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Abstract  

Hydrogen (H2), a potential carbon-neutral fuel, has attracted 
considerable attention in the automotive industry for transition 
toward zero-emission. Since the H2 jet dynamics play a significant 
role in the fuel/air mixing process of direct injection spark ignition 
(DISI) engines, the current study focuses on experimental and 
numerical investigation of a low-pressure H2 jet to assess its mixing 
behavior. In the experimental campaign, high-speed z-type schlieren 
imaging is applied in a constant volume chamber and H2 jet 
characteristics (penetration and cross-sectional area) are calculated by 
MATLAB and Python-based image post-processing. In addition, the 
Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach is 
used in the commercial software Star-CCM+ for numerical 
simulations. The H2 jet dynamics is investigated under the effect of 
nozzle geometry (single-hole, double-hole, and multiple-hole (5-
hole)), which constitutes the novelty of the present research, and 
pressure ratio (PR = injection pressure (Pi) / chamber pressure (Pch)). 
The results show that the H2 jet from the single-hole nozzle possesses 
the fastest penetration and smallest cross-sectional area. On the 
contrary, the H2 jet from the double-hole nozzle possesses the slowest 
penetration and largest cross-sectional area. The H2 jet from the 
multiple-hole nozzle shows characteristics between those of the 
single-hole and double-hole. Overall, since higher pressure ratio and 
larger jet cross-sectional area lead to higher uniformity of the fuel/air 
mixture, high-pressure injection with the double-hole nozzle seems 
more advantageous to attain efficient mixing. 

1. Introduction 

Due to the current controversy in the automotive industry over the 
future of internal combustion engines (ICEs), extensive effort is 
required to evaluate possible future fuels. H2 can serve as a promising 
future fuel for transition toward carbon neutrality through numerous 
benefits. First, green H2 production from renewable resources such as 
biomass and waste gasification, biomass fermentation, hydro, wind, 
or solar power are entering the operation phase [1][2][3]. Second, H2 
possesses unique chemical and physical properties that significantly 
affect running future ICEs. For instance, H2’s wide flammability limit 
in the air (4-76 vol%) can provide the possibility of lean combustion, 
to not only reach higher thermal efficiency but also avoid drawbacks 
i.e., engine knocking and NOx emissions at high temperatures. 
Furthermore, H2’s high specific energy density can contribute to 
producing more energy by mass because of its great lower heating 
value (119.7 MJ/kg). Additionally, H2 is light molecule and highly 

diffusive which assists in fast dispersion and efficient mixture 
formation. There are, nonetheless, major concerns with H2’s unique 
chemical and physical properties which need to be addressed, as well. 
As an example, the low density of H2 (0.089 kg/m3) owing to its low 
molecular weight (2.016 g/mol) can cause storage issues, especially 
in on-road applications due to the limited space in vehicles. 
Moreover, although H2 has a high auto-ignition temperature (858 K), 
it is easily vulnerable to both pre-ignition and knocking because of its 
extremely low ignition energy (0.02 mJ). Another challenge is the 
low quenching distance (0.64 mm) along with the high flame 
propagation speed (1.85 m/s) which can result in backfire and 
combustion heat loss. However, with the possibility of retrofitting 
engines, introducing future H2 ICEs can be comparatively simple 
[4][5][6][7][8], provided that we perform a comprehensive 
investigation on different H2 combustion modes to gain further 
insights into the optimal design parameters. 

Based on the injection strategy, combustion modes of the H2 ICEs 
can be categorized in either port fuel injection (PFI) or direct 
injection (DI) type. Considering the above-mentioned concerns, DI 
application with the spark ignition (SI) is more favorable because it 
can offer a higher output power by a longer fuel circuit from the inlet 
to the exhaust and better volumetric efficiency compared to the PFI 
[9][10][11][12]. The other advantages of DI are preventing backfire 
into the intake manifold and the possibility of a cold-rated spark to 
minimize H2 diffusion to hot spots and subsequently engine knocking 
[13][14]. However, a deeper understanding of fuel/air mixing in the 
DI concept is of high significance because H2 is a low density fuel 
with weak tendency to transfer the momentum to the surrounding air 
which might cause challenges in delivering the required amount of 
fuel into the cylinder [15][16]. As fuel/air mixing mainly relies on the 
global gas jet characteristics [9][11], i.e., penetration and cross-
sectional area, identifying the influential factors on the gas jet 
behavior can play a vital role in achieving an optimized, efficient, 
and low-emission combustion in H2 DISI engines. 

