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Abstract: The present article offers a detailed analysis of helium jet velocity and vorticity
intensity distribution using the particle image velocimetry (PIV) technique. A gaseous fuel
injector featuring an interchangeable tip was implemented. The test campaign involved
the use of three nozzle patterns characterized by different orifices shape and orientations.
The helium was injected into a constant volume chamber (CVC) and the delivery pressure
varied, as well as that inside the chamber, in order to obtain pressure ratios (PRs) ranging
from 2 to 20. The synchronization system was set to record two consecutive frames at
different time-instants after the start of energizing (aSOE). Green light from a dual cavity
Nd:YAG laser was used for illumination and a 4-megapixel PIV-camera for image capture.
Vegetable oil particles were seeded into the chamber to trace the helium jet structure and
cross-correlation methodology employed to measure their instantaneous displacements.
The role of orifices size and orientations has been deeply scrutinized and related to the
morphological outcomes. The least-oriented nozzle (first) exhibited the highest values of
jet penetration and well-defined vortex structures. In contrast, the more the orifices are
oriented, the wider the regions interacting with surrounding environment. Specifically,
geometry with smaller orifice sizes (third) returned an overall absence of localized signifi-
cant vortex structures. This deficiency is counterbalanced by a large distribution of small
vortices that were observed to replace the main rings for each condition examined.

Keywords: H2 substitute; helium; mixing properties; PIV; optical investigation

1. Introduction

The ever-increasing concerns about the expected growth of future energy demand are
driving the search for new and alternative energy sources [1]. In this framework, hydrogen
consists of a middle term option to boost the decarbonization of the so-called hard-to-abate
sectors [2]. Of these, the road transport sector represents a test bench for studying hydrogen
implementation and resulting performance. Here, hydrogen can be used in two main
ways: via injection in internal combustion engines (H2-ICEs) or forcing an electrochem-
ical reaction into a fuel cell (FC). Despite its potential, the physical properties that make
hydrogen an attractive energy carrier also present several challenges for its application,
from the very low density, which requires sophisticated manufacturing techniques [3,4], to
the wide flammability range that combined with the low minimum ignition energy make
the hydrogen prone to explosive phenomena [5]. Because of the risks associated with the
utilization of this fuel, an increasing number of articles propose the use of substitute or
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surrogate fuels for those investigations that do not involve the experimental reproduction
of reacting phenomena [6-8]. Helium, which is the second lightest element with the closest
molecular mass weight to that of hydrogen, is already considered the best candidate to
mimic the mixing properties. The literature offers a large number of studies involving the
use of helium; from the simulation of hydrogen gas leaks in enclosed spaces [9,10] to its
application in the aerospace sector. Oamjee A. et al. in [11] performed a numerical investi-
gation for evaluating helium as a hydrogen substitute in supersonic mixing conditions. The
results demonstrated how helium returns a qualitative understanding of the global mixing
parameters, with a good agreement in terms of jet penetration while underestimating the
dispersion, leading to an overall loss of about 10% in the mixing efficiency compared to
H2. Other investigations exploit the use of advanced optical techniques like schlieren
photography [12] and PIV [13] to bring additional margins for the understanding of the
underlying phenomena that play a key role in the flow-field distribution. The schlieren
photography exploits the inhomogeneities in gas density caused by temperature differences
or by the presence of a species with different physical properties. Other methods were
developed to extent the visualizable scale-flow [14], the analysis of the concentration of
specific species [15] (i.e., rainbow schlieren reflectometry, RSD), or to make possible the
study of the local heat transfer pattern [16]. Recent articles have studied hybrid solutions
in which the turbulent flow field serves as tracer particles [17]. In contrast to the schlieren
technique which provides qualitative results, the PIV is a quantitative optical technique
capable of providing a detailed analysis of the flow-field under investigation [18-22]. The
high precision of the results of this technique makes it suitable for the development of
fluid dynamics codes (CFD) [23,24]. Considering the purpose of the present study, the PIV
technique has been chosen to carry out a detailed analysis on helium jet structure. The
first gaseous jet model to be proposed is the one of Turner JS in 1962 [25]. According to
this model, if the injector features a round nozzle, the gaseous jet is assumed to have a
conical shape with an almost axial symmetric head vortex. The model proposed by Turner
JS was one of the first to suggest that most of the air is dragged inside a structure from the
back of the head, thus in the so-called steady state region. Zhao J. et al. in [26] used the
schlieren method to record the injection process of hydrogen by using an outward opening
injector. The study revealed that the self-similarity factor (S), defined as the ratio between
radial penetration to the axial penetration, results always larger than 1 in the initial stage.
Nevertheless, as the jet develops the S factor decreases below 1, regardless of ambient and
injection pressure. This phenomenon can be addressed to the high diffusivity of hydro-
gen that brings the particles to rapidly fill the low-pressure areas that take place along
the injector axis. In view of a possible application in the automotive field, other studies
investigated the characteristics of jet morphology with high PR values [27]. However, the
current literature presents some critical issues. First of all, most of the studies involve the
use of the schlieren technique, which is unable to provide quantitative information, thus
leaving the unknown aspects to free interpretation. This gap is further highlighted by the
lack of investigations comparing the flow-mixing properties of hydrogen with those of
substitute or surrogate fuels [28]. In addition, the search for studies involving the use of PIV
technique for engine-like experiments becomes rather difficult as the number of available
articles decreases drastically. In fact, most investigations available in the literature focus
on injectors with a single circular orifice, whereas studies involving complex geometries
are nearly absent [29,30]. In such a framework, the present study presents the analysis
of velocity and vorticity distribution of helium jet using the particle image velocimetry
(PIV) technique. With a nominal injector pressure of 20 bar, a parametric investigation was
conducted to assess the influence of the pressure ratio (PR) on jet morphology, with PR
values ranging from 2 to 20. In particular, the constant volume chamber (CVC) pressure
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varied from 1 to 7 bar, reflecting operating conditions representative of early injection
strategies in both naturally aspirated and supercharged engines. The injector was equipped
with an interchangeable nozzle tip, allowing the use of three different tip models with
different orifice shapes and orientations. To investigate the fundamental mixing capacities,
it was used with a dual cavity Nd:YAG laser, with an optically accessible CVC filled with
air and seeded with vegetable oil particles.

