similarly for the others.

to firmly state that extremal NO values on the lean side are at
the flammability limit, it is still reasonable to affirm that they
are close to it. This is important since, as visible in Fig. 23a) to
23d), even close to the lower flammability limit, it is not
possible to eliminate NO or, at least, drastically reduce it to a
negligible amount compared to the stoichiometric condition,
with a NH3—H, 80mol%-20mol% mixture. In the same figure,
NO mass fractions obtained with other mixtures are proposed
as well and the final result is similar. Only pure hydrogen is
able to work atlean conditions with a massive reduction of NO
(at least of two orders of magnitude compared to the stoi-
chiometric condition). However, as previously stated, pure
hydrogen is not a preferable solution. The main reason of a
non-negligible concentration of NO even at very low equiva-
lence ratio values is the presence of NH;. Compared to tradi-
tional fuels, for which NOy formation is mainly due to a
thermal mechanism, in case of NH; the formation is mainly
related to the fuel composition as it contains nitrogen, whose
atoms are released during combustion leading to NOy for-
mation together with oxygen. Unlike thermal NOy which
require very high temperature for the atmospheric N, reaction
and prompt NOy that need the presence of a hydrocarbon, fuel

NO, formation can take place at lower temperature (provided
that the combustion occurs) as it is only related to the com-
bustion reactions (in the flame front) that release the nitrogen
contained in the fuel. This is confirmed by both Figs. 23 and 24.
In fact, as visible in Fig. 23, considering for example an
equivalence ratio of 0.8, for all the mixtures containing NHj3,
the NO concentration decreases despite an increase of the
distance from the flame brush. This is not typical of the
thermal mechanism considering that, behind the flame front,
temperature is very high and nearly constant as the flame is
adiabatic. Similarly, Fig. 24a) shows the NO mass fraction for
the sector simulation presented in the previous paragraphs
with the NH;—H, 100mol%-0mol% mixture. The greatest
concentration can be noticed in proximity of the flame front,
while the highest temperature is in the core region as indi-
cated by Fig. 24b).

A further confirmation comes from the pure hydrogen
case. Since it does not contain nitrogen, H, is characterized by
the lowest concentration of NO at very lean conditions,
despite the highest adiabatic flame temperature (on equal @)
compared to the other mixtures. The reason is that tempera-
ture is too low to lead to consistent NO formation. Then,
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Fig. 24 — a) NO mass fraction and b) temperature (expressed in [K]) at 730° CA, obtained in the sector domain with the
NH;—H, 100mol%-0mol% mixture and a spark timing of 705° CA; c¢) NO mass fraction and d) temperature (expressed in [K]) at
735° CA, obtained in the sector domain with the NH;—H, 0mol%-100mol% mixture and a spark timing of 722.5° CA.

moving to more stoichiometric conditions, the concentration
of NO is higher increasing the hydrogen content (from pure
NH; to pure H,). This trend is confirmed by the experiments
available in literature [53] and it is due to higher available
temperatures (that enable the thermal mechanism) and to the
H, adiabatic flame temperature which is the highest one.
Another corroboration of the results interpretation comes
from hydrogen behavior, which provides a NO mass concen-
tration increasing with the distance from the brush (i.e.
increasing the time available for the burnt gases to react). This
behavior is coherent with the thermal mechanism of NOy
formation, which requires high temperature (available far
from the brush as the flame is adiabatic) and time for the re-
actions to take place. Considering an in-cylinder combustion,
this traduces in a higher concentration in the core of the
domain (burnt region where temperature is maximum), rather
than in the proximity of the flame front, as visible in Fig. 24c)
and d), which show NO and temperature for the previously
presented sector simulation with pure hydrogen.

A more feasible solution to limit the production of NO in
case of ammonia-hydrogen blends would be the adoption of
rich mixtures, as it can be inferred from Fig. 23a) to 23d). In
fact, a strongreduction is already visible at ® = 1.2. Thisis also
confirmed by literature [62]. However, besides the consump-
tion issues cited at the beginning of the paragraph, the use of
rich mixtures implies an increase of unburnt fuel at the
exhaust (which should be avoided as well) thus it represents
an impractical solution.

It is important to point out that the results are proposed in
terms of mass fractions but roughly the same values and
trends can be obtained considering mole fractions.

Further sensitivities (to thermodynamic state and chemi-
cal mechanism) are reported in Appendix E.

