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Abstract: A viable green energy source for heavy industries and transportation is hydrogen. The
internal combustion engine (ICE), when powered by hydrogen, offers an economical and adaptable
way to quickly decarbonize the transportation industry. In general, two techniques are used to inject
hydrogen into the ICE combustion chamber: port injection and direct injection. The present work
examined direct injection technology, highlighting the need to understand and manage hydrogen
mixing within an ICE’s combustion chamber. Before combusting hydrogen, it is critical to study its
propagation and mixture behavior just immediately before burning. For this purpose, the DI-CHG.2
direct injector model by BorgWarner was used. This injector operated at 35 barG and 20 barG as
maximum and minimum upstream pressures, respectively; a 5.8 g/s flow rate; and a maximum
tip nozzle temperature of 250 ◦C. Experiments were performed using a high-pressure and high-
temperature visualization vessel available at our facility. The combustion mixture prior to burning
(spray) was visually controlled by the single-pass high-speed Schlieren technique. Images were
used to study the spray penetration (S) and spray volume (V). Several parameters were considered
to perform the experiments, such as the injection pressure (Pinj), chamber temperature (Tch), and
the injection energizing time (Tinj). With pressure ratio and injection time being the parameters
commonly used in jet characterization, the addition of temperature formed a more comprehensive
group of parameters that should generally aid in the characterization of this type of gas jets as well
as the understanding of the combined effect of the rate of injection on the overall outcome. It was
observed that the increase in injection pressure (Pinj) increased the spray penetration depth and its
calculated volume, as well as the amount of mass injected inside the chamber according to the ROI
results; furthermore, it was also observed that with a pressure difference of 20 bar (the minimum
required for the proper functioning of the injector used), cyclic variability increased. The variation in
temperature inside the chamber had less of an impact on the spray shape and its penetration; instead,
it determined the velocity at which the spray reached its maximum length. In addition, the injection
energizing time had no effect on the spray penetration.

Keywords: hydrogen direct injection; low emissions; green fuel; Schlieren; injection rate

1. Introduction

In transportation, the two primary energy conversion technologies used in hydro-
gen powertrains are the internal combustion engine (ICE) and the fuel cell (FC) [1]. In
comparison to FC technology, hydrogen ICE technology offers several benefits such as
increased resistance to fuel contaminants, ease of switching between fuels, lower use of
rare materials, and a simpler shift from traditional vehicles [2]. Despite the global domi-
nation of internal combustion engines (ICEs) in transportation, they are considered one
of the main sources of greenhouse gas and air pollutant emissions [3]. To comply with
the increasingly stringent European regulations on air quality and CO2 emissions [4,5],
innovative solutions are required to improve the efficiency of ICEs and enable cleanliness
and reduction of harmful emissions produced [6]. One of the most promising alternatives
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for low emissions solutions is the use of hydrogen as fuel [7]. Hydrogen exhibits several
advantages when compared to liquid gasoline and diesel: it has a high calorific value
and a fast flame speed and does not generate carbon emissions during combustion [8].
Recent studies have analyzed the advantages of using hydrogen in spark-ignition internal
combustion engines (ICEs) not only as the sole fuel but also as a complementary fuel
to traditional ones, like compressed natural gas. This is achieved by blending fuels in
different proportions with the aim of improving the combustion properties and reducing
emissions [9,10]. One notable application of hydrogen that has gained considerable traction
is its use as a fuel in compression ignition engines [11]. In these engines, the reduction
in NOx emissions is often the primary objective due to the excess air with which they
operate and the formation of soot. Consequently, through the use of a dual-fuel injection
system comprising diesel and hydrogen, it is possible to mitigate the emissions of soot
to a significant extent due to the zero carbon content of hydrogen and its flammability
range. Nevertheless, NOx emissions, which are favored by the increase in temperature
in the combustion chamber, still necessitate more rigorous control measures to reduce
them. Hydrogen can be introduced into ICEs by two main methods: port injection or direct
injection. Port injection consists of introducing hydrogen into the intake manifold, which is
mixed with air before entering the cylinder [12]. Direct injection consists of introducing
hydrogen directly into the cylinder during the compression stroke by means of a specific
injector [13]. Direct injection has advantages over port injection, such as higher thermal
efficiency, volumetric efficiency, and compression ratio [14–18], as well as eliminating the
possibility of backfire and knocking [19].

