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Abstract: Carbon-free fuels, in particular ammonia and hydrogen, could play a significant role in
the decarbonization of the mobility sector. In this work, the authors assessed the operation of a
light-duty spark-ignition engine fueled with an ammonia-hydrogen blend (85% ammonia and 15%
hydrogen by volume) using a 1D predictive model. Three-dimensional computations have been
used in order to verify the reliability of the 1D model. The addition of hydrogen to the air-fuel
mixture allows the operating capacity of the engine to be extended with respect to neat ammonia
fueling. The engine can be properly regulated between 1500 rpm and 3000 rpm. Its operating range
reduces as engine speed increases, and it cannot run at 6000 rpm. This is due to different engine
operating constraints being exceeded. The maximum engine torque is about 240 Nm and is reached
at 1500 rpm. The engine efficiency ranges between 42% and 19%, and the specific fuel consumption
varies from about 350 g/kWh to about 750 g/kWh. The results provide both performances and
operating ranges of the engine allowing us to define optimized engine maps obtained by means of a
constrained optimization.
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1. Introduction

Today, in terms of the pollutant emissions of the Internal Combustion Engines (ICEs)
complying with the current regulations, we can affirm that these engines have won the
battle against those emissions that are considered to be harmful for the human health.
However, the emissions of greenhouse gases, deriving from the combustion of traditional
fossil fuels, still require significant attention.

In order to drastically reduce CO, emissions, the only effective solution is to find new
carbon-free fuels.

As carbon-free fuels, ammonia [1-3] and hydrogen [4-6] represent good choices as fuels
for ICEs. Furthermore ammonia can be used as a raw material to produce hydrogen [7,8].

The combustion characteristics of ammonia are very different from those of hydrogen
and gasoline, and in Table 1, a brief summary of these is reported.

Table 1. Ammonia properties vs. gasoline and hydrogen properties [2,9,10].

Ammonia Gasoline Hydrogen
Storage Liquid (300 K-11 bar) Liquid (300 K-1 bar) Compressed (300 K, 700 bar)
LHV (M]/kg) 18.8 445 120
Stoichiometric air to fuel ratio (-) 6.05 14.8 34.3
Heat released by a volume unit of
stoichiometric air-fuel 2.81 3.46 2.88
mixture (M]J/m?)
Laminar bgm ve10c1_t)_/ (m/s) at 0.015 058 351
ambient condition
Octane number 130 92-98 >130
Auto-ignition temperature (K) 930 503 503
Explosion limit (% volume ratio) 16-28 1.4-1.6 4.5-75
Density (kg/m®) 0.703 740 0.082
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Ammonia clearly shows the worst combustion characteristics compared to hydrogen
and gasoline: its laminar flame speed is 57% less than that of gasoline and 98% less than
hydrogen; ammonia’s LHV is much smaller than the LHVs of both gasoline and hydrogen.
This suggests that ammonia is better to use in blends [11]. However, at present, neat
ammonia, as a fuel for ICEs, is also under study.

In [12], the authors focused their attention on the performance of a spark-ignition
engine fueled with neat ammonia. By means of 1D-3D analyses, they investigated the
influence of boost pressure, load conditions and spark timing on the behavior of the engine
running with ammonia. In the end, they found out that ammonia drastically reduces the
typical operation map of a light-duty SI engine. However, ammonia could be effectively
used in engines running at low-medium speeds, preferably featuring high pressure ratios.

Scharl et al. [13] investigated the mixture formation and spray combustion on a rapid
compression-expansion machine. Combining 1D analyses and optical investigations, they
found out that ammonia flames do not appear stable after ignition. Considering ammonia
spray, the authors reported that close to the nozzle, the temperatures are low and the
equivalence ratio drops below 1. Cui et al. [14] experimentally analyzed the effect of a
pre-chamber with a jet flame in order to improve the ignition phase of ammonia and its
combustion. They found that increasing the pre-chamber volume leads to an increase in jet
duration and ignition energy.

