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Abstract: Hydrogen is a carbon-free fuel that can be produced in many ways starting from different
sources. Its use as a fuel in internal combustion engines could be a method of significantly reducing
their environmental impact. In spark-ignition (SI) engines, lean hydrogen—air mixtures can be burnt.
When a gaseous fuel like hydrogen is port-injected in an SI engine, working with lean mixtures,
supercharging becomes very useful in order not to excessively penalize the engine performance. In
this work, the performance of a turbocharged PFI spark-ignition engine fueled by hydrogen has been
investigated by means of 1-D numerical simulations. The analysis focused on the engine behavior both
at full and partial load considering low and medium engine speeds (1500 and 3000 rpm). Equivalence
ratios higher than 0.35 have been considered in order to ensure acceptable cycle-to-cycle variations.
The constraints that ensure the safety of engine components have also been respected. The results
of the analysis provide a guideline able to set up the load control strategy of a SI hydrogen engine
based on the variation of the air to fuel ratio, boost pressure, and throttle opening. Furthermore,
performance and efficiency of the hydrogen engine have been compared to those of the base gasoline
engine. At 1500 and 3000 rpm, except for very low loads, the hydrogen engine load can be regulated
by properly combining the equivalence ratio and the boost pressure. At 3000 rpm, the gasoline engine
maximum power is not reached but, for each engine load, lean burning allows the hydrogen engine
achieving much higher efficiencies than those of the gasoline engine. At full load, the maximum
power output decreases from 120 kW to about 97 kW, but the engine efficiency of the hydrogen
engine is higher than that of the gasoline one for each full load operating point.

Keywords: hydrogen; carbon-free fuels; lean burn; spark-ignition engines; downsizing

1. Introduction

To reduce the environmental impact of internal combustion engines, it is mandatory to
explore the potential of new “green fuels” able to guarantee good performance associated
with a small environmental impact.

Hydrogen is an important energy carrier that can be obtained in many ways, such as
steam-reforming, chemical or biological processes, and gasification [1]. When produced
from renewable sources, hydrogen is the green fuel par excellence. It is a carbon-free fuel,
so its combustion does not generate CO, nor CO, PM, or UHC. When it is burned with air,
the only pollutants emitted are NOx due to the in-air nitrogen fraction.

Hydrogen can be used as a fuel in ICEs, both as a neat fuel [2,3] and as an additive [4].
It is mainly suited for spark-ignition engines [5], working also with lean mixtures [6].
Hydrogen can be introduced into the engine using both direct and port injection [7].

Table 1 compares some properties of hydrogen and gasoline. Hydrogen has a better
knock resistance, therefore a higher geometrical compression ratio and/or higher boost
ratios can be employed in downsized engines. Due to the high molecular diffusivity and
low activation energy, it can operate on a wider flammability rate respect to gasoline, from
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4 to 75% of volume in air, allowing lean and very lean combustion with an acceptable
cycle-to-cycle variation [8]. Furthermore, hydrogen has a higher laminar burn velocity,
about six times higher than gasoline and methane [9-11]. This allows fast combustion,
increasing the combustion efficiency. Lean, stable, and fast combustion processes allow
the engine load adjustment by varying the air to fuel ratio, like a diesel engine reducing
the throttled operation in spark-ignition engines. This is clearly positive for the engine
efficiency [12,13].

Table 1. Main characteristics of hydrogen and gasoline.