2. Experimental Setup

The schematization of the experimental setup and of three nozzle patterns are shown
in Figure 1. A dual cavity Nd:YAG laser (Spectra Physics, Quanta Ray PIV-400, Milpitas,
CA, USA) was used for the generation of the luminous background through the emission
of two pulsed signals of light with a wavelength of 532 nm. The nominal energy of pulsed
light was approximately of 60 mJ, having a duration of 6 ns and a time separation of 3 ps.
Since it was not possible to know a priori the correct time delay between the two pulses,
the above value was found by linearly increasing it from 1 to 15 us during experiments at
intermediate pressure ratio, i.e., PR10. The two laser pulses generated by the laser are then
deviated by a series of mirrors and directed towards the CVC as shown in Figure 1. Before
reaching the chamber the two signals pass through three cylindrical lenses; the first concave
lens with a focal length of —50 mm and for the other two large lenses it was +500 mm. The
two pulsed signals are thus converted onto sheets with a thickness of approximately 1 mm
in correspondence of the injector axis. The air supply line reaches a maximum pressure
of 8 bar and is connected to both CVC and particle seeder. The air input system in the
chamber, as well as that for tracer particles, are designed to reduce their influence over the
jet structure. Specifically, the air is supplied through a duct positioned on the upper wall
away from the injector axis, while oil particles are conveyed through a perforated hollow
toroidal tube located on the upper wall. Particular attention was paid to the calibration
of the particle seeder to avoid two opposing conditions: lack or oversaturation of the
tracer particles. This task was achieved by managing the inlet pressure of the particle
seeder in relation to that of the pressure line. For the present study, the particle seeded was
set to operate in order to produce tracers of 600 nm £ 200 nm. The resulting images of
scattered light were recorded using an interline transfer camera (TSI 630090, Shoreview,
MN, USA) with a resolution of 2352 x 1768 pixels and a 16-bit concentration per pixel.
The helium was supplied from a tank at 200 bar and the gas injector mounted in the top
wall of the chamber. The effective pressure of injection was set using a manual regulator
and fluctuations monitored by a sensor. The pressure was observed to suffer a maximum
reduction of less than 5% with reference to the nominal value, therefore influencing in a
negligible way the flowrate characteristics. Optical access to the CVC was provided by
four circular windows located on the side walls, each with an inner diameter of 130 mm.
For the present study, two of these windows were obscured using laser beam stoppers or
black screens. As for the three nozzle tip models (Figure 1, bottom), the geometric angle
of divergence of the orifice paths from the injector axis was 15° for the first, 18° (external
orifices)-12° (inner orifices) for the second and 20° for the third. The total area of the
orifices on the nozzle tips is equal to 7.0, 4.3 and 4.0 mm? for the first, second and third
geometries, respectively.
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Figure 1. Schematization of the experimental setup (top) and nozzle patterns (bottom).

3. Software and Methodology

The cross-correlation algorithm was applied to evaluate the tracer particles displace-
ment and the software used for this purpose was the Matlab R2022b (Natick, MA, USA)
tool: PIVIab v2.61. Before proceeding with the algorithm, the scattered images were post-
processed to improve their quality and to define the coordinate center reference system
as shown in Figure 2. The jet object has been put in the foreground by using the contrast
limited adaptive histogram equalization (CLAHE) and auto-contrast (AC) algorithms. The
first is an image pre-processing technique that improves contrast in images. This algo-
rithm elaborates several histograms, each corresponding to a distinct region of the raw
image and uses them to redistribute the luminous values of the image [31]. Differently, the
AC algorithm linearly stretches and offsets the image intensities. The next step involved
the definition of the region of interest (ROI). This is the area within which the software
performs the cross-correlation analysis. For the present work the ROI was set equal to
50 x 75 mm, and the x-y-center was positioned at injector tip as shown in Figure 2. The
diameter of the nozzle tip was used to calibrate the spatial resolution of the PIV images,
thus measuring the pixel/millimeters ratio. Next, it was necessary to choose the dimen-
sions of the interrogation area (IA) whose size defines the resolution of the PIV analysis.
It was decided to use a square-shaped IA with a multi-pass approach. This methodol-
ogy causes the software to start performing the cross-correlation analysis by imposing
an initial oversized interrogation area (defined by the user). This preliminary operation
will turn a “rough” vectors distribution, then the software repeats the cross-correlation
with a reduced size of the IA (normally it gets halved with reference to the initial value),
returning a more detailed vector distribution, thus gradually increasing the accuracy of
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the PIV analysis. For the present study, a 3-step cross-correlation approach was used, and
the starting size of the IA fixed equal to 64 x 64 pixels, then decreased to 32 x 32 and
finally to 16 x 16 pixels (=0.8 x 0.8 mm). A 25% overlap between neighboring cells has
been applied for the correlation of the two consecutive frames.