Ammonia can also be added to conventional fuels such as diesel or gasoline. El
Fattah et al. [15] analyzed the emissions of a spark-ignition engine powered by water
ammonia—gasoline blends. In particular, using this blend, they obtained a higher engine
thermal efficiency, but also a higher amount of NOx.

In [16], Zhang et al. experimentally investigated the performance of a two-stroke
low-speed engine powered by a dual-fuel direct injection mixture composed by ammonia
and diesel. Varying the ammonia’s amount, they discovered that diesel injection timing
helps the regulation of the ignition and early stage of combustion. The authors also pointed
out that this solution is important for the reduction in ammonia’s combustion duration,
and, consequently, the indicated thermal efficiency increases.

Nowadays, ammonia-hydrogen blends are objects of study. In particular, in [17],
a numerical study on the combustion characteristics of a spark-ignition engine fueled
by ammonia and hydrogen which is obtained from the reformation of the exhaust gas
is presented. The authors found that by adding hydrogen, up to 10% by volume, the
in-cylinder pressure increased, and the combustion duration decreased, leading to an
improvement in combustion and thermal efficiencies.

In [18], Lhuillier et al. experimentally investigated the combustion of ammonia—
hydrogen blends in spark-ignition engines. They considered a constant engine speed equal
to 1500 rpm, an intake pressure between 0.1 and 0.12, an equivalence ratio ranging from
0.6 to 1.2, and a fraction of hydrogen in the fuel mixture varying from 0 to 0.15 by mass.
They found out that adding hydrogen also makes the engine run in lean operations with
a COVpygp less than 5%. In this way, hydrogen allows an improvement in stability and
performance as well, since the combustion duration decreases at a high rate until the Hj
percentage is less than 20% (volume basis); over this threshold, the decrease slows down.

Frigo et al. [19] experimentally investigated a spark-ignition engine, used as a range
extender for electric vehicles, powered by ammonia and hydrogen where hydrogen is
obtained by ammonia. After defining the type of injector and its timings, they considered
either full-load operations or half-load conditions, with the engine running from 2500 rpm
to 5000 rpm and stoichiometric mixtures. The authors showed the amount of hydrogen
necessary to increase the combustion velocity mainly depends on load and less on engine
speed, and, in particular, they considered a percentage of hydrogen of 6% (volume basis) at
full load and 10% at partial load.

In [20], there is a numerical study on the ammonia-hydrogen blends’ combustion
characteristics compared to methane, methanol, and ethanol combustion. Using a 1D
approach, the authors observed several engine conditions by varying the equivalence ratio
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(from 0.7 to 1.3), the hydrogen mole fraction (from 0 to 100%), and the compression ratio.
They found out that the laminar burning velocity needs an amount of 40-70% of hydrogen
in order to reach the same level of hydrocarbon fuels unless the compression ratio increases.
The ignition energy shows an opposite trend to laminar burning velocity. The authors
also found that due to an incomplete oxidation, the combustion efficiency decreases if the
amount of hydrogen and the equivalence ratio increase.

Pyrc et al. [21] experimentally investigated an SI engine characterized by a variable
pressure ratio and modified it in order to work as a dual-fuel engine fueled with ammonia
and hydrogen. Considering two different pressure ratios (8 and 10) and an amount of the
energy shared by hydrogen from 0 to 70%, the results show that with 12% of energy shared
by hydrogen, the instability related to the ignition process disappears. In particular, with a
compression ratio equal to 8, the authors observed that ignition delay decreases two times,
while for a compression ratio equal to 10, it decreases almost three times; naturally, the
specific energy consumption decreases as the compression ratio increases.

Due to the low engine speeds that characterize the heavy-duty engines, ammonia
could effectively be fired in applications such as marine engines, as reported in [22,23].
In addition, in [24], the authors theoretically investigated the behavior of a diesel marine
engine firing with ammonia-hydrogen blends and performing an HCCI combustion mode
able to reduce the NOy formation.