Hydrogen Gasoline
Energy content [k]/kg] [14] 120,000 44,000
Flammability limit (¢) [11] 0.1-7.1 0.66-3.85
Octane number [-] [14] >120 92-98
Auto ignition temperature [K] [15] 773-850 503
Lower Heat Value [M]/Kg] [15] 120 445
Quenching distance [mm] [14] 0.64 2.84
Stoichiometric air—fuel ratio [14] 34.3 14.8
Laminar Flame speed at ambient condition [m/s] [14] 1.85 0.37-0.43
Heat released by a volume unit of stoichiometric air-fuel mixture [M]/ m?] 2.88 3.46

Furthermore, compared to traditional fuels, hydrogen is characterized by a very
high lower calorific value [1]. However, considering its use in volumetric machines, it
is more correct to evaluate the heat released per volume unit of the burnt mixture. As
displayed in Table 1, considering an air-fuel mixture at 298 K and 1 bar, the heat released
by a stoichiometric air-hydrogen mixture is 16.7% lower than the heat released by a
stoichiometric air—-gasoline mixture. Keeping the same temperature, Figure 1 indicates
that the same heat released by a volume unit of stoichiometric air-gasoline mixture can be
obtained, increasing 1.2 times the pressure of a stoichiometric air-hydrogen mixture, or
1.6 times the pressure of an air-hydrogen mixture characterized by an equivalence ratio
equal to 0.7. This proves that supercharging becomes important when using hydrogen as a
fuel, in particular to achieve lean combustion without penalizing the engine power output
too much.

Verhelst et al. [16] studied the effect of supercharging coupled with exhaust gas recir-
culation on an engine running with stoichiometric air-hydrogen mixture. They obtained
a power gain of nearly 30% compared to the power output of a similar naturally aspi-
rated gasoline engine. In [17], analyzing the effect of an external supercharger on the
combustion performance of a spark-ignition engine, the authors discovered that a boost
pressure of 40 kPa increases the thermal efficiency of 14.2%. Studying a plume ignition
combustion process in a single cylinder direct injection hydrogen engine, Oikawa et al. [18]
highlighted that the boost pressure increasing determines a decrease of hydrogen unburnt
and an improvement of thermal efficiency. Nevertheless, they discovered an increase of
NOx production.

The effects of both equivalence ratio and compression ratio was experimentally in-
vestigated by Pandey and Kumar [19]. They analyzed the performance of a PFI naturally
aspirated engine, varying the compression ratio (CR) from 10 to 15 and the equivalence
ratio (¢) from 0.4 to 1. They discovered that the increase in CR leads to better combustion
characteristics, higher-pressure peak, and a higher NOx amount. The best thermal efficiency
has been achieved for a compression ratio equal to 15 and an equivalence ratio equal to 0.7.



Energies 2022, 15, 4744

30f12

reference value

Charge Energy [MJ/m?3]

——$=0.7

1 ——$=0.85
— =1

1 1.1 1.2 1.3 14 15 1.6 1.7 1.8 1.9 2
Charge pressure [bar]

Figure 1. Heat released by a volume unit of air-H, mixtures at T = 25 °C and different pressures.
Reference value is the heat released by a volume unit of a stoichiometric air-gasoline mixture at the
same temperature and a pressure equal to 1 Bar.

Luo et al. [20,21] measured the combustion characteristics and NOx emissions in a port
fuel injection engine operating with an equivalence ratio equal to 0.55 at different speeds
and loads. They also analyzed the influence of the equivalence ratio on a given engine
operating point varying ¢ between 0.4 and 1.1. They discovered that the engine delivers
the maximum power when it runs with an equivalence ratio equal to about 0.9, while the
efficiency remains approximately constant and equal to its maximum value for ¢ ranging
from 0.65 to 0.8, while it decreases for richer or leaner mixtures. They also discovered
acceptable engine cycle variations for all the investigated ¢.

A technical drawback of PFI hydrogen engines is the backfire. Gao et al. [22] analyzed
the influence of valve timing, fuel injection, fuel-air equivalence ratio, compression ratio,
combustion duration, residual exhaust gas, and hot spot on this phenomenon. They
highlighted that it is important to consider and optimize all these parameters in order to
develop suitable control strategies.

The most important problem concerning the hydrogen usage in transportation is its
low energy content for volume unit. However, together with conventional physically based
(compressed and liquid) storages, new material-based (adsorbent or absorbent) storages
can provide technologically viable solutions [23]. Furthermore, ammonia can be a suitable
hydrogen carrier [24].