Raw image CLAHE and AC algorithm

Interrogation area

Figure 2. Image post-processing procedure: raw image (top-left); CLAHE and AC algorithm (top-right);
coordinate center reference system (bottom-left) and IA definition (bottom-right).

For all operating conditions, two filters were applied to reduce the presence of spur
vectors. First, a standard deviation filter was used to remove vectors whose magnitude
exceeded the threshold defined by the following equation:

True/False < V_mean + n * dev.st (@)

where V_mean is the average velocity measured over the total spatial grid, n the user-
imposed multiplier and dev.st the standard deviation. For the present study, n was set equal
to 10. The second filter applied is a local median filter. In a 2-dimensional analysis, such
as that considered for the present work, the filter considers neighbor values to calculate a
moving average to limit the presence of local spikes. The window size has been set equal
to 6 x 6 cells. Note that both filters discussed above were set to operate in a non-aggressive
manner, due to the low number of spur vectors measured in raw vector grids.

Regarding edge detection, although it is necessary to measure jet penetration and
plume angles, this information could not be directly extracted from the post-processed
images. The high pixel density and local inhomogeneity typical of this type of analysis led
the software to interpret the data as point-like, making impossible the identification of a
coherent boundary between the jet and the background. For this reason, the jet edges were
measured using a dedicated code built on Matlab R2022b by setting a threshold to separate
the jet from the surroundings. This value was set equal to 20% of the maximum speed.
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However, it is worth noting that the PIV provides an indirect measurement of flow
velocity; therefore, this technique is subject to a certain degree of uncertainty, which can be
estimated from Taylor series propagation and expressed by the equation:

U, Usx\* | (Uar)? | (Um)?

Ce) =) () () ?
where u is the velocity at a point (x,y), calculated by measuring the displacement Ax
during time interval At, and Uu represents the corresponding uncertainty. Then, the three
variables refer to the uncertainty due to the displacement Uy, laser pulse separation Ux;
and magnification Uy contribute. The last two parameters depend on laser characteristics
(normally U, is around 1 ns, leading a negligible errors for most experiments) and correct
calibration of the camera with respect to the optical window, that for the present study has
been calibrated for adjusting the height of the CVC using spirit levels and monitoring the
spatial resolution with respect to the injector tip size. Differently, the first variable depends
on the error between real displacement and that measured. Since it is not possible to know
a priori the true displacement, the uncertainty quantification is demanded to different
theoretical models or by specific experiments in controlled environment [32]. Nevertheless,
the accuracy of the PIV can be improved in many ways; among these, the use of multi-pass
cross-correlation algorithm has been proven to reduce the error between measured and true
displacement. Furthermore, the Stokes number (Stk) can be used to quantify a particle’s
ability to follow the flow. It is defined as follows:

Stk =

)

where p, is the seeded particle density (vegetable oil ~ 900 kg/m?), d?, the diameter
(=600 nm), U the velocity, # the dynamic viscosity (1.98 x 10> Pas) and L the characteristic
length, which depends on orifice size. Regarding the speed, considered the condition with
a AP of 19 bar (Pcyc 1 bar-Ppyy 20 bar), in proximity of the injector tip the flow can be
assumed to be in choked conditions (See Equation (5)); then, the equation to calculate the

U = \/yRT 4)

where v is the specific heat ratio of the gas (=1.66 for helium), R the gas constant

velocity becomes

(2077 J/kgK) and T the temperature (300 K). The calculated speed is of approximately
1020 m/s. Since, at the early stages the jets emerging from the orifices are still separated, the
characteristic length used in the Stk formula is set equal to the equivalent diameter of the
single orifice. For example, for the first geometry, the characteristic length is 0.3 mm, and
the calculated Stk is greater than 1, suggesting a slow particle response to flow acceleration,
which justifies the presence of the weak correlation area. The situation rapidly changes
downstream of the tip (5-15 mm depending on PR), where the maximum velocity recorded
by the software decreases to 250-300 m/s and the individual jets merge into a single struc-
ture with an average diameter ranging from approximately 1.8 to 3.8 mm, depending on
the nozzle geometry and operative condition. In particular, at PR20 in correspondence of
the peak velocity, the Stokes number falls within a much lower range, from 0.07 to 0.09,
indicating the particles’ ability to accurately follow the flow under subsonic conditions.

