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Abstract

The energy transition in the transportation sector makes hydrogen a promising candidate
as a fuel for internal combustion engines; however, its tendency to knock limits its use to
lean mixtures, resulting in a reduction in performance. In this context, water injection rep-
resents a technical solution capable of reducing both the risk of knocking and the pollutant
emissions of nitrogen oxide (NOx). Although several studies have been published on the
benefits of water injection, its capacity to suppress high-intensity knocking phenomena
was never investigated and is not traceable in the scientific literature. On account of this
lack, the authors of the present paper experimentally evaluate the effectiveness of port
water injection in suppressing high-intensity knock phenomena and its potential in terms
of nitrogen oxide emission reduction. Differently from previous works, a highly reactive
fuel (PRF60) was adopted to reproduce, as closely as possible, the knocking tendency of
hydrogen. The tests were carried out on a single-cylinder CFR engine, suitably modified to
allow port water injection, operating with stoichiometric air-fuel mixture (A = 1) and at
low engine speed, which constitutes the most critical condition, since it allows for heavy
knocking and is less favorable for injected water evaporation. Moreover, aiming to assess
the effect of spray atomization, the tests were repeated using three different water injection
pressure levels. The study presented, however, is confined to the effects of port water
injection on knock suppression and NOx emission reduction, while no engine performance
or efficiency variation were considered. The results showed that port water injection,
with water addition up to 40% by mass with respect to fuel, enables an almost complete
suppression of high-intensity knocking phenomena, along with a significant reduction in
NOx emissions (up to —62%).

Keywords: internal combustion engine; NOx emission; heavy knocking; water injection;
CFR engine; knocking suppression

1. Introduction

The current regulatory and industrial framework is strongly oriented toward ecological
transition and the decarbonization of the transportation sector. The European Green Deal
and the “Fit for 55” package set ambitious targets for reducing CO, emissions related
to transport. In this context, hydrogen produced from renewable sources (commonly
referred to as green hydrogen) is emerging as one of the most promising options for replacing
conventional fossil-based fuels [1,2].
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However, its use in internal combustion engines (ICEs) presents several technical,
performance, and operational safety challenges, primarily due to its low density, its high
reactivity [3], and some material compatibility issues, particularly with respect to hydrogen
embrittlement [1]. Although several studies have demonstrated that hydrogen can be
effectively used as a fuel in internal combustion engines [1,4-7], a critical issue is its high
tendency to knock when operating near stoichiometric conditions. This phenomenon can
severely compromise system reliability and rapidly cause engine failure. To mitigate the
risk of dangerous knock events in spark-ignition engines fueled with hydrogen, the use
of lean mixtures (A > 1.25) has proven effective [6,8]. Furthermore, the adoption of leaner
mixtures (A = 1.9), also allows for the combustion of hydrogen without significant NOx
formation [8].

The use of lean mixtures, however, leads to a marked reduction in engine specific
performance [8], thereby decreasing the competitiveness of internal combustion engines
compared to other propulsion systems. In this perspective, the use of synthetic hydrocar-
bons (e-fuels) is considered a potential pathway toward transport decarbonization that does
not compromise engine performance. These fuels are characterized by properties like those
of gasoline, such as a similar knock resistance [9]. This, however, entails the risk of severe
knock phenomena under full-load conditions, which are typically avoided by employing
retarded combustion phasing and very rich mixtures (A = 0.80). Such operating condi-
tions lead to high CO and HC emissions, which are only poorly reduced by the exhaust
after-treatment system due to its low conversion efficiency under rich mixture conditions.

One of the most promising solutions to address knock-related issues that may arise
when adopting stoichiometric mixtures with hydrogen or e-fuel combustion is water
injection, which can be implemented either directly, into the cylinder (Direct Water Injection,
DWI), or indirectly, into the intake ducts (Port Water Injection, PWTI) [10,11].

Port water injection allows for improved water vaporization due to the longer time
available for mixing with air; the evaporation process, during which the latent heat of va-
porization is absorbed from the intake air, leads to a significant reduction in the in-cylinder
temperature, thus avoiding knock events or reducing their intensity. Port water injection
can be performed at low injection pressures and has the advantage of easy integration and
implementation in modern engines; these advantages have recently attracted interest from
leading manufacturers in the automotive sector, such as Bosch. Reference paper [12] reports
the implementation of a continuous (port) water injection system on a spark-ignition CFR
engine, with the aim to quantify both the NOx emission reduction and the knock resistance
increment obtainable on refinery intermediate products characterized by low Research
Octane Number (RON); the main reported results showed that, with water/fuel ratio from
0.5 to 1.5, the fuel RON was increased from 70 to 95, while NOx emissions were reduced
by more than 50%. The effectiveness of port water injection in suppressing knocking has
also been confirmed by numerical studies, such as reference [13], where a gasoline direct-
injection (GDI) engine was employed, demonstrating that increasing the water-to-fuel ratio
leads to lower in-cylinder temperatures and, consequently, a reduced knock tendency.

In reference paper [14] the authors conducted an experimental study on the effect, of
PWI on the combustion and emissions of a 2.0 L four-cylinder Miller cycle, fueled with
standard gasoline, with engine speeds ranging from 2500 to 5000 rpm; knock intensity was
evaluated in terms of Maximum Amplitude of in-cylinder Pressure Oscillation (MAPO);
without water injection, MAPO values between 1 bar and 2.5 bar were observed, whereas,
with water injection, knocking was suppressed and MAPO values decreased to approxi-
mately 0.5 bar, thus confirming the beneficial effects of PWI in cancelling knock phenomena.
However, the study reported in reference paper [14] does not investigate operating condi-
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tions characterized by high number of knocking cycles, such as those tested in the present
work, and the tested fuel was not a low-octane fuel comparable to hydrogen [1,2].