The aim of this work is to analyze, by means of numerical simulations, the behavior of
downsized SI engines developed for gasoline vehicles and converted to run with hydrogen.
Considering an automotive application, focus is on the engine behavior both at full and
partial load considering low and medium engine speed. A load control strategy based on
the variation of the air to fuel ratio, boost pressure, and throttle opening has been defined.
The main objective of this paper is to evaluate the potential of SI hydrogen engines for light
duty vehicles comparing the hydrogen engine performances to those of the base gasoline
engine. The authors want to highlight that the numerical results, presented in this first step
of the research, may be useful in providing a guideline to set up the correct control strategy
rather than the exact project parameters of an air-hydrogen fueling.
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2. Materials and Methods

To investigate the potential of hydrogen fueling, a turbocharged, port fuel injection,

spark-ignition engine developed to run with straight regular grade gasoline fueling has
been considered (Table 2).

Table 2. Engine main characteristics.

Model 4 Cylinders, 16 Valves
Displacement [em?3] 1368
Bore/Stroke/Con. Rod [mm] 72/84/129
Compression Ratio [-] 9.8
Max Power (ISO Conditions) [kW] 110.3 at 5500 rpm
Max Torque (ISO Conditions) [Nm] 230 at 3000 rpm
Turbocharger group IHI RHF3

The engine features four cylinders: four valves per cylinder and a pent-roof combus-
tion chamber. The intake ducts are shaped to produce a strong tumble motion able to
generate high turbulence levels at the end of compression. The geometrical compression
ratio is 9.8, quite high considering the usual gasoline engines. A waste-gate turbocharger
group allows for performing a very high specific power. As usual in turbocharged SI
engine, particularly rich mixtures must be used at high load levels to prevent knocking and
to limit the exhaust gas temperature at turbine inlet.

The entire engine layout (Figure 2) has been modelled by means of a 1-D approach
already described in previous papers [25,26].

Waste Gate
valve

>
A

I\_ﬁ:harger
Intercooler

Engine
él Fluel
Throttle n-

»
)

Exhaust
system

(OO0

Figure 2. Schematic of engine layout.

The in-pipe flow has been estimated by means of the finite volume approach, while the
turbocharger has been modeled using the steady flow maps provided by the manufacturer.
However, the turbine inlet scroll has been modeled as a duct to consider the propagation of
pressure waves. To allow the boost pressure control, a part of the exhaust may bypass the
turbine simulating the action of the wastegate valve.
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The burn rate is described by a quasi-dimensional predictive approach, considering
the combustion chamber geometry, the spark location and timing, the air motion, and
the fuel properties. A spherical flame propagates from the spark plug, while a turbulent
entrainment process controls the combustion rate, portrayed in Equations (1) and (2)

dM,
Tte = peAs(u' +Sp) (1)
de _ (Me - Mb)
ar T @

where M, is the mass of the fresh gas mixture entering the flame front and M, is the burned
mass. Aris the surface area at the edge of the flame front, p, is the fresh gas density, 1’ is
the turbulent intensity and Sy, is the laminar flame speed. 7 is a time constant depending
on the ratio between the Taylor microscale of turbulence and the laminar flame speed.
The Taylor scale is calculated as a function of the integral length of turbulence and the
kinematic viscosity of the unburned mixture. Following a hierarchical approach described
in [27], both the integral length scale (/;) and the turbulent intensity (1) have been imposed
exploiting the flow field details provided by 3-D calculations.

In order to predict the knocking phenomena, Douaud and Eyzat’s approach [28] was
used. Knock occurs when the induction time calculated as in Equation (3) becomes higher
than one, while its intensity is calculated as in [29] Equation (4).

t1

I(t) = | —dt ®)

6 N

KI=(1—xp)(cr—1),/1 — ———
(1=x)(er =1 1-g &

4)
where x;, is the mass of burned fuel, cr is the compression ratio, 6y is the knock onset crank
angle, N is the engine speed. 6, is the maximum crank angle for which knock is still
audible and it is set to 50 CAD, while N, is a tuning parameter set equal to 3500 rpm. As
in [26,30], tolerable knock conditions are assumed for KI values less than or equal to 0.5.