4. Results and Discussion

The experimental test campaign implied the use of helium as a hydrogen substitute.
The operative conditions were chosen in order to gain an extensive understanding of jet
propagating process (Table 1). With a pressure ratio over 3 (or 2 theoretically) it is expected
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to have choked flow and sonic velocity at the exit of the nozzle. The critical PR represents
the threshold above which the flow reaches the sonic conditions and cannot increase speed
despite a lower pressure downstream the circuit. The choked conditions at the nozzle tip
are defined as follows:

v
Pin e

Peyes 2
where the * indicates the minimum ratio to achieve the sonic conditions, while y is the
specific heat ratio (1.66 for He). Applying the above equation, the critical pressure ratio
is approximately ~2.0. This implies that almost all tested pressure ratios exceed this
threshold. Specifically, downstream of the nozzle, where the PIV becomes capable of
providing reliable results, the velocity magnitude varied from 100 to around of 300 m/s,
thus remaining always under the sonic regime

Table 1. Experimental operating points.

Pressure of

Injection [Bar] Pressure Ratio [-]

Geometry Nozzle CVC Pressure [Bar]

20 20.0
1 10 10.0
5 5.0
All geometries - 20 40
10 2.0
7 20 2.9

4.1. Velocity Magnitude

The results described and discussed in this section are based on an analysis performed
on 20 pairs of frames recorded at different time-instants after the start of energizing (aSOE).
It was experimentally observed that the first frame at which it was possible to see the jet
coming out from the nozzle tip corresponded to the time instant at 2.7 ms aSOE. Specifically,
the jet becomes appreciable at 3.0 ms aSOE, thus all the data discussed in this work range
from this time instant onwards. Figure 3 compares the velocity distributions generated by a
single pair of frames and that obtained by an ensemble of 20 pair of frames. As expected, the
averaged image looks much more homogeneous and the velocity distribution well defined,
highlighting the regions featuring different levels of velocity magnitude. Differently, the
information coming from the single pair of frames appears fragmented with a more chaotic
distribution of the sub-structures. For this reason, most of the data discussed in this and
following section refer to the post-processed frames obtained by the average data. The
drawback of using such type of data is related to the loss of part of the details in local
vortex structures, as well as an overall reduction in the velocity magnitude (and vorticity
intensity) caused by the random position of the peaks in the individual frame pairs, thus
resulting in a lower value when “spatially” averaged.
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Figure 3. Velocity distribution at 3.4 ms aSOE, GEO-1. Single pair of frames (left) and averaged
frames (right) PR10.

For the sake of brevity, the next graphs will show the solely data recorded with PR 4
and 20, representative of the low- and high-pressure ratio conditions. Figure 4 illustrates
the velocity distribution generated by the first geometry at high and low PR conditions,
highlighting the differences in terms of jet extension, as well as the phenomena addressed
to the formation of vortex structures. Specifically, two lateral vortices (recognizable by the
presence of a quasi-static area surrounded by non-zero velocity regions) were noticeable
since the very early stage of the jet development for both ratios. At PR4, as the jet extends
these structures start stretching trying to keep pace with the jet head region, thus contribut-
ing to the entrainment of air from the rear area. In the advanced stages, these structures
were noted to become unable to match the jet extension, losing their capacity to further
penetrate along the jet axis, thus collapsing. These large vortexes improve their capacity to
keep up with the jet as the pressure ratio increases. In this condition, the jet rapidly reaches
the border of the ROI, i.e., =3.6 ms at PR20. In a 3D perspective, these rings can be assumed
to generate a toroidal corona surrounding the jet, the main contributor to the air dragging
from the rear area of the jet. However, the mixing efficiency was noted to be mainly de-
manded by these structures since the achievement of the steady state conditions; then they
were replaced by many small eddies positioned downstream the nozzle tip. Figure 5 shows
the velocity distribution of the jet generated by the second geometry. At PR4 condition, both
jets remain recognizable for the entire duration of the sequence recorded. The interaction
with surrounding air leads to the formation of two vortexes. The one on the inner side
appeared more stable, with a well-defined center, contributing to the air dragging from
the rear area. Differently, the one on the outer side the vortex lasted for a short period
before collapsing, i.e., ~3.4-3.8 ms. The presence of a low-speed region between the two
jets was noted to form before the achievement of the steady state conditions. This area can
be addressed to the presence of air in between the two jets, resulting in a local speed of
around 45-50 m/s, while surrounded by the tail of the two jets at 90-100 m/s. At PR 20
condition, the overall increase in momentum of the jets makes them able to create more
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stable vortexes. In addition, opposite the low-ratio condition, the in-plane jet becomes
predominant for extension, with the outer jet that rapidly fills the low-speed area, reducing
the radial propagation of the entire structure.

Figure 4. Velocity distribution, GEO-1, average frames PR4 (left graphs) and PR20 (right graphs).
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Figure 5. Velocity distribution, GEO-2, average frames PR4 (left graphs) and PR20 (right graphs).