Reference paper [15] reports a study involving a 550 cm?® single-cylinder direct-
injection gasoline engine operating at 1500 rpm, fueled by two different gasolines (RON92
and RON98), tested under incipient knock conditions. The results again showed that port
water injection effectively mitigates knock tendency of the engine, although the study
was limited only to mild knock conditions. In reference paper [16], an experimental and
numerical CFD study is carried out on a turbocharged engine with the aim of evaluating
the fuel consumption improvements obtainable thanks to the knock suppression effect
produced by port water injection. The study focuses on knock-limited spark advance
operation (i.e., incipient knock condition), regarding only a low-reactive fuel (standard
gasoline), and a single water injection pressure.

Finally, in review papers [10,11], which analyze and reports extensive information
on water injection in internal combustion engines, the advantages and drawbacks of
the two technologies, PWI and DWI, are compared. In particular, it is noted that direct
water injection:

1.  Requires higher injection pressures to achieve finer atomization of the water spray,
due to the shorter time available for evaporation;

2. Entails a more complex implementation in multi-valve cylinders, especially in direct
fuel injection engines [10,11,13,17,18];

3. Can cause the formation of water films on the cylinder walls and piston surface [10,11,
13,16,19], which, in turn, may cause a rapid deterioration of the lubricant’s properties;

4. Exposes the engine to potential reliability issues due to the documented accumulation
of non-negligible amounts of liquid water within the combustion chamber [16], a
phenomenon that may cause an undesired increase in the compression ratio, with
negative implications for engine operation and safety [20].

Similar conclusions are drawn in reference paper [17], in which the potential of water
injection is tested on HCCI engines, and in [21], which reports an experimental study on
the application of water injection in a Wankel engine.

Apart from the configuration adopted, PWI or DWI, water injection always provides
additional significant benefits in terms of nitrogen oxide (NOx) emission reduction. The
mechanism which allows water injection to reduce intensity of knock phenomena is, in fact,
mainly related to the cooling effect produced by the evaporation of the injected water within
the intake duct and/or inside the cylinder; the resulting temperature decrease also leads
to reduced dissociation of nitrogen and oxygen, and, consequently, to a lower formation
of thermal nitrogen oxides. For instance, as reported in [12], the injection of water, up
to 150% with respect to fuel mass, resulted in NOx reductions of up to 50%. Similarly,
ref. [15] reports experimentally measured NOx reductions up to 43% achieved through PWI
in a single-cylinder GDI engine. Numerical studies on turbocharged SI engines [16] also
indicate NOx reductions in the range of 40-50% due to water injection, values consistent
with experimental results published in [22] for a hydrogen-fueled SI engine. It is worth
mentioning that the combustion of hydrocarbon fuels may cause the formation of prompt
NOXx, according to a secondary NOx formation mechanism, whose concentration in the
exhaust gas becomes significant when fuel concentration in the combustion zone is high,
i.e., with rich air-fuel mixtures. Considering that prompt NOx can occur at even lower
temperatures than thermal NOX, it is probable that port water injection is less effective
against this second formation mechanism.

Based on the reported literature, no studies have quantitatively assessed the effects of
water injection under heavy knocking conditions, such as those that may arise from the
combustion of hydrogen or e-fuels in stoichiometric proportion with air, or in turbocharged
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engines. These considerations induced the authors of the present work to carry out an
experimental investigation on the effectiveness of port water injection, both in terms
of heavy knocking suppression (i.e., high number of knocking cycles) and in terms of
reducing NOx emissions, which represent the only pollutant generated by the combustion
of hydrogen, especially under stoichiometric conditions. To evaluate the possible influence
of injection pressure [23], which affects the degree of atomization of the water spray, the
experimental tests were repeated for three different injection pressure levels.

The authors opted for port water injection, not only for practical reasons related to the
implementation on the selected engine, but also because, given the current state of research,
port water injection represents the most suitable solution, given the numerous and non-
negligible issues associated with direct injection, as previously discussed. Conversely, port
water injection offers several advantages in terms of ease of implementation and operational
reliability. One of its main benefits lies in the greater time available for water evaporation,
which starts in the intake duct. This condition enables a well-timed evaporation of the
water injected, drastically reducing the presence of liquid water in the cylinder [10,13,24].
It is worth mentioning that the scope of the present investigation is limited to ascertaining
the knock suppression and the NOx reduction obtained by port water injection, without
measuring any engine performance or efficiency variations. The water evaporation in the
intake duct may have effects on both engine efficiency (reduced temperatures) and engine
performance (reduced volumetric efficiency) and should be further explored.

Table 1 summarizes the main characteristics of the present study, compared to previ-
ously published papers.

Table 1. Main characteristics of this study compared to previously published papers.