With relevance to the presented preface, the current study 
investigates the behavior of a low-pressure H2 jet under the effect of 
nozzle geometry (single-hole, double-hole, and multiple-hole (5-
hole)) and pressure ratio (PR). The nozzle geometry i.e., single-hole 
or multiple-hole can act as a prominent parameter in mixture 
formation through its great impact on the jet characteristics. In 
addition, the PR defines the rate of expansion of the compressed H2 
jet into the chamber and sets the borderline between the subsonic and 
supersonic flow. At supersonic injection, which is the case in the 
present work, the flow inside the nozzle becomes choked, and the 
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mass flow remains constant [17][18]. Increasing PR also promotes 
turbulence and mixing, which is a principal target in DI engines [19]. 
Taking these points into account, the main objectives of the current 
study can be listed as: 

1) experimental and numerical calculation of the H2 jet 
characteristics i.e., penetration and cross-sectional area 

2) comparing the experimental and numerical results of the H2 
jet characteristics to validate the simulation method   

3) assessing the effect of nozzle geometry (single-hole, 
double-hole, and multiple-hole (5-hole)) on the H2 jet 
parameters and mixing  

4) assessing the effect of the pressure ratio (PR) on the H2 jet 
behavior and mixing by changing the chamber pressure 
(Pch) at a constant injection pressure (Pi).   

2. Experimental methodology  

This section describes the experimental setup, visualization method, 
image post-processing, test matrix, and experiments’ error analysis, 
respectively.  

2.1 Experimental setup  

The experimental setup is a constant volume chamber with optical 
access through lateral windows as it is shown in Figure 1. The 
chamber is connected to a nitrogen bottle rack to be pressurized and 
to a H2 bottle connected to the injector through the injection line. The 
injector is a solenoid outwardly opening gas injector from BOSCH 
with three different caps (single-hole, double-hole, and multiple-hole 
(5-hole)) with the same mass flow rate, constant injection pressure 
(Pi = 25 bar), and constant charge voltage of 35v. As it is shown in 
Figure 1, except for the single-hole nozzle, in the double-hole and 
multiple-hole cases, holes are not parallel to the injector axis. 
Following that, there is a control system (LabVIEW software and 
driver from National Instrument [20]) for (1) synchronizing the 
injector, high-speed camera (Phantom V2012), and laser light source 
(CAVILUX Smart laser C006, 640nm), and (2) controlling and 
monitoring the injection pressure (Pi), chamber pressure (Pch), and 
temperature. Lastly, there is an exhaust line including: (1) a 
regulating valve to match the chamber pressure with the gas supply, 
(2) a shut-off valve to empty the chamber, and (3) a relief valve for 
releasing the pressure when reaching the maximum chamber 
pressure.  

 
Figure 1. Experimental setup, injector, and injector’s caps. 

2.2 Visualization method 

In the present work, high-speed z-type schlieren imaging is applied 
for visualizing the H2 jet. The schlieren system operates based on  
bending of the light rays while facing density differences [21]. 
Therefore, the density difference between the H2 jet and the 
surrounding (chamber filled with nitrogen) enables visalization of the 
H2 jet. Figure 2 shows a schematic of the schlieren imaging system 
where first, the jet is illuminated by a laser light beam and the first 
parabolic mirror. Then, the jet refracts the light, and the second 
parabolic mirror concentrates the beam into the lens of the high-speed 
camera which is behind a schliere (iris or knife edge) for partly 
blocking the refracted light to generate the schlieren image. It should 
be also noted that due to the safety issues associated with the high 
chamber pressures, the injector is mounted on top of the chamber and 
visualization is through the quartz lateral windows which might 
reduce the image quality [21]. However, it is tried to overcome this 
concern in image post-processing by means of background 
subtraction. 

 
Figure 2. Schematic of the z-type schlieren imaging system. 

2.3 Image post-processing  

Image post-processing is carried out by developing a MATLAB code 
that follows the steps shown in Figure 3 to calculate the jet 
characteristics (penetration and cross-sectional area). As it can be 
observed, first, the code converts the raw image to a magnitude 
image. Then, it subtracts the background of the magnitude image by 
means of an average of the empty frames which are captured before 
the start of injection. After that, the code generates the binary image 
and denoises it to remove the shadows and small objects. Finally, 
based on a selected threshold value, the code traces the boundaries of 
the jet and presents the mean value of the jet characteristics 
(penetration and cross-sectional area) as the results. Another custom 
code is also developed in Python for structural similarity index metric 
(SSIM) calculation between 20 repetitions of each test point. The 
SSIM is almost 83% in the worst case which reveals the sufficient 
accuracy of the experimental data for validating CFD simulations. 

Figure 3 also defines the jet penetration and cross-sectional area 
which are calculated through image post-processing. As it is shown, 
the jet penetration is the distance along the injector axis to the tip of 
the jet and the jet cross-sectional area is the area within the jet 
boundaries. It should be also mentioned that the jet penetration is 
calculated until the time that the jet just reaches the bottom of the 
chamber. Therefore, the penetration length is the same for all the 
cases while the penetration time is different.  
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Figure 3. Steps of image post-processing in MATLAB. 