However, comparing NO mass fractions at different
equivalence ratios on equal distance from the brush (or,
alternatively, at a given equivalence ratio, comparing NO
mass fractions for different mixtures on equal distance from
the brush) may not be strictly rigorous. In fact, the LFS is
strongly different and, on equal distance from the brush, the
time available for the burnt gases to react modifies. This is far
from the in-cylinder framework where, at some extent, the
time available for the reactions is instead common (on equal
spark time) for the different ¢ or mixtures and it is limited by
the EVO. Therefore, in order to confirm the 1D outcomes, re-
sults of a full-chamber in-cylinder simulation with NH;—H,
80%mol-20%mol mixture, characterized by an equivalence
ratio of 0.4, are proposed in the following, to be compared with
the previous ones characterized by stoichiometric mixture.
Another important task of the 3D simulation is the check of
the performance, which has to be kept despite the mixture
quality variation. Even though a @ value strongly lower than
0.4 should be investigated, this is not possible because of
limits in the fitting polynomials of the laminar flame speeds.
Fig. 25 shows a comparison between the pressure trace of the
previously shown simulation (with ® =1 and Shrestha
chemical scheme) and the new curve (obtained with ¢ = 0.4).
Diesel operation pressure trace is reported as well for com-
parison. Despite the differences in terms of pressure, perfor-
mance is comparable between the two cases, as indicated by
the Gross IMEP values reported in Fig. 15. Moreover, the
maximum pressure remains slightly lower compared to the
original Diesel engine, despite the huge increase of intake
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Fig. 25 — In-cylinder pressure for the mixture NH;—H,
80mol%-20mol% and the Shrestha mechanism. Results of
both ® =1 and ¢ = 0.4 cases are shown and, for
comparison, Diesel one is reported as well.

pressure and trapped mass. Fig. 26a) shows the resulting NO
concentration in terms of ppm, which confirms the decrease
compared to the stoichiometric case, as anticipated by 1D
outcomes of Figs. 23 and 37 (the latter placed in Appendix E).
Interestingly, Fig. 26b) reports NO in terms of g/ kWh for the
same case and, unlike ppm values, just a minimal reduction is
noticed with ¢ = 0.4. The reason is that, although NO con-
centration is lower compared to the stoichiometric condition,
the mass in the cylinder is strongly greater. In fact, in order to
keep the same performance and considering that the latter
depends on the fuel quantity, working at very lean conditions
requires a greater amount of air + fuel mass. Therefore,
despite the mass fraction of NO is lower, the total mass may
not change remarkably or be even higher because of the

NO

6000

5000

4000

G000 [resseses

[ppm]

2000

1000

Shrestha (E.R.=1) Shrestha E.R.=0.4

a)

increased amount of mass. In the light of this observations it is
possible to state that:

e the 3D investigation confirms the 1D outcomes (which is
not obvious as previously pointed out), thus for any
ammonia-hydrogen blend there is no lean mixture able to
drastically reduce NO concentration (even if further 3D
investigations would be desirable at ¢ <0.4);

regardless the 1D outcomes, 3D simulations remain still
necessary to check the performance and determine the
mass of NO as working with 1D results, i.e. with concen-
trations alone, is misleading.

Fig. 27 shows a comparison in terms of temperature.
Despite a strong reduction of the latter compared to the @ =1
case, NO concentration is not characterized by a remarkable
reduction, since the leading mechanism is not the thermal
one. The result is even more noteworthy if the comparison is
carried out against the Diesel operation curve. In fact, recov-
ering NO concentration of the Diesel case from Fig. 5a), it re-
sults that NO production is strongly higher at ¢ = 0.4 despite a
lower temperature.

Before the conclusions, it is useful to point out that work-
ing with very lean mixtures is not only potentially needless to
reduce NOy but, in order to obtain the required mass inside the
cylinder (which is, as indicated in Table 3, at @ = 0.4, strongly
greater than Diesel operation), a strong increase of the intake
pressure is required. In the proposed case, boost pressure is
equal to 3.8 bar(a), thus much higher than Diesel operation.
This may lead not only to an oversizing of the turbocharger
compared to the original one, but also to a decrease of the
engine efficiency. In this regard, the impact of the port fuel
injection is minimal on the required boost pressure. In other
words, moving to a direct injection would reduce the required
boost pressure of nearly 0.2 bar (thanks to the presence of air
alone at the intake) which is not sufficient to recover the
original value of the Diesel operation. In addition, very lean
mixtures cause an increase of in-cylinder pressure. In fact, in
Fig. 25, the pressure trace referring to the Diesel case is

NO

25

10

(g/kwh]

wv

Shrestha (E.R.=1) Shrestha E.R.=0.4

b)

Fig. 26 — NO for the mixture NH;—H, 80mol%-20mol% and different equivalence ratios, 1 and 0.4; a) shows values in ppm

while b) in g/kWh.
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Fig. 27 — In-cylinder temperature for the mixture NH;—H,
80mol%-20mol% and the Shrestha mechanism. Results of
both & =1 and & = 0.4 cases are shown and, for
comparison, Diesel one is reported as well.

reported as well, showing a comparable maximum pressure
with respect to the ammonia-hydrogen case at ¢ = 04. A
leaner mixture would lead to an increase of maximum in-
cylinder pressure (and thus of mechanical stress) compared
to the original Diesel case.