Water Injection

Fuel Type/Knock Operating . Main Differences from
Paper Resistance Strategy and Conditions Knock Intensity Present Work
Pressure
PWI Experimental quantitative
PRF60 . Low speed Heavy Knocking assessment of heavy knock
. @ 3 different . . .
Present Work  (knock resistance Full load (knocking suppression on a highly
pressure levels _ > : .
near Hj) (3,5, 7 bar) A=1 cycles > 80%) reactive fuel at 1 = 1; three
Y different injection pressures
PWI @ 5-20 bar . .
(injection Low speed Focused on increasing fuel
Ref. [12] Low knock r]e ssure Full IE ad Heavy knocking RON, no quantitative
Lanzafame resistance blend P (ASTM RON evaluation of heavy knock
modulated to A>1(ASTM .
(1999) (RON 34-73) L. measurement) suppression, no study on
control water conditions) o
water injection pressure.
flow rate)
Ref. [13] RON 95 Gasoline 1750 to 6000 rpm Nu‘;’fézfil Zttléjyﬁ(;g D).
Lanni et al. (high knock PWI @ 8 bar Part/Full load Incipient knocking o118
A consumption improvement
(2022) resistance) A>1 L
at knock limit
Experimental study on the
effects of PWI on
Ref. [14] RONB92 Gasoline 2500 to 5000 rpm combustion and emissions
Zhang et al. (high knock PWI @ 8 bar Part/Full load MAPO 2.5 bar in gasoline-fueled Miller
(2022) resistance) A=1 engines; no quantitative

evaluation of heavy knock
suppression
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Table 1. Cont.
Paper Fuel Type/Knock V\lsattre;rﬁlzn] e::gn Operating Knock Intensit Main Differences from
P Resistance 8y Conditions y Present Work
Pressure
Focused on increasing
Ref. [15] Mglglé\;gzazr:)(liine 1500 rpm performance and efficiency
Miganakallu (high Enock PWI @ 3 bar 8 bar IMEP Incipient knocking  of a GDI engine fueled with
(2017) & A=1 standard gasoline at KLSA;
resistance)
only 1 water pressure level
Combined
. 3500 rpm experlment.al / CFI? study
Ref. [16] Standard gasoline focused on improving fuel
. . PWI@ low Turbocharged .. . .
De Bellis (high knock Incipient knocking consumption, no heavy
. pressure Full Load . .
(2017) resistance) A=1 knock suppression, high

knock resistance fuel, only
1 water pressure level

2. Experimental Setup

To assess the effectiveness of port water injection in the suppression of heavy knocking
phenomena, tests were carried out on a CFR F1/F2 engine, the standard engine used
for octane number rating (engine specifications are reported in Table 2). This engine is
specifically designed to operate continuously under severe knock conditions. Owing
to its distinctive characteristics [25,26], it allows inducing knock events that would be
unacceptable in series production engines, thereby enabling an in-depth evaluation of the
potential benefits achievable through port water injection.

Table 2. Specifications of the CFR engine used in the tests [25].

Manufacturer Dresser Waukesha
Model F2 Octane
Compression ratio 4516
Bore 82.55 mm
Stroke 114.3 mm
Displacement 611.7 cm3
Gaseous fuel injector BOSCH EV1
Liquid fuel injector BOSCH EV14
Water injector BOSCH EV14

In order to reproduce conditions as close as possible to those of hydrogen combustion,
the tests were carried out employing a Primary Reference Fuel with an octane number
of 60 (PRF60), consisting of 60% iso-octane and 40% n-heptane by volume, which has
been shown to adequately represent the knocking tendency of hydrogen [27]; since the
knock phenomenon is related to the temperature reached by the end-gas, a similar knock
resistance also means a similar reaction to temperatures, which means that the in-cylinder
temperatures realized in the test are similar to the temperatures required to produce the
same knocking behavior with hydrogen.

The CFR engine used in the tests is a single-cylinder, four-stroke spark-ignition engine
with two overhead valves. It features a disc-shaped combustion chamber and allows
adjustment of the compression ratio over the wide range 4.5 + 16, thanks to a specific
design that allows vertical movements of the cylinder head with respect to the piston [8,25].
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The intake air temperature T4r and the air—-fuel mixture temperature Tyyx were
measured using K-type thermocouples and modulated using electric resistors controlled
by Omega CN4116 PID automatic controllers. To allow for the electronic injection control
of both gaseous and liquid fuels, the CFR engine used in the tests was equipped with a
double-injection system. The injectors dedicated to the two fuel types were installed in the
intake manifold immediately downstream of the heating resistor that regulates the intake
air temperature T4 (see Figure 1).
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Figure 1. Schematic representation of the experimental setup.

The original ignition system was updated with an electronic circuit to allow digital
control of combustion phase. To enable port water injection, the CFR engine used in the
tests Figure 2 was equipped with a third injection system, positioning a dedicated injector
in the intake duct immediately upstream of the intake valve. The main specifications of the
engine used in the tests are reported in Table 2.

Figure 2. A picture of the CFR engine used in the test (the double-injection system is visible in the
intake duct).
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For the PWI system installed on the CFR engine employed in the present work, a
Bosch EV14CL injector, identical to the one employed for the liquid fuel injection, was
selected; this injector can be operated with injection pressures up to 8 bar (gauge) and
is characterized by a conical spray pattern; this feature was exploited through a precise
installation of the injector, which was oriented to direct the spray toward the intake valve
opening, thereby preventing unnecessary water accumulation in the intake duct walls.

The injection pressure was modulated by means of an adjustable pressure regulator,
whose nominal operating range is 1-10 bar. The pump used for water injection is a
diaphragm-type pump capable of operating at pressures up to 10 bar. The system also
includes a 5-L tank, used to store the demineralized water used for injection. The flow
rate of both fuels and injected water was determined using injector calibration maps (see
Figure 3), which were previously obtained experimentally through the gravimetric method,
employing an Orma EL-1000 laboratory balance.

280
Injection pressure
260
—@— Water @ 3 Bar
240
E‘ZZO Water @ 4 Bar
Eo 200 Water @ 6 Bar
3
2 180 Water @ 8 Bar
("]
w
g 160 —@— |soctane @ 3 Bar
140 ./.’.‘—-—0_".—_.—_*
120
100

0 2 4 6 8 10 12 14 16 18 20
Injection time [ms]

Figure 3. Measured flow rates of iso-octane and injected water.