2.4 Test matrix 

The experimental test matrix is shown in Table 1. The measurements 
are performed in the room temperature (300 K) and pressure (1 atm) 
and as mentioned earlier, the main variables are the nozzle geometry 
(single-hole, double-hole, and multiple-hole (5-hole)) and PR (25, 10, 
5, 2.5) which is varied by changing the chamber pressure (Pch = 1, 
2.5, 5, 10 bar) at constant injection pressure (Pi = 25 bar).  

Table 1. Experimental test matrix (grey rows show the cases that are also 
investigated in the URANS simulations) 

Variable Nozzle Geometry PR 𝐏𝐏𝐢𝐢 / (bar) 𝐏𝐏𝐜𝐜𝐜𝐜 / (bar) 

Case 1 Single-hole (SH) 

25 25 1 
10 25 2.5 
5 25 5 

2.5 25 10 

Case 2 Double-hole (DH) 

25 25 1 
10 25 2.5 
5 25 5 

2.5 25 10 

Case 3 Multiple-hole (MH) 

25 25 1 
10 25 2.5 
5 25 5 

2.5 25 10 
 
2.5 Experiments’ error analysis 

The origins of error in the current experiments can be listed as below: 

1) The jet-to-jet variation which is maximum 17% based on 
the image similarity analysis in Python. The error bars on 
the jet parameters plots also show the difference between 
the minimum and maximum jet-to-jet variation in the 
results section.  

2) Image post-processing in MATLAB which calculates the 
jet penetration and cross-sectional area up to 95% of the 
maximum jet penetration. 

3) The injection and chamber pressure gauges with ± 0.5% of 
full-scale output accuracy. 

4) At least 1 bar pressure drop before the injector valve during 
the injection and some internal pressure losses just before 
the nozzle e.g., in the space between the valve and the cap.  

3. Methodology of CFD simulations 

The commercial software Star-CCM+ is applied for Unsteady 
Reynolds-Averaged Navier-Stokes (URANS) simulations of 
supersonic H2 jets. The URANS approach is selected based on the 
industrial application and limited computational time. The model 
utilizes a segregated flow solver and the 𝑘𝑘-𝜔𝜔 SST Menter turbulence 
model, which have been previously tested and validated by the 
authors [22], through comparisons with high-resolution LES 
simulations of N2 jets by Vuorinen et al [23]. Figure 4 (a) shows 
different measurements of the same jet penetration length of a single-
hole H2 jet in a constant volume chamber. The high Reynolds number 
flow and the supersonic shock structures can be well represented for 
nozzle PRs ranging from 2 to 8.5. Furthermore, a mesh-dependency 
study has been conducted in [22], with five different mesh resolutions 
in the near nozzle region ranging from 2 cells to 32 cells per nozzle 
diameter, which indicates that a grid resolution of at least 8 cells per 
nozzle diameter is required in the near nozzle region to capture the 
shock structure and the jet development. The convergence of the 
mesh-dependency study towards the LES results for the minimum jet 
temperature and the maximum Mach number is shown in Figure 4 
(b). 

 
  (a)                                                      (b) 

Figure 4. (a) The penetration length (𝑙𝑙𝑗𝑗) for PR = 4.5 for different mesh 
resolutions (2, 4, 8 and 16 cells per nozzle diameter (𝑁𝑁𝐷𝐷)) in comparison with 
LES results. (b) The minimum jet temperature (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚) and the maximum Mach 
number (Mamax ), which are indicators of the supersonic jet region, converge 
towards the LES results for both the 𝑘𝑘-𝜔𝜔 SST and the RNG 𝑘𝑘-𝜖𝜖 turbulence 
model [22]. 

The Redlich-Kwong real gas law, as e.g., in [24], is used to account 
for the compressibility of the gas. More details on the solvers and 
turbulence models can also be found in [22]. A schematic of the 
simulation domain is shown in Figure 5. For simplicity, the chamber 
volume is chosen as a cylinder with the same height as the constant 
volume chamber in the experiments.  

Since the simulation of the exact internal geometry of the whole 
injector would require significant computational power because the 
characteristic scales of the injector are orders of magnitude smaller 
than those of the chamber, a simplified injector model seems 
appropriate for the present case. There are several approaches for 
simplification e.g., the application of a boundary condition just before 
the nozzle hole [25] or at the location of the Mach disk (the normal 
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shock after the nozzle exit due to the supersonic flow) [26] and 
simulating a region close to the injector with a high fidelity LES 
approach, which can then be applied as a boundary condition for 
simulation of the whole domain [24][27]. In the present case, a 
single-hole, double-hole, or multiple-hole (5-hole) nozzle cap is used 
on top of a hollow cone injector, and the inlet boundary is set just 
before the hollow cone nozzle to capture the flow in the cap. Figure 6 
shows the pressure boundary for the single-hole cap.  