For the design and optimization of hydrogen direct injection systems, it is essential
to study the behavior of the hydrogen jet in the cylinder as well as the influence of the
operating parameters and boundary conditions [20]. For this purpose, suitable visualization
techniques are required to obtain information on the shape, penetration, angle, density, and
velocity of the jet. One of the most widely used optical techniques for the visualization
of nonreactive jets is the Schlieren technique, which is based on the refraction of light by
the density gradients of the fluid. This technique allows the observation of the changes in
the pressure, temperature, and shock waves in a transparent medium such as an air or a
nitrogen atmosphere [21].

However, the visualization of the hydrogen jet is not enough to characterize the
injection process: it is also necessary to measure the injection mass flow rate, that is, the
mass amount of hydrogen injected per unit of time. The measurement of the hydrogen
injection rate presents difficulties due to the low density and high compressibility of this gas,
which makes the use of conventional methods, such as those based on the Coriolis principle
difficult [22,23]. Therefore, other alternative methods have been developed, such as those
based on the measurement of the dynamic pressure increase in a fuel-filled measuring
channel into which the nozzle injects directly.

The objective of this study was to characterize a direct hydrogen injector and examine
the gaseous spray that forms in the cylinder. For this purpose, the Schlieren technique
was used to visualize the hydrogen jet under different pressures, temperatures, and flow
velocities. In addition, a method based on the measurement of the pressure in a combustion
chamber was used to determine the hydrogen injection rate. The results obtained allow the
analysis of the influence of the operating parameters and environmental conditions on the
formation of the air–hydrogen mixture and of the performance of the injector.

2. Tools and Methodology
2.1. Experimental Facilities

This study was carried out using a constant-pressure, continuous-flow, and accessible
optical test apparatus enabling the visualization of sprays under conditions similar to
those in an ICE chamber. This high-pressure, high-temperature (HPHT) vessel had three
optical ports, each with a diameter of 128 mm, positioned orthogonally. The injector was
fixed horizontally on the side without any window, with a continuous flow of ethylene
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glycol in direct contact with the injector body to maintain steady control of the injected
fuel temperature. This control was achieved by the cooling system described in detail
in [24]. Designed with a two-layer configuration, the vessel minimized thermal losses and
enhanced temperature homogeneity within the inner wall. The main purpose of the second
layer was to serve a structural role, and then an insulation material filled the gap between
the layers.

Operating with a controlled mixture of dry air and nitrogen (N2), the facility enabled
in-chamber oxygen concentrations ranging from 0% (for high-temperature nonreactive
research, such as this part of the investigation) to 20.9%. Continuous monitoring of the gas
chemical composition within the chamber was conducted using a lambda sensor [25]. As
illustrated in Figure 1, the pressurized gas was first stored in tanks after coming from a
compressor and then introduced into the test vessel via a 30 kW electric heater system. As
the gas exited the vessel, it was cooled and filtered before being returned to the compressor
or vented to the atmosphere. Employing a closed loop control algorithm, the control system
regulated the in-chamber pressure as well as the output of the heating system. This facility,
a part of which operated under conditions up to 1000 K and 150 bar, was also capable of
providing nearly quiescent and steady thermodynamic conditions. This feature enabled
continuous and recurrent observations across a broad spectrum of conditions.

Figure 1. View of the high-pressure and high-temperature visualization vessel.

A direct hydrogen BorgWarner injector (Auburn Hills, MI, USA) was used for this
study, specifically, the DI-CHG6.2 model. This injector was conceived to work with the
low pressure of an engine cycle with a maximum upstream pressure of 35 barG and a
minimum upstream pressure of 20 barG. The maximum hydrogen flow rate that this injector
allowed was 5.8 g/s; in terms of thermodynamics, this injector could work with a nozzle
tip temperature of up to 250 ◦C.

The injection setup consisted of a 7 µm pore size particle filter (Swagelok brand, based
in Cleverland, OH, USA) assembled before the injector; downstream of this, a pressure
regulator valve was installed; finally, the hydrogen tank, which was pressurized to 200 bars,
was placed to feed the injection system. The injector was maintained at 90 ◦C using a
custom-made stainless-steel injector holder through which a flow of ethylene glycol was
passed to maintain constant and controlled temperature in direct contact with the injector
throughout the test period in order to comply with the Engine Combustion Network (ECN)
standards [26]. The injector was inserted into the test rig by this holder and connected to
the pressure line described above.
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A first attempt to measure the rate of injection (ROI) of hydrogen injection systems
was conducted in this research. The flow rate meter chosen for this research calculated
the injection rate via the dynamic pressure increase in a fuel-filled measuring channel
into which the nozzle injected directly based on the Bosch long-tube method. A high-
speed transducer captured the rate of pressure increase within the test cell, which was
then translated to the ROI. A multifuel device was used for this experimental campaign,
specifically the IAV Cross Type H-140-155 from SONPLAS company, Straubing, Germany,
shown in Figure 2. This device could measure both liquid and gaseous fuels. In this
research, the device was calibrated for gaseous hydrogen injection using the calibration
curves provided by the manufacturer.