The flow rate delivered by the fuel injector was calibrated using iso-octane (the main
component of PRF60) with an injection pressure of 3 bar (gauge); the calibration map for
the water injector was instead obtained with pressures of 3, 4, 6, and 8 bar (gauge). No
calibration of the injector was performed with n-heptane, since its density is very close
to that of iso-octane. Figure 3 shows the experimentally measured flow curves for water
injection and iso-octane injection. The liquid fuel was injected using a gasoline pump and a
fixed-pressure regulator (3 bar gauge). The control of the injection systems was performed
by means of virtual instruments (VI) developed in LabVIEW environment; in particular, a
closed-loop control was performed on the fuel injection using the feedback of the measured
air-fuel ratio.

3. Data Acquisition and Instrumentation

The data acquisition and the control of fuel and water injections were performed using
a National Instruments USB-6251 multifunction board, connected through a BNC2120
Connector Block to a personal computer and programmed in LabVIEW.

The in-cylinder pressure signal was acquired using a Kistler piezoelectric sensor
connected to an AVL microlFEM Piezo 4P4x charge amplifier, with a sampling frequency
of 160 kHz. The precise determination of top dead center (TDC) position was performed
using a Kistler 2629B capacitive sensor, whose accuracy is 0.1 crank angle degrees (CADs).
An incremental optical encoder mounted on the engine crankshaft was used to generate the

https://doi.org/10.3390/en19020339


https://doi.org/10.3390/en19020339

Energies 2026, 19, 339

8of 17

single pulse per revolution employed to trigger both data acquisition and pulse generation
for injections and ignition. IGBT transistors, activated by digital pulses generated by the
NI USB-6251 board, were employed to this purpose.

The use of a 200 MHz 4-channel digital oscilloscope (Siglent SDS 2204X HD) was
fundamental for checking the correct phasing among the cylinder pressure signal, the
trigger signal, and digital pulses for fuel and water injections. The measure of the exhaust
gas NOx was carried out by means of an ECM NOx 5210 laboratory sampling system,
equipped with a probe measuring both NOx concentration and oxygen (O;) content, hence
allowing the verification of the engine operating air—fuel ratio.

The Figure 4 shows a screen captured from the 4-channel digital oscilloscope during
the experiments, clearly distinguishing the cylinder pressure signal (blue), the trigger signal
(red), the fuel injection pulse (purple), and the water injection pulse (green). The water
injection pulse was phased in time with the starting of the intake phase.

A 4

TR A

Figure 4. Acquired image from the 4-channel digital oscilloscope: pressure signal (blue), trigger (red),
fuel injection pulse (purple), water injection pulse (green).

4. Test Methods

The operating conditions adopted in the experimental tests carried out are resumed
in Table 2. The CFR engine is not endowed with a throttle valve and is connected to an
electric motor which maintains a constant speed of rotation, under both motored and
fired conditions (acting hence as motor or brake). This implies that CFR engine load and
speed of rotation cannot be changed, and that the torque produced by the engine cannot
be measured, thus forbidding correlating the water injection with engine performance
variations. It is worth mentioning, however, that slow speed of rotation and full load
represent the most critical conditions under which to test the knock suppression effect
of port water injection (that is, the scope of the present work), since they induce heavy
knocking (more time for autoignition to occur and slow flame front propagation) and are
less favorable for the evaporation of the water injected (less turbulence).

As shown in Table 3, water injection was performed at 3 different pressure levels (3, 5,
and 7 bar gauge). For each injection pressure, the amount of water injected was varied from
zero (no water injection) up to 40% with respect to fuel mass, in steps of 10%. The condition
without water injection corresponded to the maximum knock intensity, while, with water
injection, knock intensity decreased in proportion to the amount of water injected.

For each operating condition, 100 pressure cycles were sampled, together with all the
relevant engine parameters. Each individual pressure signal was filtered using a 2nd-order
band-pass Butterworth filter (3 to 20 kHz) to remove undesired low- and high-frequency
components not related to the knock phenomenon. Figure 5 shows a sampled cylinder
pressure trace and a filtered signal.
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Table 3. Operating conditions of the test carried out.

Engine Speed 900 rpm
Compression ratio (CR) 5.50
Fuel PRF60
Manifold absolute pressure 1 bar
A (relative air—fuel ratio) 1
Intake air temperature Tar 35°C
Air—fuel mixture temperature Tyrx 55°C
Engine coolant temperature 100 °C
Water injection pressure 3,5,7 bar (gauge)
Water mass/fuel mass 0%, 10%, 20%, 30%, 40%

i
69.96375

J “'[ w‘l}ll\ww'1|‘|‘|J‘“.'r“1'r‘r'1'r'w""W"lw”'WWI'
|

-64.5m - i i i i i i i
000 1000 2000 3000 4000 5000  60.00 66.50

Time

Figure 5. (Top): a portion of a pressure cycle under knocking condition; (bottom): a filtered pres-

sure signal.

The filtered signal was then truncated, selecting a 50 CAD window starting from the
knock event. Knock intensity (KI) was evaluated for each individual engine cycle as the
root mean square (RMS) value calculated on the windowed filtered signal, as follows:

1N
RMS =/ 5) 2y X} (1)

where the vector X, whose dimension is N, contains the whole windowed filtered pres-
sure signal.