The higher orientation of the outer orifices of the third geometry, as well as the
increased distance between these and the central orifice, make it possible to clearly visualize
the three jets cross sectioned by the laser sheet (Figure 6). Due to the small size of nozzle
orifices, it was not possible to recognize any relevant vortex structure, regardless of the
PR condition. Further, it was noted that the radial propagation grows until the head of
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the lateral jets deviates towards external regions. At this stage, the velocity magnitude of
the lateral jets rapidly decreases to less than half of the maximum value. In this condition,
the fresh charge of helium coming from the rear area sweep away the lateral jets head.
Among all the injector tips investigated, the third geometry produced in the shortest jet,
and the short distance between external orifices did not allow for the presence of low-speed
regions, thus demanding the mixing efficiency to the small eddies. Further, the velocity
magnitude measured is the lowest among that observed, with an overall gap about of
15-20% compared to the first geometry and 5-10% to the second.

Figure 6. Velocity distribution, GEO-3, average frames PR4 (left graphs) and PR20 (right graphs).
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In Figure 7 the maximum velocity values for each case are illustrated. Those shown
in the graphs are the values calculated by the 20 peaks measured for each individual
pair of frames, while the dashed area represents the ROI border. The largest size of first
geometry nozzle cap orifices always ensured the achievement of the highest values of
velocity magnitude, regardless of the PR condition, which ranged from 108 to 242 m/s.
In particular, at early stages the second and third geometries were observed to be slightly
faster than the first nozzle pattern, with a gap ranging from 10 to 20%. In this phase, rather
than orientation, the size of the orifices on the nozzle tip plays a key role in restricting the
jet, giving it a better ability to penetrate through the air. This trend is reversed between
3.4 and 4.0 ms aSOE, when the first geometry becomes faster than other configurations.
The gap between the three configurations rises as the PR increases, with the first nozzle
leading to a difference in a few percentages at low PR, to slightly more than 20% of PR10

and PR20 cases.
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Figure 7. Average velocity peaks for the three nozzle patterns at different PRs.

Regarding the range of the reported average data, it was observed that velocity peaks
exhibited a higher standard deviation in the moments subsequent to the injection trigger,
with values ranging between 6 and 11%. This is attributed to the influence of the low-
correlation area. As the jet extended, this value rapidly decreased, reaching values between
3 and 6%, with an improved reproducibility of the velocity peaks noted at higher PR values.
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In particular, the third geometry was found to be the most stable with standard deviation
ranging from 3 and 5% under most operative conditions.

However, it is worth noting that the values determined in Figure 7 refer to the velocity
calculated in the jet core, rather than near the nozzle tip, since in this area a sufficient
number of seed particles are not yet trapped to follow the jet flow. A further set of 20 pairs
of frames was recorded at 8.0 ms aSOE for each ratio examined, when the jet was in steady
state conditions. The recorded maximum speed values are presented in Table 2.

Table 2. Average velocity peaks recorded at 8.0 ms aSOE.

8 Ms aSOE PR2 PR2.9 PR4 PR5 PR10 PR20
Vist [m/s] 105.4 138.1 167.0 179.2 248.7 309.4
V2nd [m/s] 108.1 125.2 141.9 154.4 211.6 280.6
V3rd [m/s] 90.8 109.3 127.6 142.5 208.6 297.3

The data listed in Table 2 have been used to calculate the Reynolds number (Re). The
latter is a dimensionless quantity defined as the ratio between inertial and viscous forces.
The Reynolds number is used to characterize flow regime, and it is calculated as follows:

eUbD
K

Re = (6)
where p is the gas density, thus ~ 0.85, 1.71 and 3.43 kg/m? for helium at 5, 10 and 20 bar,
respectively (at 300 K). U is the speed of the jet, D the characteristic length and y the
dynamic viscosity (1.98 x 10~ Pas at 300 K). As far as the speed and characteristic length,
it was noted that under steady state conditions the areas characterized by the highest values
of velocity (the same presented in Table 2) were always located downstream of the weak
correlation area, 5-15 mm far from the injector, depending on the pressure ratio. At this
distance, the jet width is rather narrow and by setting a threshold equal to 80% of the
maximum recorded velocity, to assume the presence of only helium [33], the jet core size
was measured. The calculated Re number values are listed in Table 3.

Table 3. Reynolds number values at 8.0 ms aSOE.

8 Ms aSOE PR2 PR2.9 PR4 PR5 PR10 PR20
Relst [-] 30,691 40,213 52,796 56,653 78,625 97,815
Re2nd [-] 17,987 33,332 35,416 33,398 38,729 58,362
Re3rd [-] 13,598 18,187 24,416 27,267 52,064 136,038

All the operating conditions examined fall within the turbulent flow regime. The first
geometry was the most stable, returning a jet diameter of approximately 3.5-3.8 mm at
peak velocity. In contrast, the second and third geometries revealed a higher degree of
variation in this parameter. More specifically, the second geometry returned to a diameter
between 2.0 and 3.2 mm, with maximum value measured at intermediate PR conditions.
The third geometry, on the other hand, showed the lowest diameter values, i.e., from 1.8 to
2.2 mm, except in the case of the most severe injection pressure. At PR 20 the three jets
merged in a single structure, leading to an increase in the overall jet width to 5.4 mm near
the peak velocity.
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4.2. Vorticity Intensity