Figure 2. Hydraulic unit of the low rate meter device, model IAV Cross Type H-140-155 (SONPLAS).

2.2. Test Matrix

The test matrix conditions were determined by the working limits of the BorgWarner
injector and the minimum backpressure allowed by the high-pressure and -temperature
vessel facility. A wide range of different conditions could be applied, including a variety
of chamber temperatures and densities, as well as injection pressures. All experimental
conditions are shown in Table 1. To ensure an acceptable statistical accuracy of the reported
averaged result, each data point underwent 10 cycles of repetition. Finally, an e-fuel,
which consisted of industrial hydrogen with a purity of 99.9%, was used to perform this
experimental campaign, and its properties are shown in Table 2. The physical properties of
the hydrogen were taken from [17].

Table 1. Test matrix performed in high-pressure and -temperature vessel.

Tch [◦C] Pinj [bar] BP [bar]

15 30 10
15 35 10
15 35 15
50 30 10
50 35 10
50 35 15

100 30 10
100 35 10
100 35 15
150 30 10
150 35 10
150 35 15

Note: This test plan matrix was performed for three different energizing timings: 2500, 5000, 7000 µs.
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Table 2. Physical properties of hydrogen.

Parameter Value Unit

Density 0.089 a

71 b,c kg/m3

Stoichiometric air demand 34.3 kgair/kgfuel

Lower heating value 120 MJ/kgKst

Mixture
Calorific value e

3.2
4.53 MJ/m3

Boiling temperature c −253 ◦C

Ignition limits d 4–76
0.2–10

Vol-%
λ

Minimum ignition energy c,d,e 0.02 mJ

Self-ignition temperature 585 ◦C

Diffusion coefficient a,d 8.5 × 10−6 m2/s

Quenching distance c,d,f 0.64 mm

Laminar flame speed d,e 200 cm/s

Carbon content 0 Mass-%
a At 1013 bar and 0 ◦C. b At −253 ◦C. c At 1013 bar. d In air. e λ = 1 f at 20 ◦C.

2.3. Methodology
2.3.1. Single-Pass Schlieren Imaging

The Schlieren imaging technique was employed to capture the vapor phase of the
spray. This method, which is sensitive to the rate of change in density in the spatial
dimension, proves valuable in visualizing gaseous phenomena. The approach relies on
directing parallel beams through a designated zone to observe their deflection. In our
case, the method was used to discern the borders between the atomized fuel vapor and
the surrounding gases inside the chamber. This distinction was facilitated by the diverse
refraction indices linked to density variations [27].

In Figure 3, red dashed arrows delineate the path of the Schlieren light through the
chamber and the optical materials utilized in this context. A continuous Xe-Arc lamp is linked
to an optical fiber, culminating in a pinpoint light source at the bottom of the schematic.
These beams passed through a parabolic mirror, which function to collimate and redirect the
light toward the chamber. Inside the vessel, density gradients cause the parallel beams to
deviate differently. Subsequently, a biconvex lens collects the rays, converging them toward a
high-speed camera. A diaphragm in front of the camera lens prevents the entry of deviated
rays. More detailed information about the optical setup can be found in Table 3.

Table 3. Details of the optical setup for Schlieren imaging technique.

Parameter Value

Camera Photron SA-Z (Tokyo, Japan)
Lens diameter 100 mm

Diaphragm gap diameter 4 mm
Frame rate 25 kfps

Shutter time 2.5 µs
Frames per trigger 300

Repetitions 10
Px/mm ratio 11.45
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Figure 3. Scheme of optical setup used to visualize the vapor phase. Schlieren beams path are
illustrated in red.

2.3.2. Image Processing

An internally developed algorithm, widely utilized [25], was applied to process the
spray images. Irrespective of the optical technique used, the overall processing method-
ology remains consistent. Prior to the commencement of the primary processing, an
adjustment process is initiated to specify the image type, allowing the adaptation of the
strategy to the unique characteristics of each image set.