The heat transfer rate through the walls of the combustion chamber has been estimated
by means of the well-known Woschni correlation, while the friction losses have been
estimated as a function of the engine speed.

The model has been validated considering the engine running with pure gasoline [31]
both at full and partial load. It was able to reproduce measured data with good accuracy.
As an example, considering fuel consumption, turbocharger speed, and exhaust gas temper-
ature, the average error was less than 5%. The model was also able to predict the in-cylinder
pressure curves and the experimental knock limited spark advance with a confidence of
about 1 crank angle degree.

Furthermore, when varying the fuel properties, the model correctly reproduced the be-
havior of the engine running with different alcohol-gasoline blends [25]. This encouraged
the authors to use the model to predict the performance of the engine running with hydro-
gen. In particular, the laminar flame speed is calculated according to burning velocities
obtained by the kinetic scheme proposed by O’Conaire [32], Equations (5) and (10):

o B
512510(%> (11%) (1 -7 XEgr) 5)

Sip = agd® +as¢® +agp* + +azp> +arxp® +aptag  p<2 (6)

ag = —2.813,a; = 20.818, a, = —65.998, a3z = 108.95,

7
ay = —84.173, a5 = 30.521, ag = —4.239 @)
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B —54.28¢°% +116.3¢> — 85.63p +24.88 ¢ < 0.5 @
| —0.0685¢° 4 0.9066¢* — 4.7¢% +12.019¢> — 149 +9.37 ¢ > 0.5

B = —02426¢* +0.8p —1.522 ¢$ <175 )

v =2.715—-0.5¢ (10)

where T(; and P are, respectively, the temperature and pressure of the unburned mixture,
and Xggr represents the mass fraction of the residual gases; Py and T are the reference
conditions of pressure and temperature, equal to 20 bar and 500 K.
The induction time of hydrogen—air mixtures has been calculated through the Equation (11) [33]:
2 2
th, = gy Alkt ek (B) i (1) PCAIE DICTORE FEE SIATE DUt W0Xeor (g1
where A is the air—fuel equivalence ratio (1/¢). Reference conditions Ty and Py have been
fixed to 300 K and 1 bar. The coefficients a, b, ¢, d, ¢, f, g, and h are tabulated according to
pressure and temperature ranges [33].

3. Results

The described 1-D approach was used in order to simulate the engine operation with
hydrogen fueling. First, considering several constraints, a load control strategy was defined
and the performances of the hydrogen engine were evaluated and compared to those of
the gasoline engine. Then, the full load operation was investigated.

3.1. Load Control Strategy

Parametrical analyses have been performed varying the mixture’s air—fuel ratio, the
boost pressure, and the spark timing. Focus is on low and medium engine speeds (1500 and
3000 rpm) that delimit the most interesting part of the engine map for automotive applications.

Constraints displayed in Table 3 have been considered. Equivalence ratios higher than
0.35 have been considered in order to ensure acceptable cycle-to-cycle variations, according
to [20]. The other constraints ensure the safety of the engine components. It is worth
noting that, due to hydrogen faster combustion, pressure peaks higher than those typical
of gasoline are reached.

Table 3. Analysis constraints.

Knock intensity [-] <0.5
Exhaust gas temperature [°C] <900
Peak pressure [bar] <120
Turbocharger speed [rpm] <250,000
Equivalence ratio [-] >0.35

Figure 3 portrays the engine torque calculated at 1500 rpm and 3000 rpm for dif-
ferent boost pressure levels and equivalence ratios. At each operating point, the spark
timing has been tuned to obtain the maximum engine torque according to the constraints
mentioned above.