Considering any point traveling along with the flow under investigation, the vorticity
intensity is defined as the pseudovector field which describes the local spinning motion of
such point. Mathematically, it can be expressed by the equation,

w=Vxv (7)
where V is the nabla operator and v the flow velocity. In a two-dimensional analysis,

_ [(dvy  Juy
w-(ax—ay)*ez 8

where ¢, is the versor along the zeta-axis. During the post-processing of the images the

Equation (7) becomes

vector field was observed not to change in a significant way, in terms of development
pattern, with the pressure ratio. These results, coupled with the large amount of data
recorded, led to the decision to illustrate in this section solely the images related to the
operative condition at PR4. Specifically, graphs shown in Figures 8-10 were drawn from
an ensemble of 20 pairs of frames. Figure 8 shows the vector plots and corresponding
vorticity distributions produced using the first nozzle tip geometry. At early stages, two
vortexes were visualized on the head section of the jet and the instantaneous center of
these rings corresponds to the position of the vorticity peaks. Here, the vorticity intensity
reaches values of approximately 85,000 1/s. In a 3D perspective, these two vortices can
be assumed to be connected by a toroidal ring surrounding the jet head. The acceleration
caused by the continuous supply of helium causes the region downstream the nozzle tip
to be characterized by increased vorticity during the entire duration of the injection. This
region was noted to extend as pressure ratio increased, from just over 20 mm to almost
the entire extent of the jet (=70 mm). After 4.0 ms, two discontinuities separating the
steady state region from the head region of the jet were visualized. In these regions the
air is dragged inside the jet with an oblique direction that deviates the helium towards
the center. This phenomenon leads to the flow “disconnection” between the head section
and the rear area. Without the supply of helium, the two vortices positioned on the head
therefore become unable to sustain the rotative motion, rapidly dissipating their vorticity
intensity. At 5.0 ms aSOE, the only relevant regions for the interaction between gas—air
remain that close to the nozzle tip. There, the constant supply of helium contributes to
the establishment of small eddies which size is lower than the resolution applied for the
present study (0.8 x 0.8 mm), thus impossible to be individually recognized. It is worth
noting that the first geometry is the least-oriented one and that in agreement with jet
models present in the literature, i.e., [34,35], it clearly shows the presence of two vortices
surrounding the jet head from the early stages. These vortices trigger air entrainment from
the side regions and gradually lose intensity as the jet propagates.
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Figure 8. GEO-1, vector plot (left) and vorticity distribution (right) at 3.4, 4.0 and 5.0 ms aSOE. PR4,
averaged frames.
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Figure 9. GEO-2, vector plot (left) and vorticity distribution (right) at 3.4, 4.0 and 5.0 ms aSOE. PR4,
averaged frames.
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Figure 9 provides a closer look at the jet produced for the second geometry. Since early
stages, the two jets coming from the inner and external orifices work differently in terms of
interaction with air. The external orifice, which is the most oriented one (18°), generates
an oblique jet able to keep momentum better than inner component, resulting in a greater
extension. In contrast, on the inner side the vector plot shows the presence of a complete
vortex. At 4.0 ms aSOE, the inner ring starts losing intensity for similar reasons to that
seen for the first geometry. The anticlockwise motion triggered by the vortex brings to
the opening of a discontinuity in the vorticity distribution. This lack of fresh charge from
the rear area contributes to a significant loss in intensity of the inner ring, whose value is
now around 40,000 1/s. Differently, the outer jet start slowing its radial spreading. This
phenomenon can be attributed to two causes: the increase in CVC pressure that implies
the onset of a “confinement” action on the jet and the presence of the low-speed area
between the jets produced by the external and inner orifices. To pursue this hypothesis, the
plume angle of the jet was observed to reduce as the air backpressures increased. At 5.0 ms
aSOE, both jets are surrounded by multiple peaks, with the inner side showing slightly
higher values of vorticity intensity. Similarly to the first geometry, rather than significant
vortex structures, there are small eddies to drive the mixing efficiency of the investigated
geometry when the jet is fully developed. In this phase, the maximum intensity value
is around 85,000 1/s. The various stages of flow field concerning the third geometry are
illustrated in Figure 10. In the first phase, subsequent to the start of the injection, the three
in-plane jets are clearly visualizable showing similar peak values of vorticity intensity,
i.e.,, =75,000 1/s. A similar extension of the central jet is possible due to the shorter path
that helium has to follow when passing through the central orifice, thus compensating its
smaller size compared to that of the external orifices. Unlike geometries discussed so far,
no significant vortexes were noted at 3.4 ms aSOE. In particular, the external jets contribute
to the formation of two partial rings, whose intensity is quite reduced compared to the
small eddies occurring over the jet edges. The reasons for the absence of relevant vortex
structures can be addressed to the relatively small size of the orifices and their orientation
which led to the generation of narrow and separate jets, thus able to keep the momentum
without losing energy to the surrounding air. At 4.0 ms aSOE, the external jets deviate
towards lateral regions, losing their capacity to further penetrate along injector axis. The
helium coming from the nozzle tip reaches these areas with a higher velocity, which the
vertical component dominates (vy), thus unable to follow the deviation and leading to the
breakup of these structures. After 5.0 ms, because of the constant supply of helium from
within the main flow, the two side structures are no longer visible, leaving a single larger jet
that is characterized by a higher plume angle compared to the first geometry jet, but with
a lower velocity magnitude. In any case, it clearly appears that regardless of the nozzle
pattern the large vortex structures move with a speed that is somewhat smaller than that of
the jet head, highlighting a tendency of these rings to “slip” on jet borders before collapsing.
These findings agree with those discussed in [36].