The background of the image is preprocessed for subtraction, aiming to standardize
its luminosity to a zero-reference level. For Schlieren imaging, the calculation of a novel
background (which is dynamic in nature) is essential for each image. The computation of
this Schlieren background involves a combination of two approaches: utilizing a threshold
grounded on the pixel intensity levels within the image and discerning pixel fluctuations
by scrutinizing the pixel-wise standard deviation across three consecutive images. Subse-
quently, the obtained images undergo filtering via morphological operations to mitigate
background irregularities. Ultimately, filtered images resulting from the processing method-
ology are combined through a weighted average to generate a definitive average image of
the spray. Figure 4 compiles various samples of images acquired for the vapor phase of
the sprays employing the above-described visualization method and the spray boundaries
identified through the previously described processing methodology.

2.3.3. Contour Analysis

As mentioned in the previous approach, the contour was obtained using the images
obtained with the Schlieren imaging technique during the experimental campaign, as can
be seen in Figure 4. From the contour detection, the following metrics were calculated:

Spray penetration (S): This is the distance between the nozzle tip and the furthest
point of the spray contour.

Spray volume (V): The spray volume is calculated from the contour acquisition,
assuming a conical spray method, which is based on the simplification of the spray with a
truncated cone model formed by the spray angle, the spray outlet diameter of the injector,
and the maximum diameter of the cone determined by the zone of the greatest expansion
of the spray jet.

Spray angle (ϕ): The spray angle is calculated using two linear fits of the spray
boundary, as can be seen in Figure 5. The fits are defined by using a data range of the
measured free-jet penetration, in this case, between 10% and 50% of the jet penetration. The
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definition of this parameter is based on previous work by Naber and Siebers [28], in which
the spray angle is defined by the equation shown below:

θ

2
= tan−1 ApS/2

(S/2)2 (1)

where ApS/2 is the area covered by the spray at an axial distance up to x = S/2, and S is
the spray penetration.

Figure 4. Samples of spray images observed via the Schlieren imaging technique at different timings.
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Figure 5. Macroscopic parameters calculated from the spray images using the Schlieren imaging
technique.

2.3.4. Injection Rate Analysis

A high-speed acquisition system was employed to capture the rate of injection (ROI)
signal. For each test condition, 50 cycles (or shots) were recorded. Subsequently, the raw
data were averaged and adjusted to accommodate the cumulative signal phenomenon, as
outlined in reference [29]. The resulting curve was integrated over the injection event to
determine the total mass per injection, as described by Cavicchi et al. [23]. Figure 6 shows
an example of the averaged data previously recorded with the flow rate meter, where the
stabilized rate of injection was calculated as an average value in a defined range of time,
usually close to the end of injector energization, as can be seen in [30], which is represented
as a dashed red line.

Figure 6. Example of the averaged ROI data.
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3. Results and Discussion
3.1. Effects of Injection Pressure

In the following figures (Figures 7–10), the hydrogen penetration and calculated
volume for different injection pressures are shown. The abscissa axis represents the time
magnitude, whose beginning is just after starting to energize the injector (aSOE); this
magnitude is represented in milliseconds and applies to the rest of the figures in this
subsection. The ordinate axis shows the recorded jet penetration in millimeters (left side
of the figure) and the calculated volume in cubic millimeters (right side of the figure). In
addition, the standard deviation is represented in the shaded area. For the comparison
of the pressure difference between the injection and chamber pressures, the injection
energizing time (Tinj) was fixed at 2500 µs. These values are shown in Figure 7 for a
chamber temperature of 15 ◦C.

Figure 7. Jet penetration and calculated volume for two different Pinj = 30 and 35 bar; Tch = 15 ◦C;
Backpressure = 10 bar; Tinj = 2500 µs.

Figure 8. Jet penetration and calculated volume for Pinj = 30 and 35 bar; Tch = 50 ◦C; Backpres-
sure = 10 bar; Tinj = 2500 µs.

Figure 9. Jet penetration and calculated volume for Pinj = 30 and 35 bar; Tch = 100 ◦C; Backpres-
sure = 10 bar; Tinj = 2500 µs.
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Figure 10. Jet penetration and calculated volume for Pinj = 30 and 35 bar; Tch = 150 ◦C; Backpres-
sure = 10 bar; Tinj = 2500 µs.