The engine torque increases almost linearly with both the mixture richness (as reported
in [19]) and the boost pressure (as in [17]).

At a given engine speed, by increasing the mixture richness, the exhaust gas enthalpy
content increases, allowing higher boost levels. Unfortunately, as the equivalence ratio and
the boost pressure increase, the exhaust gas temperature, the peak pressure, and the knock
intensity increase as well, reducing the allowable spark angle region (Figure 4). This limits
the maximum torque output of the engine.
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Figure 3. Engine torque as a function of equivalence ratio for different boost pressure levels. Engine
speed 1500 rpm (left) and 3000 rpm (right). Circles stand for unthrottled operating conditions,
triangles stand for throttled ones.
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Figure 4. Exhaust Gas temperature, in-cylinder pressure peak and knock intensity versus spark angle.
(Left): boost = 2.6 bar, ¢ = 0.5; (middle): boost = 2.3 bar. ¢ = 0.8; (right): boost = 2.6 bar, ¢ = 0.8.
Engine running at 3000 rpm.

Naturally, at a given equivalence ratio, the boost pressure and the torque output can
be lowered by increasing the wastegate valve opening. When the wastegate valve is fully
opened (i.e., the engine is not supercharged), the delivered torque can be further lowered
by throttling the engine. In this way, the engine load can be regulated by appropriately
combining the mixture richness, the boost pressure, and the throttle opening.

For all the investigated points, Figure 5 portrays the engine efficiency as a function
of the delivered torque. When the air-fuel equivalence ratio is less than 0.4, the mixture
becomes too diluted. At 1500 rpm the mixture does not burn at all, while at 3000 rpm,
the combustion slows down excessively, penalizing the engine efficiency. Consequently,
very low loads (i.e., engine torque less than about 45 Nm) must be achieved, keeping the
equivalence ratio equal to 0.41 and throttling the engine. Figure 5 also highlights that
at a given boost level, there is a value of the equivalence ratio that optimizes the engine
efficiency, in agreement with the results presented in [20]. This optimal value decreases as
the boost pressure increases. Figure 6 reports the optimized engine control parameters as a
function of the engine load.
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Figure 5. Engine efficiency as a function of the engine torque for different boost pressures [bar] and
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Figure 6. Optimized control parameters for the hydrogen engine running at 1500 rpm (left) 3000 rpm
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Optimized Engine Performance

Considering the optimized control parameters portrayed in Figure 6, the results
with respect to engine performance are reported as the following: Figure 7 compares the
hydrogen engine efficiency to that of the gasoline engine as a function of the delivered
torque. At 3000 rpm, the hydrogen engine does not deliver the same maximum torque level
of the gasoline engine. To compensate for the lower energy capacity of the air-hydrogen
mixture compared to the air-gasoline mixture, the hydrogen engine should run with a
boost level and a mixture richness incompatible with the constraints reported in Table 3.

However, lean burn allows the hydrogen-fueled engine to achieve much higher effi-
ciencies than those of the gasoline-fueled engine for each engine load. This efficiency gain
is particularly noticeable at 3000 rpm, and very high loads when the gasoline engine needs
to run with very rich mixtures to limit the exhaust gas temperature. Comparing operating
points where the gasoline engine runs with stoichiometric mixtures (i.e., engine torque less
than 170 Nm), the hydrogen engine achieves efficiencies approximately 20% higher than
the gasoline engine.
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Equivalence ratio and boost pressure values (¢;BP) are highlighted for some operating points.

Figure 8 compares in-cylinder mean quantities calculated for both the hydrogen engine
and the gasoline engine at a medium load. Because of the higher boost level, the pressure
peak calculated for the hydrogen engine is much higher and more advanced than that of the
gasoline engine. However, the higher charge dilution determines much lower in-cylinder
mean temperatures.
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Figure 8. Comparison between in-cylinder data for the engine fueled with hydrogen and gasoline at

the same operating point. Engine speed 3000 rpm. Engine torque 120 Nm.