It should be noted that as the angular spacing between individual jets increases, they
become unable to merge into a single coherent structure. This reduces their ability to
interact with the surrounding air, thereby promoting vortex formation. Among the few
studies available, these findings are in line with those reported in [37]. Figure 11 shows the
absolute peaks values of the vorticity intensity measured by the three geometry nozzles
for the various PRs examined. Specifically, first and second geometries alternate randomly,
while third geometry showed an overall lower value of vorticity intensity. Further, unlike
velocity, which increases linearly till the achievement of the ROI border, the peaks in
vorticity were observed to stabilize at almost constant values after 3.5 ms aSOE, regardless
of the nozzle tip. Given the definition of the vorticity intensity; it is therefore possible to
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suppose that as the average velocity of the jet increases, the instantaneous radius of the
vortex structure is reduced. This hypothesis is in line with the observed tendency of the
major rotational structures to extinguish as the jet develops. Other factors contributing
to that phenomenon could be related to the longer time for the merged jet to form (from
individual or a ring-shaped jet) and reach its stationary velocity, than it takes for the vortex

structure at the upper part of the jet to form.
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Figure 11. Average vorticity peaks for the three nozzle patterns at different PRs.

However, looking at peak values alone, another difference to velocity is that, con-
sidered a specific geometry at a fixed time instant, it does not undergo the same change
in magnitude by increasing the PR. Just by way of example, at PR2 and 3.4 ms aSOE,
the average velocity recorded by all geometries was about 80 m/s, then increased up to
200-250 m/s at PR20. Differently, applying the same approach to vorticity intensity, this
value increases from 120,000-140,000 to 200,000-235,000 1/s. Unlike the velocity, the vari-
ability of the vorticity is significantly higher, with standard deviation values ranging from
8% to 25%. The highest variability was observed at 3.0 ms aSOE under low PR conditions,
with the first and second geometries being less stable than the third. However, as the PR
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increased, a reversal in this trend was observed, with the third geometry becoming less
stable than the other two. Hence, the ratio between the low and high PR conditions reduced
from almost 3.0 in velocity to 1.8 in vorticity. The values recorded at 8.0 ms aSOE are listed
in Table 4. The vorticity intensity now relies on more comparable values, where the highest
gap was measured between first and third geometry at PR5, thus equal to slightly less
than 10%.

Table 4. Average vorticity peaks recorded at 8.0 ms aSOE.

8 Ms aSOE PR2 PR2.9 PR4 PR5 PR10 PR20
1st [s71] 130,196.4 150,371.9 163,636.1 170,049.6 199,911.5 239,255.5
2nd [s71] 130,663.6 159,241.1 160,284.6 161,613.8 192,116.3 221,887.2
3rd [s7!] 122,528.1 142,982.7 158,985.9 154,918.1 202,046.9 229,685.7

5. Jet Morphology

Another aspect examined in this work is the morphology of the jet/s, thus its penetra-
tion and the plume angle. Both parameters were measured through the use of a code built
on Matlab used to detect the edge of the jet. The working principle of the code is based on
the velocity threshold defined by the user to return the coordinates of the borders all around
the jet perimeter. More in detail, considering the generic operative condition, the threshold
value was set equal to the 20% of the mean value of the peak velocities of all 20 frame
pairs, thus using a less severe approach compared to that used for measuring the size of
the jet core for recalculation. The jet penetration values were normalized with respect to
the diameter of the nozzle orifices. In particular, considering the tendency of the individual
jets to merge into a single structure from early stages after injection, an equivalent diameter
was hypothesized based on the total orifice area. Accordingly, the measured penetration
values were normalized using diameters of 3.00 mm, 2.35 mm and 2.25 mm for the first,
second and third geometries, respectively. The resulting normalized values are shown in
the histograms in Figure 12. The graphs below confirm that the first geometry exhibits
the slowest jet penetration in the early stages, showing a significant gap compared to the
other two configurations. This phenomenon can be attributed to the near-instantaneous
collimation of the individual jets into a single coherent structure, which initially reduces
the axial velocity. However, this structure becomes more effective in sustaining penetration
in the mid-to-long term. In detail, the jet produced by the first accelerates faster than
the other two configurations, with an increasing gap ranging from 15% to 30% with the
other two geometries before achieving the edge ROI. The second and third nozzle tips
are more directly comparable, having similar equivalent diameters but different nozzle
layouts (see Figure 1, bottom). In particular, the reduced spacing between the inner and
outer orifices in the second geometry promotes more effective jet penetration, especially
under low pressure ratio (PR) conditions. The increased orifice size and reduced inclination
in the second geometry offer an initial advantage in jet penetration, which reduces as PR
increases. Ultimately, L/D values tend to converge across the two configurations examined,
emphasizing the influence of orifice angle over shape, and suggesting that orifice spacing
affects jet extension primarily during early injection stages. Noticeable is the variability
that kept always showing in the reduced values, ranging from 1% to 5%, thus suggesting
good repeatability for the measurement of the jet extension.
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Figure 12. Helium normalized jet length at different PRs.