The state of the art demonstrates that engines fueled by ammonia-hydrogen are
interesting due to their low environmental impact and good operating capacity.

Thus, in this paper, the operation of a light-duty spark-ignition engine fueled with an
ammonia-hydrogen blend was investigated by means of a 1D numerical approach.

The blend was composed by 85% of ammonia and 15% of hydrogen by volume. It
was chosen considering a previous literature analysis of these blends. In particular, a
low amount of hydrogen, such as the one chosen in this work (15% by volume), could be
directly produced on-board vehicles from an ammonia cracking process.

The analyses were performed taking into account the operating constraints of the
engine. In particular, limits on the in-cylinder pressure, exhaust gas temperature, spark
advance, knock intensity, and fraction of fuel burnt were considered. To the best of the
authors” knowledge, previous studies do not show complete operating maps of a light-duty
SI PFI engine fueled with the selected ammonia-hydrogen mixture. Therefore, the aim of
this work was to assess both the performance and operating range of the engine, in order
to obtain optimized engine maps which guaranteed its proper operation with the analyzed
fuel blend.

2. Materials and Methods

With the aim of investigating the possible utilization of neat ammonia as a fuel for
ICEs, the fueling change of a turbocharged gasoline engine, designed for light-duty vehicles,
was analyzed (Section 2.1).

Engine performances were evaluated by using a numerical 1D model able to simulate
the engine performances for different fuels (Section 2.2). The dependability of the 1D
results strongly depended on a proper prediction of the in-cylinder pressure curves. The
predicted in-cylinder pressure curves were compared to those obtained by a 3D numerical
approach. The latter was based on a detailed chemical-kinetic mechanism able to predict
the ammonia-hydrogen—air mixture oxidation (Section 2.3).

2.1. Engine and Fuel Blend

The engine under study is a PFI turbo-charged spark-ignition engine. It was designed
to be fueled by regular gasoline. Some engine characteristics are shown in Table 2 which
reports the nominal performances of the engine running with gasoline as designed by
the manufacturer.
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Table 2. Engine main characteristics for gasoline fueling.

Model 4 Cylinders, 4 Valves/cyl
Displacement (ecmd) 1368
Bore/Stroke/Con. Rod (mm) 72/84/129
Compression Ratio (-) 9.8
Combustion Chamber Shape Pent Roof
Max Power (ISO Conditions) (kW) 110 @ 5500 rpm
Max Torque (ISO Conditions) (Nm) 230 @ 3000 rpm
Turbocharger group IHI RHF3

In this work, the fuel system was modified in order to inject both ammonia and
hydrogen fuels in the intake runners. In this way, the engine fired with a premixed
hydrogen-ammonia—air mixture. In the following, the fuel was a blend of 85% ammonia
and 15% hydrogen by volume. The main properties of the considered blend are summarized
in Table 3.

Table 3. Fuel blend properties (ammonia 85%-hydrogen 15% by volume).

Blend

LHV (M]/kg) 33.98

Stoichiometric air to fuel ratio (-) 6.63

Heat released by a volume unit of stoichiometric air-fuel mixture (MJ/m3) 2.82
Laminar burn velocity (m/s) in ambient condition * 0.088

Density (kg/ m3) 0.69

* Data calculated by Equation (1).

2.2. 1D Numerical Approach

A 1D model approach was used in order to evaluate the operation of the engine firing
with ammonia-hydrogen blends. The model was already validated considering the engine
running with gasoline [25] and different gasoline—alcohol blends [26]. The average error
with respect to experimental data was less than 5% for fuel consumption, exhaust gas
temperature, and maximum in-cylinder pressure. The same model was also used to predict
the performance of the same engine fueled by hydrogen [6] or pure ammonia [12].