3.2. Full Load Operation

At the end, respecting the constraints indicated in Table 3, the hydrogen engine

performance at full load was evaluated. Figure 9 compares both the delivered torque and
the efficiency at full load. The hydrogen engine performs the same torque level as the
gasoline engine, only at 1500 rpm. As the engine speed increases, the gap between the two
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curves increases. When the engine runs with gasoline, it delivers a maximum torque level
equal to about 260 Nm at 3000 rpm. Running with hydrogen, its maximum torque level is
equal to about 240 Nm at 2000 rpm. Consequently, the maximum power output decreases
from about 120 kW to about 97 kW.

270
"€ 240
=
$ 210
o
S
2
o 180
£
oo
S 150 50
¢ \ . :
£
9
\\‘7 -
b
20 2
E
—@— Hydrogen Engine 10 w
—@— Gasoline Engine
0
1000 2000 3000 4000 5000 6000

Engine Speed [Nm]

Figure 9. Torque and efficiency at full load. Comparison between the engines running with hydrogen
and gasoline.

Conversely, the efficiency of the hydrogen engine is always greater than that of gasoline
engine, particularly when the engine runs at medium and high speed where the gasoline
engine burns very rich mixtures (Table 4).

Table 4. Main engine operating parameters at full load.

Engine Speed [rpm]

1500 2000 3000 4000 5000 6000

Hyd. Gas. Hyd. Gas. Hyd. Gas. Hyd. Gas. Hyd. Gas. Hyd. Gas.

Boost Pressure [bar]
Spark Angle [°]
Equivalence ratio [-]

1.75 1.45 2.70 2.40 2.6 240 2.6 2.20 24 2.0 22 1.94
-1.9 1.0 1.0 7.5 —4.0 2.6 -85 30 -90 -81 —-113 -—-142
0.86 1.00 0.83 1.30 0.80 1.45 0.73 1.45 0.73 141 0.69 1.47

Table 4 indicates that, on average, the hydrogen engine operates with a boost pressure
0.3 bars higher than the gasoline engine. The maximum equivalence ratio decreases with
the engine speed, ranging from 0.86 at 1500 rpm to 0.69 at 6000 rpm.

4. Conclusions

In this work, the operation of a turbocharged PFI spark-ignition engine fueled by
hydrogen was investigated by means of a 1-D numerical model. The important results can
be summarized as:

e At 1500 and 3000 rpm, the hydrogen engine load can be regulated by properly com-
bining the equivalence ratio and the boost pressure. Particularly, at a given boost level,
there is a value of the equivalence ratio that optimizes the engine efficiency. At very
low loads (i.e., engine torque less than about 45 Nm) the engine must be throttled,
keeping the equivalence ratio equal to 0.41.
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e  Considering the control parameters that optimize the engine efficiency, at 3000 rpm
the hydrogen engine does not reach the same maximum torque level as the gasoline
engine. This is due to the lower energy capacity of the air-hydrogen mixture compared
to the air—gasoline mixture. However, lean burn allows the hydrogen engine to achieve
much higher efficiencies than the gasoline one for each engine load, from about 20%
higher when the gasoline engine runs with stoichiometric mixtures to about 60%
higher when it runs with rich mixtures.

e At the same engine load and speed, the peak in-cylinder pressure for the hydrogen
engine is much higher and more advanced than that of the gasoline one, while in-
cylinder mean temperatures result much lower due to the higher charge dilution of
the hydrogen—air mixtures.

e At full load, the hydrogen engine achieves the same torque level as the gasoline
engine, only at 1500 rpm. Increasing the engine speed, the gap between hydrogen
and gasoline maximum torque values increases. Consequently, the maximum power
output is reduced from 120 kW to about 97 kW. Conversely, the engine efficiency
of the hydrogen engine is higher than that of the gasoline one for each full load
operating point.
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