If jet penetration is observed, a clear difference can be appreciated, although it is not
excessive; with a greater pressure difference (dashed line), a higher jet penetration was
obtained, as described by Yeganeh [21]. Therefore, more area of the image was covered,
so a major calculated volume was obtained. Even if we had a higher jet volume, it did
not necessarily mean that we had a higher amount of mass injected because of the fuel
properties, so this was checked later in the analysis of the ROI. The influence of a marginal
temperature elevation within the chamber is observable in Figure 8.

Despite this slight temperature increase, the jet penetration pattern remained unaltered
across various injection pressures. Notably, there was an early saturation of the maximum
jet penetration, as clearly depicted in Figure 9.

Furthermore, an analysis of Figures 9 and 10 reveals that higher values of ∆P result
in an augmented jet volume. It is noteworthy that with increasing ∆P, the saturation
of the maximum calculated volume occurs earlier compared to instances with lower ∆P
values. These findings underscore the intricate relationship between temperature, injection
pressure, and jet characteristics within the experimental chamber. In accordance with
the observations made, a recent study by Yeganeh et al. [31] reached similar conclusions
regarding the relationship between pressure ratios, spray penetration, and cross-sectional
area. However, it is important to note that the relationships between the injection and
chamber pressures studied are different due to the characteristics of the injector used in
this study.

3.2. Effects of Chamber Temperature

Although the previous analysis focused on the effect of the injection pressure on the
jet morphology, it could be deduced that these parameters did not only condition this
morphology, suggesting that there were other parameters that influenced the final result.
One of these important parameters analyzed in this study was the chamber temperature.
As described in the previous figures, the x axis represents the time elapsed since the injector
was energized (aSOE), measured in milliseconds. This unit applies to all figures in this
subsection. The y axis displays the recorded jet penetration in millimeters (left side of the
figure) and the calculated volume in cubic millimeters (right side of the figure). In our
first approach, Figure 11 shows that the temperature increase in the chamber had a slight
effect on the jet penetration, resulting in a higher penetration of about 10 mm during the
injection phase.

However, this reasoning may not be entirely accurate as, according to the research of
M. Lazzaro [32], the penetration of the vapor phase shows a correlation with the density of
the medium rather than its temperature. As can be observed in the previously mentioned
Figure 11, this trend aligns with the results of this study, leading to greater penetration at
lower medium densities, as there is less opposition to fluid displacement. Regarding the
calculated volume (shown on the right side in Figure 11), it is evident that as the chamber
temperature increased, so did the volume and penetration, as seen in the cases of 15 and
50 ◦C. However, when the penetration was similar and the temperature was higher, as in the



Energies 2024, 17, 2405 11 of 15

cases of 100 and 150 ◦C, the trend reversed, and the volume decreased. This phenomenon
may be explained by the fact that the density gradient observed with the Schlieren optical
technique decreases with an increase in chamber temperature. Furthermore, the lack
of observation of this effect at all temperatures may have been due to the preheating
temperature of the fuel at 90 ◦C and the first two operating points being at a temperature
below this.

Figure 11. Jet penetration and calculated volume for Pinj = 30 bar; Tch = 15, 50, 100, and 150 ◦C;
Backpressure = 10 bar; Tinj = 2500 µs.

3.3. Effects of Injection Timing

One of the parameters believed to influence the morphology of the jet is the injection
energizing time (Tinj). The results are presented in the same manner and order as in the
previous sections. As can be observed in Figure 12, the jet penetration was hardly affected
by the applied Tinj; a similar phenomenon was observed in a recent study conducted by
Yeganeh et al. [31], in which the injection duration using a low-pressure direct-injection
hydrogen injector had a negligible effect on the spray properties. When examining the
calculated volume, a difference could be inferred between a short injection energizing time,
such as 2500 µs, and the rest. Nevertheless, when the injection energizing time exceeded
the threshold of 5000 µs, the volume stabilized; this phenomenon could be attributed to
the fact that with a short injection, in the final moments of the recorded film, the part of
the jet closest to the injector tip had a reduced the gradient due to the high diffusivity of
hydrogen, resulting in a smaller detected jet area. However, when injected over a more
extended period and when the farthest part of the jet reached its maximum extension, there
was still injected gas mass in the vicinity of the injector tip, leading to a larger detected area.

Figure 12. Jet penetration and calculated volume for Pinj = 30 bar; Tch = 15 ◦C; Backpressure = 10 bar;
Tinj = 2500, 5000 and 7000 µs.