The numerical approach used for the combustion modeling decouples turbulence and
chemical effects. Implementing the chemical properties of the ammonia—hydrogen-air
mixture (laminar flame speed and induction time), since the kind of fuel does not affect the
fluid dynamic behavior in a significant manner, the approach was still considered valid to
predict the combustion process of the ammonia—hydrogen blend.

In Figure 1, the whole engine layout is presented. Briefly, the turbocharger was
modeled by using the operation maps provided by the manufacturer, while in-pipe flow was
estimated using a finite volume approach. The inlet air filter, which affects the performance
and emissions of both spark-ignition engines [27] and compression ignition engines [28,29],
was modeled as a volume. The friction losses were also considered according to data
provided by the manufacturer.

The wastegate valve operation was simulated, allowing a portion of the exhaust gases
to bypass the turbine. This was needed to control the boost pressure. The heat transfer rate
through the cylinder walls was estimated using the well-known Woshni correlation. The
friction losses were calculated as a function of the engine speed.

The injector was modeled considering a mixture with properties that nominally repre-
sent the fuel blend characteristics.
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Figure 1. Schematic layout of the engine [20,27].

The burning rate for homogeneous charge spark-ignition engines in this model was
predicted using the Keck and Tabaczynski model [30,31]. The calculated turbulent flame
speed depended on both laminar flame speed and turbulent flow indices according to
an entrainment model. Following the hierarchical approach described in [32], the mean
turbulent length scale and the mean turbulent intensity were imposed, exploiting the flow
field details provided by 3D calculations.

The thermochemical properties of the ammonia-hydrogen blend were utilized, while
the laminar flame speed (5;) was computed by means of the correlation presented in [33].

S NH3H2 = S, * Th? + Py @

&y = ayp, + byp, ¥ A+ cop, ¥ A2+ dy p, x A3 )
Ba=asp, +bap, * A+ cyp, % A? 3)

Spo, = a1 % by p, x AVPs 4)

a = ap + (1 _ alO) % (1 _ efan*tzfalz*szzfaw*JﬁHz) (5)
where T, and P, are the normalized temperature and pressure with respect to the reference
conditions of T and P, respectively, equal to 300 K and 0.1 MPa.

Ty =Tu/To (6)

P, =P,/P )

The coefficients g, b, ¢, and d are tabulated as a function of temperature and pressure
n [33]. A is the air to fuel ratio.

Figure 2 compares the calculated laminar flame speed of the hydrogen-enriched
ammonia to those of pure ammonia and gasoline. It is worth noting that with a small
amount of hydrogen, the laminar flame speed increased by 47.8% at an equivalence ratio
equal to 1.



Energies 2023, 16, 2543

6 of 14

—e—gasoline
—@&—ammonia
—&—ammonia-hydrogen (85% ammonia)
% 0.4
= e
§ 0.3 — ~
& \o
o \.
€ 0.2
<
L
.g 0.1
£
5
0

0.5 06 0.7 08 0.9 1 11 12 13 14 15
Air to Fuel Ratio [-]

Figure 2. Laminar flame speed comparison in ambient condition. Data were calculated according to
Equations (1)—(5) for ammonia and hydrogen—ammonia blend, according to [34] for gasoline.

The knock occurrence was detected considering the induction time of the air fuel
mixture. It was assumed that knock occurs when fot dt/Tz(t) = 1[35]. The ignition
delays were provided by detailed chemical kinetic calculations previously performed in
the Cantera environment [36]. In particular, the Nakamura mechanism [37], based on
38 species and 232 reactions, was solved in a “Ideal Gas Reactor” component. Several levels
of pressure and temperature like those characterizing the engine operation were considered.
The calculated data were tabulated, and the resulting database was implemented in the
1D model.