The knock intensity calculated for each individual pressure cycle was compared with
the knock intensity measured in the complete absence of knock events (referred to as the
base knock intensity, KIB), a condition achieved by properly reducing spark advance. A
generic pressure cycle was then considered a knocking cycle when the ratio between its
knock intensity (KI) and the base intensity exceeded a predetermined threshold value. The
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number of cycles classified as knocking within the matrix of 100 sampled cycles defines the
percentage of knocking cycles. The higher the percentage of knocking cycles, the heavier
the knocking operating condition. In series production engines, the condition of incipient
knock (i.e., the knock level considered tolerable) corresponds to a percentage of knocking
cycles below 10%, whereas a relevant knock level (i.e., requiring immediate intervention
such as spark advance reduction) corresponds to 10% to 20% of knocking cycles.

The threshold value was established through proper measurements in the setup phase,
employing the amplitude spectrum of the in-cylinder pressure signal (monitored through
the LabVIEW virtual instrument developed). The amplitude power spectrum is a powerful
tool, which allows revealing the frequency content of the analyzed signal. Under knocking
conditions, the CFR in-cylinder pressure signal is characterized by a sharp dominance of
the 6 kHz components, which is the CFR knocking frequency [28,29]. Starting from a knock-
safe condition (whose knock intensity is the KIB), the spark timing was increased until
the 6 kHz component was revealed to be sharply and clearly predominant over the entire
observed amplitude spectrum (i.e., 3-20 kHz); this condition was considered as a knocking
condition, and its knock intensity KI was compared to the base knock intensity, revealing
the ratio of 2.5, which was hence assumed as the threshold value to rank a pressure cycle as
knocking cycle. As confirmation of this threshold value, in reference paper [14], a MAPO
value exceeding 1 bar was considered the knock limit above which significant knocking
occurred, while MAPO values below 0.5 bar were measured in knock-free combustions;
the resulting threshold is then around 2. The same conclusion can be drawn from reference
paper [30], where the normalized knock indicator assumes the value of 2 when the knocking
condition is reached.

Once the base knock intensity was established (i.e., without knocking), ignition timing
was advanced to achieve the heavy knock condition, i.e., a condition characterized by a
high number of knocking cycles, approximately between 80% and 90%. Such a condition
could not be replicated in production engines without causing serious and irreparable
damage. The effect of the water injection was quantified by measuring the percentage of
knocking cycles obtained for each amount of water injected. The knock conditions tested in
this study are not easy to reproduce unless a properly designed engine is used, and this
peculiarity makes the present study particularly relevant in the scientific literature.

5. Results and Discussion

The results of the tests are shown in the graphs of Figure 6. As observed, in the
absence of water injection, percentages of knocking cycles exceeding 80% were recorded.
It can also be noted that the knock suppression effect of the first 10% of water injection
is approximately the same regardless of the injection pressure. The effects obtained with
higher water quantities (20%, 30%, and 40% of fuel mass) appear to be nearly identical
at injection pressures of 3 and 5 bar (gauge), while a different result was observed at
an injection pressure of 7 bar (gauge). This may be explained by the higher degree of
atomization achieved at 7 bar (gauge), which could have improved water evaporation, thus
enhancing the cooling effect on the intake charge.

For all the three injection pressure cases, near-complete suppression of heavy knocking
was achieved by injecting water quantities equal to 40% of fuel mass. The residual knock
events can be considered negligible and could be completely removed with a minimal
further increase in the water injected; for example, in the 3 bar gauge test, a linear pro-
portionality allows for estimating that an additional 4% of water would be required to
completely reduce knocking cycles to zero. The experimental campaign confirmed the
effectiveness of port water injection, showing a progressively decreasing trend in knocking
cycles as the amount of injected water increased, regardless of the injection pressure.
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Figure 6. Percentages of knocking cycles, measured as functions of the injected water fraction, for the
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As already mentioned, NOx concentrations in the exhaust gases were also recorded
for each operating condition tested. The results of these measurements are shown in the
graphs of Figure 7. As can be observed, under the heavy knock conditions achieved, the
cooling effect produced by water injection into the intake duct was also highly effective in
reducing nitrogen oxide emissions. Regardless of the injection pressure, NOx emissions
showed a clearly decreasing trend as the amount of injected water increased. The results
obtained under heavy knocking conditions, therefore, confirm the reductions between
40% and 50% observed under less severe knock conditions and reported in the scientific
literature [12,15,16,22,31,32]. The most pronounced reduction (—62%) was recorded with
the injection pressure of 7 bar (gauge), also confirming the result observed in the reduction
in knocking cycles.
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Figure 7. NOx concentrations in the exhaust gases, measured as functions of the injected water
fraction, for the three injection pressures tested.

6. Corrected NOx Emissions

As performed by most of the lab equipment usually employed for internal combustion
engine exhaust emission measurement, the equipment employed in the experiments carried
out in the present study (the ECM NOx 5210 system) measured the level of NOx in terms
of volumetric concentration (ppm). It should be noted, however, that injecting water in
the intake duct could have modified the composition of the total mass aspirated by the
engine. In particular, the addition of a certain amount of water in the intake charge may
have changed the total number of molecules aspirated by the engine, and, consequently,
the number of molecules in the combustion products. Considering the relevant reduction
observed in the concentration of NOx molecules in the combustion products, it is reasonable
to ask whether this result may be produced, even partially, from the alteration of the total
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number of molecules present in the combustion products. In other words, it is reasonable
to ask whether water injection increased the total number of molecules in the combustion
products, and, if so, is the observed reduction in NOx concentration a consequence of this
increment? To address this question, the authors estimated the ratio between the number
of molecules present in the combustion products with water injection (Ny;) and without
water injection (Nwo).