Regarding the plume angle, it is more appropriate to refer to half of the plume angle
for this study. In fact, considering the three nozzle tips analyzed, the second geometry
is the only one that does not provide a symmetrical view of the jet structure. It was
therefore decided to measure only half of the above parameter, 3. This parameter (3 was
then normalized by the angle «, defined as the inclination of the external orifice channels
relative to the injector axis (15°, 18° and 20° for first, second and third nozzle). The
resulting ratio, 3/, provides a measure of how effectively a given geometry preserves or
modifies the original geometrical dispersion angle. Figure 13 illustrates the histograms of
the calculated values for all the configurations investigated. The large total surface area of
the first geometry initially results in a high degree of jet dispersion, reaching up to twice
the geometric angle. The subsequent collimation of the jets in a single structure drastically
reduces this value, with the 3/« ratio always ending below unity before the jet exits the
ROL In contrast, the second and third nozzle tips maintain a wider jet spread throughout
the entire injection process. Specifically, the second geometry exhibits a linear decrease in
the 3/« ratio, while the third maintains an almost constant ratio until the collapse of the
lateral wings (see Figure 10), which causes a sudden drop in the parameter. Noticeably,
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despite the higher geometric angle of the third nozzle pattern, it produces a jet that reaches
the edge of the ROI with a smaller spread compared to the second tip. This difference can
be attributed to the reduced size of the external orifice. Specifically, considering only the
second and third external orifices (see Figure 1, bottom), there is an individual difference of
approximately 64%, in terms of area (2nd > 3rd).
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Figure 13. Helium normalized half plume angle at different PRs.

6. Conclusions

In this paper the particle image velocimetry (PIV) technique has been used to analyze
the velocity and vorticity characteristics of helium jets delivered by a light-duty gas injector.
Three complex geometry nozzles were used to thoroughly examine the effect of orifices
size/orientation on velocity magnitude, vorticity and main jet morphological parameters.
The constant volume chamber was seeded with vegetable oil droplets to make it possible
to track the motion induced by the helium jet to the surrounding air. The image post-
processing procedure made it possible to analyze readable images capable of providing
global and detailed information on jet morphology and complex flow phenomena, such as
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the presence and distribution of vortex rings. The main results of the present investigation
are listed below:

e  The results on vorticity intensity highlight the role of major vortex structures in
early and middle stages after injection in promoting mixing phenomena. Then, these
structures rapidly collapse, regardless of the nozzle pattern and PR condition, leaving
room to the rise in number of small eddies. In particular, these micro-structures
were observed to form downstream to the nozzle tip and extend for relatively short
distance at low PRs (5-15 mm) and shifted along the injector axis (15-70 mm) at high
PRs conditions.

e  Once the PR condition was established, the velocity magnitude was observed to in-
crease almost linearly with time across all configurations examined. In contrast, after
3.5-4.0 ms aSOE, vorticity intensity kept an almost constant trend for each case con-
sidered. These results are in line with the absence of large vortex structures observed
during jet development and the parallel increase in the number of small vortices.

e  The use of nozzle patterns with low orientation orifice paths, like first geometry, leads
to the production of jets capable of keeping momentum, thus fastening the resulting
jet at expense of a limited radial propagation, i.e., 3/ < 1 at 8.0 ms aSOE. Specifically,
the first configuration recorded the highest values of velocity peaks, i.e., from 105 to
309 m/s at 8.0 ms aSOE, regardless of the PR condition examined.

e Second and third geometries, both featuring more complex multi-orifice nozzle pat-
terns and a higher degree of orientation of the orifice paths, resulted in an improved
radial propagation of the jet, i.e., f/ « ranging from 0.5 to 1.5 before achieving the ROI
border. On the other hand, the greater area of the jet impacting with the air involved a
reduction in jet penetration along the injector axis. Specifically, the gap in velocity was
measured to be around of 10-20% compared to first geometry during injection process.

The above results could become of paramount importance for the design of injection
strategies, i.e., injection duration and interactions with the piston or cylinder walls, to
improve the mixing efficiency depending on the application. Experiments consist of a
valuable dataset to support 3D-CFD codes.
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Abbreviations

CFD  Computational Fluid Dynamic
CVC Constant Volume Chamber

FC Fuel Cell

FL Focal Length

IA Interrogation Area

ICE  Internal combustion engine
PIV  Particle Image Velocimetry

PR Pressure Ratio

ROI  Region Of Interest

RSD  Rainbow Schlieren Reflectometry
SOE  Start Of Energizing
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