When knock is detected, its intensity is evaluated as described in the following equation:

6 N
Qref Nref

KI=(1—-xp)(cr—1),/1— 8)

where x;, is the mass of burned fuel, cr is the compression ratio, 6y is the knock onset
crank angle and N the engine speed, and 6, is the maximum crank angle for which knock
is still audible, set to 50 CAD. N, is a tuning parameter set as equal to 3500 rpm. It
was assumed that tolerable knock corresponds to a KI level less than or equal to 0.5, as
described in [12,25].

2.3. Three-Dimensional Numerical Approach

A 3D computational model, previously built by means of the commercial code AVL
Fire, was used to reproduce some 1D results. Briefly, a first-order (Euler) implicit differ-
encing scheme was used for time discretization, while second-order schemes were used
for both continuity and momentum equations. An upwind scheme was used for both
turbulence and energy equations. Turbulent effects were modeled using the well-known
k-e approach. This model was widely used in the past to reproduce the behavior of the
same engine running with gasoline, obtaining very reliable results [32]. It was adapted to
the ammonia-hydrogen engine operation referring to the Nakamura mechanism previously
described. Thus, different chemical species were considered during the simulations, and the
fuel oxidation process was simulated by means of a chemical-kinetic approach. The engine
mesh, reported in Figure 3, reproduces only half geometry due to the symmetry of the
engine geometry. The minimum number of the grid cells is about 50,000 (firing TDC), while
the maximum number is approximately 350,000 (BDC during the intake stroke). Boundary
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and initial conditions were set by utilizing the computations provided by the 1D model
previously depicted. In the inlet runner, a premixed air-fuel mixture was considered.

Figure 3. Three-dimensional engine mesh.

3. Results

The model described in Section 2.2 was used in order to evaluate the operation of the
engine considering fueling with an ammonia-hydrogen blend. In particular, as already
specified above, a blend of 85% ammonia and 15% hydrogen by volume was used.

Steady-state engine operating points in stoichiometric conditions were investigated.
First, 3D computations were performed in order to investigate some operating points and
to compare the 3D results with those obtained from the 1D computations (Section 3.1).
In a second step, different analyses were carried out by using the 1D model in order to
investigate both the performances and the operation limits of the engine fueled with the
ammonia-hydrogen mixture.

The 1D simulation results are presented in the following. Low load operation was
investigated considering no boost conditions and different values of the throttle opening
(Section 3.2). Medium and high load operation was evaluated by varying the boost pressure
at wide-open throttle (WOT) (Section 3.3).

In the end, taking into account several constraints which guarantee a proper operation
of the engine (Table 4), the engine operating map is built in Section 3.4.

Table 4. Operating constraints.

Peak pressure (bar) <100
Exhaust gas temperature (K) <900
Spark advance (°bTDC) <110
Knock intensity (-) <05
Burned fuel fraction (%) >98

The details of each analysis are described in the respective subsection.

3.1. 1D-3D Comparisons

The 3D approach was used to reproduce the WOT operating points presented in
Table 5. The spark advance was chosen by means of the 1D simulation results aiming
toward the maximum engine torque. It is worth noting that the spark advance values, as



Energies 2023, 16, 2543

8 of 14

discussed in [12] and [18], were bigger than the ones typical for the engine running with
gasoline but were much lower than the values obtained for pure ammonia. As reported in
Table 5, when increasing the engine speed, the spark advance moves far away from the top
dead center (TDC).

Table 5. Three-dimensional simulated points. WOT.

Engine Speed 1500 3000
Spark advance (°bTDC) 54.4 64.3
Equivalence ratio (-) 1 1
Boost pressure (bar) No boost No boost

Figure 4 shows both in-cylinder pressure and heat release curves for each investigated
case. The best agreement between the models was reached at 3000 rpm with a difference in
pressure peak of about 0.47%, while at 1500 rpm, the difference was of about 4.9%. The
agreement between the two models seemed to be good. These results confirm that the 1D
model effectively predicted the behavior of the analyzed engine. Thus, it was implemented
for the following analyses involving the fuel blend under study.