Considering that the fuel used, PRF60, is composed of a 60% volumetric fraction of
iso-octane CgHjg and a 40% volumetric fraction of n-heptane C;H;4, the equivalent hydro-
carbon molecule can be determined through a simple mass balance of carbon and hydrogen:

O.6-C8H13 + 0.4'C7H16 = C7_6 H17.2 (2)

The balanced redox reaction between the fuel and the combustion air under stoichio-
metric conditions can, hence, be written as follows:

C7.6 Hi7o + 11.9'(02 + 3.76-N2) — 7.6-C02 + 8.6-H20 + 11.9'(3.76'N2) (3)

Considering the water injected into the intake duct and introduced into the engine,
and assuming that it does not react, the reaction becomes the following;:

C7.6 H17.2 + 119(02 + 376N2) + (I)Hzo = 76C02 + 86H20 + ¢ Hzo + 119(376N2) (4)

where ¢ represents the number of water molecules injected (and introduced into the engine)
per molecule of the equivalent hydrocarbon C7¢ Hiy>. Approximating the molecular
weight of water to 18 g/mol, and that of the equivalent hydrocarbon to 108.4 g/mol, the
ratio i between the masses of injected water and fuel (from 0% to 40% in this work) is
related to the parameter ¢ by the following relation:

_ Mmo _ 18-¢

Y= fuel 1084 ©)

Therefore, the number of water molecules injected per molecule of fuel can be calcu-

lated as follows:
ated as follows 1084

0= —03 ©)

From Equations (3) and (4), it can be inferred that, for each molecule of equivalent

hydrocarbon burned, the number of molecules present in the combustion products without
water injection (Ny) is:
Nwo =7.6 + 8.6 + 11.9:3.76 (7)

While, with water injection, it becomes Nyyj, as follows:
Nwi=7.6 +86+ & +11.9-3.76 =7.6 + 8.6 + 108.4/18 + 11.9-3.76 (8)

Given the ratio ¢ between the mass of water and the mass of fuel aspirated by the
engine, the ratio between the number of molecules in the exhaust gases with and without
water injection can be evaluated as follows:

Nw;  76+86+ 1% +11.9376
Nwo 7.6 +8.6+11.9-3.76

©)

Considering that, in the present work, the parameter ¢ varied between 0% and 40%
(i.e., between 0 and 0.4), the following can be deduced:
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1< Nt <1.04 (10)
Nwo

A fair comparison of the volumetric concentrations of NOx, measured with and
without water injection, should be performed on the basis of an equal number of molecules
in the combustion products; to accomplish this, the NOx concentration measured with
water injection should be corrected by the ratio Ny;/Nwo, as follows:

NOx, iy = NOx- UL an
WO

As indicated by relation Equation (10), this correction amounts to a maximum of 4%
in the case of 40% water injection. The diagrams reported in Figure 7 already account
for this correction. For the purpose of simple information, Table 4 reports the measured
and corrected NOx concentrations for the case of 40% water injection at a pressure of
7 bar (gauge).

Table 4. Comparison between measured and corrected NOx concentrations (40% water injection,

injection pressure 7 bar gauge).

Vol = 108.4-4/18 o] e
10% 0.60 2020 2040
20% 1.20 1351 1378
30% 1.81 1121 1154
40% 241 869 903

It is worth noting that the proposed correction is based on the assumption that the
added water is fully vaporized in the exhaust duct, where the NOx concentration is mea-
sured. If the measuring sensor is placed not far from the engine exhaust port (as in the
case of the experimental layout of this study), the exhaust gas will be at a temperature
sufficiently high to maintain the total mass of water (i.e., the one produced by the com-
bustion, plus the one added by injection) in the vapor phase, thus making the correction
procedure valid. In the test bench employed, the thermocouple for the exhaust temperature
is placed near the NOx sensor; since the exhaust temperature remained around 500 °C
under all the operating conditions tested, no water condensation could occur where the
NOx was measured.

7. Conclusions

Water injection is considered a viable option for the implementation of the stoichio-
metric combustion of hydrogen or e-fuels in internal combustion engines. Although several
studies report the main advantages of port water injection, its capacity to suppress high-
intensity knocking phenomena is not documented in the scientific literature, above all, with
highly reactive fuels. On account of this lack, the authors experimentally investigated the
effectiveness of port water injection in suppressing heavy knock phenomena employing a
CFR engine, properly modified to allow electronic control of both fuel and water injection;
as unique characteristics of this study were carried out, the operating conditions explored
were characterized by more than 80% of knocking cycles for extended periods, which
could not be replicated in series production engines without causing irreparable damages.
Moreover, aiming to approximate hydrogen reactivity, measurements were carried out
using a fuel with the same knock resistance, namely a PRF60 (60% iso-octane and 40%
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n-heptane). Water injection was performed at three different pressures (3, 5, and 7 bar
gauge) to assess the importance and effect of jet atomization, and with four different mass
fractions (expressed as percentages of fuel mass): 10%, 20%, 30%, and 40%.

The experimental results clearly demonstrate that port water injection is highly effec-
tive in suppressing severe knock phenomena. As expected, the knock-suppressing effect
increased with the amount of water injected. A nearly complete suppression of knock
events was achieved with 40% of water injection. Moreover, the most significant knock
attenuation was observed when employing the higher injection pressure (7 bar gauge); the
finer atomization probably improved and accelerated water evaporation, producing a more
effective cooling of the intake air and, thus, reducing or preventing knock.

The effect of port water injection was also investigated on the NOx concentrations
in the exhaust gases; a marked reduction was observed as the amount of injected water
increased (—62% NOx with 40% water injection). To eliminate the diluting effect of the
injected water on the measured NOx concentration, an original correction methodology
was applied, allowing for a direct comparison of emissions measured both under dry
conditions and with water injection.