3.4. Mass Flow Rate Measurement

To complete this initial study of direct hydrogen injection, the injection rate was mea-
sured to provide a more precise characterization of the injector. Due to the unavailability of
a device for adjusting the temperature of the injecting medium, the data were recorded at
an approximate ambient temperature of 25 ◦C. This study measured two different injection
pressures (Pinj), 30 and 35 bar, due to the operating limitations of the injector mentioned
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earlier. Figure 13 shows that when a given injection energizing time and a back pressure of
10 bar were set, the injection rate (ROI) increased with injection pressure, as expected in
other studies like that of Payri et al. [29]. As mentioned above, one of the parameters also
obtained with the ROI measurement was the amount of hydrogen mass injected into the
chamber. With a ∆P of 20 bar, the amount of mass injected was 7.18 mg, with a standard
deviation of 0.38 mg. When a higher ∆P was applied, in this case 25 bar given the injector
working limitations, the mass injected increased to 8.74 mg, with a standard deviation
of 0.11 mg, calculated from 50 cycles. A lower injection pressure resulted in a deviation
of 5.29% in the injected mass, in comparison to a deviation of 1.26% under conditions of
higher injection pressure. This discrepancy may be attributed to the development of the
test with the minimum ∆P required for the operation of the injector and to possible cyclic
variations, which may have contributed to the observed increase in the deviation.

Figure 13. ROI results with the following parameters: Tinj = 2500 µs; Backpressure = 10 bar;
Tch = 25 ◦C; Pinj = 30 and 35 bar.

4. Conclusions

In this study, the evolution of a H2 jet was investigated by means of an optically
accessible constant volume chamber under conditions that simulated the operation of the
implemented direct gas injection injector in a SI engine. In addition, an experimental cam-
paign was carried out with the same injector to measure the rate of injection and the mass
injected and to study the effects of different injection pressures. A novel injector holder was
fabricated, featuring an integrated cooling sleeve intricately linked to a thermoregulatory
system responsible for maintaining a circuit infused with ethylene glycol. A wide range
of temperatures was analyzed for two different injection pressures and three different
injection energizing times. The principal findings are presented below in summary form:

• As observed in other recent studies regarding the influence of the pressure ratio on jet
spray penetration and cross-sectional area, this research replicated the results, showing
that an increase in the pressure ratio leads to greater spray penetration and a larger
cross-sectional area of the jet. Regarding the temperature variation, it did not appear
to affect jet penetration.

• With regard to the relationship between the injected volume and temperature, our
study of temperature alone did not appear to be decisive, as there was no discernible
relationship between the increase in temperature and the reduction in the density cor-
responding to a larger injected volume. While it cannot be guaranteed, one hypothesis
is that this could be due to the optical configuration of the images obtained through
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the Schlieren technique, based on the premise that higher temperatures in the chamber
result in a decreased density gradient, potentially leading to a reduced detection of
the jet contour in the later stages of processed image with a fixed threshold for every
temperature operating point. This phenomenon would be interesting to study in more
depth with a different injector, which would allow for a wider range of applicable
temperatures; thus, an experimental campaign should be conducted with iso-settings
over a broad temperature range.

• Regarding the effect of the injection energizing time on jet penetration, in this study,
no discernible influence was observed for the three different injection timings used
(2500, 5000, 7000 µs).

• The results obtained for the ROI corroborated those of the analysis of Schlieren image
processing regarding the increased volume obtained with a higher pressure ratio,
leading to a greater injected mass. This finding aligns with observations from other
studies within the same research context.

It is worth mentioning that the approach used for calculating the jet volume could be
considered somewhat simplistic. For this reason, to validate this study, a three-dimensional
computational fluid dynamics (CFD) model of the jets studied in this research is currently
under development. In this research, a preliminary characterization was conducted on a
direct hydrogen injector, examining its injection rate and the effects of applying different
injection pressures. The conclusion drawn is that the behavior is similar to that of other
types of liquid-injected fuels with direct injectors analyzed in other studies, in terms of the
relationship with the jet penetration.
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Nomenclature

ICE Internal combustion engine
FC Fuel cell
HPHT High-pressure high-temperature
ECN Engine combustion network
ROI Rate of Injection
Tch Chamber temperature
Pinj Injection pressure
Pch Chamber pressure, also mentioned as BP (backpressure)
Tinj Injector energizing time
aSOE After start of energizing
∆P Pressure difference between chamber pressure and injection pressure
ρ Density
CFD Computational fluid dynamics
CO2 Carbon dioxide
H2 Hydrogen
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