Pressure [bar]

80 160 80 120
—3D —_ —3D —
70 1D - 140 %D 70 1D .980
60 - 120 60 % =
@ re (]
50 L 100 @ 8 50 P
] = 9
40 L s0 @ g a0 L 60 &
"‘"f 3 -
30 - 60 @ $ 30 3
= a z
20 L 40 © 20 L3 ‘o
-] g
10 20 8 10 S
0 0 0 0
600 630 660 720 750 780 810 600 630 660 690 720 750 780 810
Crank angle [°] Crank angle [°]

Figure 4. In-cylinder pressure and rate of heat release. The 1500 (left)-3000 (right) rpm, no boost, WOT.

3.2. Low Load Operation

In order to assess the engine behavior at partial load, a parametrical analysis was
carried out by varying the throttle opening until a minimum torque of about 10 Nm was
reached. The whole analysis was performed considering different engine speeds (from
1500 to 6000 rpm), no boost condition, an overall equivalence ratio equal to 1, and spark
timing set to the maximum torque value.

As an example, Figure 5 shows the engine efficiency calculated at 3000 rpm when the
load changes. Of course, due to the increasing pumping losses, when reducing the engine
load by throttling, the efficiency decreased.

Furthermore, the typical increase in the angular combustion duration (CA 0-90) for
increasing engine speeds (Figure 6, right) became critical for the lowest loads at medium
regimes and for almost all the loads at high regimes. In fact, in the latter cases, the minimum
allowable burned fuel fraction (98%) was not reached (Figure 6, left). As a consequence,
the operating range of the engine significantly reduced. Partial load conditions were
sustainable for the whole considered range at 1500 and 2000 rpm, with a burned fuel
fraction at minimum load, respectively, equal to 98.8% and 98.9%. At 3000 and 4000 rpm,
the entire map was not exploitable since the lowest loads did not respect the imposed
constraint. At 5000 rpm, only WOT and very low throttling conditions guaranteed a proper
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engine operation, while at 6000 rpm, the 98% burned fuel fraction was not reachable. It is
worth underlining that, in this partial load analysis, all the other constraints were respected;
therefore, they are not reported.

Engine running at 3000 rpm, no boost.

40
o/ S
35
]
30
:

Engine Efficiency [%]

0 20 40 60 80 100 120 140
Brake Torque [Nm]

Figure 5. Engine efficiency as a function of engine torque for different throttle opening values.

—e— 1500 —e—2000 —e—3000 4000 | —e— 1500 —@—2000 —@— 3000 4000 —@=— 5000 +6000|
—8— 5000 —8— 6000 Constraint 180
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ﬁﬁ’u":_ﬂz——.ﬁn 160
T % — e
§ o —" L T 140
= Cd <
9 o
© —
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T 3 o
3 96 = ~—e—
= -4 — .
- o 100 \._.
@ 95 ————,
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Brake Torque [Nm] Brake Torque [Nm]

Figure 6. Burned fuel fraction (left) and CA 0-90 (right) for different regimes. No boost.

3.3. Medium and High Load Operation

In this subsection, the behavior of the engine at WOT was evaluated considering
different engine speeds, from 1500 to 6000, and different boost pressure (BP) levels, up to
2 bar. Stoichiometric mixtures were always considered.

Figure 7 (left) shows the calculated engine torque delivered by the engine when the
spark timing was set to the maximum torque knock limited value (Figure 7, middle). Of
course, the engine torque increased when the boost pressure level grew. The optimal
knock limited spark advance followed the trend of the combustion duration (Figure 7,
right) which increased for increasing engine speeds and decreased when the boost pressure
increased. It is worth noting that the combustion durations, presented in Figure 7 (right)
for the speed of 1500 rpm, agreed with those measured in [18].
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Figure 7. Engine torque (left) calculated at maximum torque knock limited spark advance (middle)
and relative combustion duration (right) at different boost pressure levels.
Unfortunately, considering the operating constraints reported in Table 4, not all the