Considering the high levels of knock intensities tested, the reactivity of the fuel
employed, and the adoption of three different water injection pressures, the present
study constitutes a unique reference in the scientific literature, enclosing relevant and
archival information.

From an application standpoint, port water injection emerges as a practical solution to
enable stoichiometric combustion of hydrogen in internal combustion engines. Industrial
adoption of this technology is already attracting interest from key industry players, and
recent research confirms its relevance, even in advanced configurations such as GDI engines.
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Abbreviations and Symbols
AKI Anti-Knock Index

ASTM  American Standard for Testing and Measurement
CAD Crank Angle Degree

CFR Cooperative Fuel Research engine

CO carbon monoxide

CR Compression Ratio

DWI Direct Water Injection

E10 Gasoline with 10% ethanol

GDI Gasoline Direct Injection

HC Unburned Hydrocarbons

HCCI Homogeneous Charge Compression Ignition
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ICE Internal Combustion Engine
IGBT Insulated Gate Bi-polar Transistor
KI Knock Intensity

KLSA Knock-Limited Spark Advance

MAPO  Maximum Amplitude of Pressure Oscillation
MON Motor Octane Number

NOx Nitrogen Oxides

NWI Number of molecules with water injection

NWO Number of molecules without water injection

PRF60 Primary Reference Fuel 60 (60% iso-octane, 40% n-heptane)
PWI Port Water Injection

RMS Root Mean Square
RON Research Octane Number
RPM Rotations Per Minute

SI Spark-Ignition engine
TaAR inlet air temperature
TDC Top Dead Center
Twix air fuel mixture temperature
) number of water molecules injected per fuel molecule
A air/fuel ratio
P ratio between the masses of injected water and fuel
References
1. Verhelst, S.; Wallner, T. Hydrogen-fueled internal combustion engines. Prog. Energy Combust. Sci. 2009, 35, 490-527. [CrossRef]
2. Peschka, W. Liquid Hydrogen—Fuel of the Future; Springer: New York, NY, USA, 1992.
3. Walter, EB.; Snow-McGregor, K. Flammability of gas mixtures. GPA Annu. Conv. Proc. 2006, 1, 281-299.
4. Verhelst, S.; Sierens, R.; Verstraeten, S. A Critical Review of Experimental Research on Hydrogen Fueled SI Engines; SAE Technical
Paper 2006-01-0430; SAE International: Warrendale, PA, USA, 2006.
5. Raju, P; Masimalai, S. Numerical study on a diesel-hydrogen dual-fuel engine with water injection and variable compression
ratio. Energy Technol. 2022, 10, 2100626. [CrossRef]
6. Lou, D;Rao, X,; Zhang, Y,; Fang, L.; Tan, P; Hu, Z. Investigation of impacts of hydrogen injection and spark strategy on knock in
hydrogen engine. Int. . Hydrogen Energy 2024, 82, 1252-1262. [CrossRef]
7. Zhang, Y.; Li, X.; Wu, ]. Performance and emissions of an Hy—diesel dual-fuel engine under water injection using AVL simulations.
Energies 2023, 17, 5838. [CrossRef]
8. Beccari, S.; Pipitone, E.; Caltabellotta, S. Analysis of the combustion process in a hydrogen-fueled CFR engine. Energies 2023,
16, 2351. [CrossRef]
9. Huang, W.; Koichi, K.; Yohko, A.; Mitsuharu, O.; Kotaro, T. Investigation on Fuel Properties of Synthetic Gasoline-like Fuels. Int.
J. Automot. Manuf. Mater. 2024, 3, 5. [CrossRef]
10. Wan, J.; Zhuang, Y.; Huang, Y.; Qian, Y.; Qian, L. A review of water injection application on spark-ignition engines. Fuel Process.
Technol. 2021, 221, 106956. [CrossRef]
11.  Zhu, S.; Hu, B.; Akehurst, S.; Copeland, C.; Lewis, A.; Yuan, H.; Kennedy, I.; Bernards, J.; Branney, C. A review of water injection
applied on the internal combustion engine. Energy Convers. Manag. 2019, 184, 139-158. [CrossRef]
12.  Lanzafame, R. Water Injection Effects in a Single-Cylinder CFR Engine; SAE Technical Paper 1999-01-0568; SAE International:
Warrendale, PA, USA, 1999. [CrossRef]
13. Lanni, D.; Galloni, E.; Fontana, G. Numerical analysis of the effects of port water injection in a downsized SI engine at partial and
full load operation. Appl. Therm. Eng. 2022, 205, 118060. [CrossRef]
14. Zhang, Q.; Huang, Z.; Wang, L.; Lin, G.; Pan, J. Experimental Study of Port Water Injection on GDI Engine Fuel Economics and
Emissions. ACS Omega 2024, 9, 8893-8903. [CrossRef] [PubMed]
15.  Miganakallu, N.; Naber, ].D.; Rao, S.; Atkinson, W.; Barros, S. Experimental Investigation of Water Injection Technique in Gasoline
Direct Injection Engine. In Proceedings of the ASME 2017 Internal Combustion Engine Division Fall Technical Conference, Seattle,
WA, USA, 15-18 October 2017. [CrossRef]
16. De Bellis, V.; Bozza, F,; Teodosio, L.; Valentino, G. Experimental and numerical study of the water injection to improve the fuel

economy of a small size turbocharged SI engine. SAE Int. |. Engines 2017, 10, 550-561. [CrossRef]

https://doi.org/10.3390/en19020339


https://doi.org/10.1016/j.pecs.2009.08.001
https://doi.org/10.1002/ente.202100626
https://doi.org/10.1016/j.ijhydene.2024.08.052
https://doi.org/10.3390/en17235838
https://doi.org/10.3390/en16052351
https://doi.org/10.53941/ijamm.2024.100005
https://doi.org/10.1016/j.fuproc.2021.106956
https://doi.org/10.1016/j.enconman.2019.01.042
https://doi.org/10.4271/1999-01-0568
https://doi.org/10.1016/j.applthermaleng.2022.118060
https://doi.org/10.1021/acsomega.3c06859
https://www.ncbi.nlm.nih.gov/pubmed/38434811
https://doi.org/10.1115/ICEF2017-3619
https://doi.org/10.4271/2017-01-0540
https://doi.org/10.3390/en19020339