Other points that remain open are the flammability limit
and the combustion stability. Even if 3D outcomes at #< 0.4
confirmed a potential reduction of NO, the capability of the
engine to work at very lean conditions should be checked. In
fact, the very lean equivalence ratio values investigated via 1D
simulations may be beyond the flammability limits of the
mixtures or lead to very high COV. This can be assessed only
via experiments.

5. Conclusions and future developments

The increasing concern against greenhouse gases, especially
CO,, is pushing towards the adoption of carbon free e-fuels,
such as hydrogen and ammonia, to power internal combus-
tion engines. Compared to pure hydrogen and pure ammonia,
mixtures of the two can help to compensate their respective
deficiencies. The present paper aims at providing an overall
numerical framework to simulate combustion of pure NHjs,
pure H, and NH;—H, mixtures in internal combustion engines
in order to predict performance, emissions, knock onset and
heat transfer. The proposed numerical framework relies on
0D, 1D and 3D tools and it is applied to convert an existing
marine Diesel engine. Besides a comprehensive framework to
simulate combustion of NH3;—H, mixtures, the present paper
provides, thanks to the proposed Diesel engine test case,
practical hints for designers aiming at exploiting NH3 and H,
to convert existing powertrains. In the light of the poor
combustion-related-properties of the ammonia (scarcely

improved in case of small hydrogen additions), a stoichio-
metric condition is firstly accounted for. Apart from pure
hydrogen which is limited by knock onset, pure ammonia and
the investigated mixtures of the two are able to recover the
same engine performance of the original Diesel version.
However, considering aspects such as COV, MIE and auton-
omy, the NH3;—H, 80mol%-20mol% mixture is selected as the
best compromise and its results in terms of emissions and
heat transfer are deeply investigated. While the resulting heat
transfer is comparable to the original Diesel engine, a strong
increase of NOy is noticed with the use of the selected NH;—H,
mixture. A more detailed investigation via a combination of
1D and 3D simulations reveals that, as long as NH; is adopted
as fuel, because of its nitrogen content, NOx mass (or mole)
fraction cannot be significantly (i.e. of orders of magnitude)
reduced, even at very lean air-fuel mixtures (such as ¢ =0.2).
Therefore, the investigated NH;—H, mixtures can be a valid
alternative to traditional fossil fuels only if the problems in
terms of autonomy and NOy are solved (for example, with
advanced storage and after-treatment systems) and their
production relies on renewable sources.

As for the proposed numerical framework, further de-
velopments are reserved to future activities. In particular:

e The 1D framework can be improved with predictive models
(for knock and emissions, besides the already available
ones for turbulence and combustion) and then exploited,
once validated/tuned against 3D outcomes, to investigate
the whole engine map.

e An improved knock model can be adopted in 3D simula-
tions to estimate knock statistics despite the RANS
approach.

e LFS fitting polynomials for NH;—H, mixtures able to ac-
count for very high pressure and temperatures, extremely
lean equivalence ratios (<0.4) and EGR can be developed,
so that extremely lean operations can be simulated via 3D-
CFD to investigate NOy formation.

e The ignition model can be refined, for example introducing
the modeling of the electric circuit.

e Other chemical mechanisms can be investigated.

e The effect of the instabilities in the laminar flame speed
correlations can be included.

e Validation against experiments is desirable.

e Development and validation of a unique combustion
model (namely ECFM-3Z) able to simulate both traditional
fuels and ammonia-hydrogen mixtures.

The framework can be applied, in the future, to investigate
the same engine with pure hydrogen at very lean conditions
(@<0.3), in order to check the possibility to keep the original
Diesel engine performance (without knock occurrence) and
estimate NOy emissions. In fact, experiments confirm that, at
very lean conditions, most of the hydrogen-related-
drawbacks such as MIE and NOy formation can be strongly
reduced [154—156] and the use of a single fuel simplifies the
hardware. In the light of this, apart from the storage that re-
mains challenging, pure hydrogen would appear more (or not
less) appealing than NH;—H, mixtures. Conversely, the latter
suffer, as shown in this paper, very high NO, formation (even
at very lean conditions) and the autonomy is double compared
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to pure hydrogen but still widely lower (nearly a quarter)
compared to Diesel fuel.
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