points shown in Figure 7 were acceptable (Figure 8). The engine running with the optimal
spark advance reached an unacceptable peak pressure for boost greater than or equal to
1.6 at any rotational speed. In addition, it reached unacceptable exhaust gas temperatures
when it ran above 5000 rpm at any boost pressure levels. The exhaust gas temperature only
did not limit the engine operation below 3000 rpm, while in the range of 3000-5000 rpm, it
determined a maximum allowable boost pressure.
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Figure 8. Maximum in-cylinder pressure (left), exhaust gas temperature (middle) and burned fuel
fraction (right) calculated for the engine running at the maximum torque knock limited spark advance.

Finally, above 5000 rpm and at low boost pressure, the engine also showed unaccept-
able unburned fuel fractions at exhaust.

3.4. Engine Maps

The results reported in previous sections show that engine operation is strongly limited
by the constraints reported in Table 4.

However, for some operating points, by varying the spark advance with respect to
the optimal value, which guarantees the maximum torque, it is possible to extend the
operating range of the engine. As an example, at 3000 rpm and a boost level equal to
1.6, and by delaying the spark time, the maximum pressure decreased until it became
acceptable. Naturally, both exhaust gas temperature and unburned fuel fraction increased,
but they still remained within allowable limits (Figure 9). This result was achieved and
only lost about 3% of engine efficiency (Table 6).



Energies 2023, 16, 2543

11 0f 14

100

Burned Fuel Fraction [%]

99

98

97

96

95

905
900

Exhaust Gas Temperature [°C]

895
890
885
880
875
870
865
860

|

40

|
42

———Exhaust Gas Temperature

Allowable Spark Angle Region |

[}
44 46 48 50 52 54 56 58 60
Spark Advance [CAD]

Burned Fuel Fraction

62

64

——— Enegine Torque

——Peak Pressure

66

214

210

206

202

198

194

Engine Torque [Nm]

In cylinder pressure [bar]

Figure 9. In-cylinder pressure, burned fuel fraction, exhaust gas temperature and engine torque
versus spark advance. Engine speed: 3000 rpm, boost pressure: 1.6 bar. For this engine operating
point, the maximum torque spark advance is 66.9 crank angle degrees, and the knock intensity is
always zero. The allowable spark advance region is determined by constraints on the peak pressure
and exhaust gas temperature.

Table 6. Engine recalibration at 3000 rpm, boost 1.6.

Maximum Torque Operating Point

Recalibrated Operating Point

Max. In-Cylinder Pressure
Engine Torque (Nm)
Engine Power (kW)

Engine Efficiency (%)

(bar)

Spark advance (°bTDC)

Exhaust Gas Temperature

O

Burned Fuel Fraction (%)

101
212
66.5
41.4
66.7
869
99.5

89.9
210
65.9
40.0
55.0
874
99.2

Torque [Nm]

Thus, it is possible to identify an operating area where all parameters are within
acceptable limits for many engine operating points that have been previously excluded.

The results of this constrained optimization are shown in Figure 10, where various
engine parameters are represented as a function of engine speed and torque.

BOOST Pressure [bar]

T T T v T
1500 2000 2500 3000 3500 4000 4500 5000
Engine Speed [RPM]

20

Torque [Nm]

Engine Efficiency [%]

180

1500 2000 2500 3000 3500 4000 4500 5000
Engine Speed [RPM]

Torque [Nm]

Spark Advance[CADbTDC]

240
210 v i
wod /. . >
150 . 2
120 -/ - 3
90 /;’ A 4 &
604! ¢ . >

|
304
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Engine Speed [RPM]

Figure 10. Boost level, engine efficiency, and spark advance as a function of engine speed and torque.
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The feasible region was large enough at low engine speeds where good engine op-
eration was possible. Between 1500 rpm and 3000 rpm, the engine could be regulated,
delivering a torque ranging from a minimum value around 15 Nm to a maximum value
greater than 200 Nm. The maximum engine torque was about 240 Nm; it was delivered at
1500 rpm, where a boost pressure equal to 2 bar could be achieved. This boost level could
be kept only up to 2000 rpm.