Energies 2026, 19, 339 17 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Valero-Marco, J.; Lehrheuer, B.; Lépez, ].J.; Pischinger, S. Potential of water direct injection in a CAI/HCCI gasoline engine to
extend the operating range towards higher loads. Fuel 2018, 231, 317-327. [CrossRef]

Kumar, A.; Singh, R.; Verma, P. Applications of oxyhydrogen, direct water injection, and early-intake valve closure technologies
on a petrol spark ignition engine. Energies 2024, 17, 2014. [CrossRef]

Nande, A.; Wallner, T.; Naber, . Influence of Water Injection on Performance and Emissions of a Direct-Injection Hydrogen Research
Engine; SAE Technical Paper 2008-01-2377; SAE International: Warrendale, PA, USA, 2008. [CrossRef]

Kim, J.; Jung, Y,; Kim, J.; Lee, J. Effects of water injection on performance and emissions of a boosted SI engine. Appl. Therm. Eng.
2016, 106, 1220-1229.

Shi, C.; Chai, S.; Wang, H.; Ji, C.; Ge, Y,; Di, L. An insight into direct water injection applied on the hydrogen-enriched rotary
engine. Fuel 2023, 339, 127352. [CrossRef]

Lee, S.; Lee, J.; Kim, S.; Kim, K.; Lee, S.; Min, K. Experimental research of water direct injection in the cylinder for the nitrogen
oxides reduction and high load extension of the hydrogen direct injection spark ignition engine. Proc. Engine Res. 2025, 26,
1589-1601. [CrossRef]

Wang, J.; Duan, X,; Liu, Y.; Wang, W,; Liu, J.; Lai, M.-C.; Li, Y.; Guo, G. Numerical investigation of water injection quantity and
water injection timing on the thermodynamics, combustion and emissions in a hydrogen enriched lean-burn natural gas SI engine.
Int. ]. Hydrogen Energy 2020, 45, 17935-17952. [CrossRef]

Tang, Y.; Deng, J.; Xie, K,; Jin, S.; Li, L. Effect of Port Water Injection on the Knock and Combustion Characteristics for an Argon Power
Cycle Hydrogen Engine; SAE Technical Paper 2024-01-2612; SAE International: Warrendale, PA, USA, 2024. [CrossRef]

ASTM D2700; Standard Test Method for Motor Octane Number of Spark-Ignition Engine Fuel. ASTM International: West
Conshohocken, PA, USA, 2022.

Genchi, G.; Pipitone, E.; Beccari, S.; Piacentino, A. Knock Resistance Increase through the Addition of Natural Gas or LPG to Gasoline:
An Experimental Study; SAE Technical Paper 2013-24-0100; SAE International: Warrendale, PA, USA, 2013. [CrossRef]
Poursadegh, F.; Brear, M.; Hayward, B.; Yang, Y. Autoignition, knock, detonation and the octane rating of hydrogen. Fuel 2023,
332,126201. [CrossRef]

Beccari, S.; Pipitone, E.; Genchi, G. Calibration of a knock prediction model for the combustion of gasoline-LPG mixtures in spark
ignition engines. Combust. Sci. Technol. 2015, 187, 721-738. [CrossRef]

Pipitone, E.; Genchi, G.; Beccari, S. An NTC Zone Compliant Knock Onset Prediction Model for Spark Ignition Engines. Energy
Procedia 2015, 82, 133-140. [CrossRef]

Brecq, G.; Bellettre, J.; Tazerout, M. A new indicator for knock detection in gas SI engines. Int. |. Therm. Sci. 2003, 42, 523-532.
[CrossRef]

Boehm, A.; Klein, M.; Bargende, M. Water injection: Mixture preparation and combustion effects in a turbocharged DISI engine.
MTZ Worldw. 2016, 77, 16-23.

Tornatore, C.; Siano, D.; Marchitto, L.; Iacobacci, A.; Valentino, G. Water Injection: A Technology to Improve Performance and
Emissions of Downsized Turbocharged Spark Ignited Engines. SAE Int. ]. Engines 2017, 10, 2319-2329. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/en19020339


https://doi.org/10.1016/j.fuel.2018.05.093
https://doi.org/10.3390/en17092014
https://doi.org/10.4271/2008-01-2377
https://doi.org/10.1016/j.fuel.2022.127352
https://doi.org/10.1177/14680874251325311
https://doi.org/10.1016/j.ijhydene.2020.04.146
https://doi.org/10.4271/2024-01-2612
https://doi.org/10.4271/2013-24-0100
https://doi.org/10.1016/j.fuel.2022.126201
https://doi.org/10.1080/00102202.2014.960925
https://doi.org/10.1016/j.egypro.2015.12.005
https://doi.org/10.1016/S1290-0729(02)00052-2
https://doi.org/10.4271/2017-24-0062
https://doi.org/10.3390/en19020339

	Introduction 
	Experimental Setup 
	Data Acquisition and Instrumentation 
	Test Methods 
	Results and Discussion 
	Corrected NOX Emissions 
	Conclusions 
	References