Above 3000 rpm, the engine could run with an average maximum boost pressure
of 1.4 bar, and the maximum delivered toque decreased almost linearly with the engine
speed. In addition, the minimum load achievable by the engine decreased significantly as
the engine speed increased. The combination of these two effects reduced the operating
capacity of the engine as the speed increased. It could not run at 6000 rpm.

The engine efficiency was higher than 33% for almost all points; it never fell below
about 19%. The maximum efficiency was very high: it was about 42% when the engine ran
at low speed and the load was slightly less than the allowable maximum. Correspondingly,
the specific consumption turned out to vary from about 350 g/kWh to about 750 g/kWh.

Spark advances are always very high. They ranged from a minimum of 25 CAD at
1500 rpm, maximum load, to a maximum of 110 CAD at 5000 rpm, low load.

4. Conclusions

In this paper, the authors investigated the behavior of a turbocharged spark-ignition
light-duty engine powered by an ammonia-hydrogen blend (15% of hydrogen by volume)
considering a port fuel injection. The analysis was carried out using a predictive 1D model.
Furthermore, 3D computations were performed in order to verify the reliability of the
results obtained by the 1D model.

The aim of the work was to assess both the performance and operating range of the
engine in order to obtain optimized engine maps which guaranteed its proper operation
with the chosen ammonia-hydrogen mixture.

The main results of the analysis can be summarized as:

e  The small amount of hydrogen (by mass) improved the combustion behavior with
respect to pure ammonia fueling, leading to reduced combustion durations and ex-
tending the operating range of the engine.

e  Partial load operation became critical for the lowest loads at medium regimes and for
almost all the loads at high regimes, due to unacceptable values of the burned fuel
fraction. Low regimes (1500 and 2000 rpm) were sustainable for the whole considered
throttling range. Medium regimes (3000 and 4000 rpm) were not sustainable at the
lowest loads. At high regimes (5000 and 6000 rpm), a proper engine operation was not
reachable, except for WOT and very low throttling conditions at 5000 rpm.

e At medium and high loads, the engine running with the optimal spark advance
reached unacceptable values of the different constraints in various conditions, espe-
cially at the highest regimes (5000 and 6000 rpm) and at high boost levels (BP > 1.6 bar).
However, for some operating points, a specific tuning of the spark advance allowed all
the operating constraints to be complied with (peak pressure, exhaust gas temperature,
spark advance, knock intensity, and burned fuel fraction).

e  Between 1500 rpm and 3000 rpm, the engine could be properly regulated. The engine
could not reach 6000 rpm.

e At 1500 and 2000 rpm, the engine could reach a boost pressure equal to 2, while for
the other regimes, the maximum feasible boost pressure was about 1.4.

e  The maximum engine torque (about 240 Nm) was delivered at 1500 rpm. The engine
efficiency ranged between 42% and 19%. Correspondingly, the specific consumption
varied from about 350 g/kWh to about 750 g/kWh.
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Nomenclature
1D One-dimensional
3D Three-dimensional
BDC Bottom dead center
BP Boost pressure
bTDC Before top dead center
CA0-90 0-90% mass fraction fuel burn duration
CAD Crank angle degree
COVmep  Coefficient of variation of IMEP
HCCI Homogeneous charge compression ignition
ICE Internal combustion engine
IMEP Indicated mean effective pressure
I\Y@ Intake valve closing
KI Knock intensity
LHV Lower heating value
NOy Nitrogen oxides
PFI Port fuel injection
SI Spark-ignition
TDC Top dead center
WOT Wide open throttle
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