 
Figure 5. The simulation domain is a simple cylinder, with the same height 
and volume as the experimental chamber and the injector is located at the top-
center. 

 
Figure 6. The pressure boundary for modelling the transient valve opening and 
closing of the hollow cone injector [4].  

This injector model has been previously presented by the authors in 
[4]. In preliminary attempts, it was found that the double-hole and 
multiple-hole (5-hole) caps are not well represented by two or 
respectively five separate single holes because the complex flow 
inside the injector cap leads to jet-to-jet interactions, which would be 
neglected in such a setup. The mentioned effects can also enhance the 
turbulence and greatly influence the mixing of the injected gas. In 
addition, the valve opening and closing of the hollow cone nozzle is 
modelled by ramping the pressure at the inlet up and down, which 
represents a simplification compared to explicit modelling of the 
valve movement [4].  

A mesh resolution in the near nozzle-exit region of 16 cells per 
nozzle diameter (16/D) is used for all the simulation cases. An 
additional refinement is also added in the hollow-cone nozzle (before 
the flow cap), to guarantee a mesh resolution of at least 6 cells in the 
orifice for all three injector cap setups. Furthermore, static cell 
refinement is added in cone-shaped regions for every nozzle, where 
the H2 jets are expected to develop. Initially the injector is filled with 
H2 up until the hollow-cone nozzle orifice, while the chamber domain 
is filled with ambient static air (23% mass of oxygen and 77% mass 
of nitrogen) at 300 K. Table 2 provides more details on the 
simulation setup condition. 

 

Table 2. The simulation setup parameters 

Parameter SH DH MH 

Nozzle diameter / mm 5 3.6 2.25 

Cells per nozzle diameter in the 
near nozzle region 

16 16 16 

Minimum size of cells / mm 0.16 0.23  0.14 

Total number of cells (rounded to 
thousands) 

671000 1836000 1784000 

Chamber temperature / K 300 300 300 

Injection temperature / K 300 300 300 

Chamber pressure / bar 2.5 & 5 2.5 & 5 2.5 & 5 

Injection pressure / bar 25 25 25 

 
4. Results and discussion 

This section provides the results of the experimental campaign versus 
CFD simulations. First, section 4.1 presents the H2 jet evolution from 
different nozzle geometries (single-hole, double-hole, and multiple-
hole (5-hole)). Then, the nozzle geometry effect on the H2 jet 
penetration and cross-sectional area is explained in section 4.2. After 
that, section 4.3 describes the effect of PR on the jet characteristics. 
This section is then sum up with the uniformity analysis in the 
simulations because the experimental results are only qualitative 
results based on grayscale schlieren images, and quantification is 
necessary for mixture formation analysis. 

4.1 Jet structure development 

As the main purpose of this study is to compare the H2 jet 
characteristics between the experiments and simulations from 
different nozzle geometries, first, it is focused on the jet structure 
development with time progress. Figure 7 shows the H2 jet from 
single-hole, double-hole, and multiple-hole (5-hole) nozzle through 
consecutive time frames both in the experiments and simulations at 
PR=10. According to this figure, the single-hole jet penetrates fastest, 
while the double-hole jet develops more in a radial direction. For the 
double-hole case, the two jets separate well, which could help to 
spread H2 more uniformly throughout the chamber. Multiple-hole jet 
also penetrates faster than the double-hole, yet slower than the single-
hole. Moreover, while the jets from different holes are separated in 
the near nozzle area, they seem to recombine further downstream 
leading to a jet development closer to a single jet and less spread in 
the radial direction. These observations are quantified in the 
following sections by comparing the geometrical development of the 
jet from the different nozzle layouts both experimentally and 
numerically. However, except for the jet penetration and cross-
sectional area, other effective parameters i.e., the mixture uniformity 
can be quantified only through the simulations because the schlieren 
imaging, which is the focus of the current study, cannot provide the 
fuel concentration field. For experimental fuel concentration and 
mixture formation studies, PLIF (planar laser-induced fluorescence) 
measurements are recommended. 
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(a) 𝑡𝑡1 = 0.1824 ms 

 
(b) 𝑡𝑡2 = 0.4471 ms 

Figure 7. The jet evolution from different nozzle geometries at PR = 10 within 
consecutive time frames with the interval of 0.2647ms. The outline of the jets 
from the simulations represents the threshold of 0.1 % H2 mass fraction and 
the density gradient field (arbitrary scale) is shown in the background. 

 

4.2 Effect of the nozzle geometry  

This section presents the a comparison on jet characteristics from the 
three different nozzle layouts. As noted earlier,  for this comparison, 
a  cap, with a single-hole, double-hole or multiple-hole (5-hole), is 
installed on the same injector with hollow-cone outwardly opening 
nozzle. Figure 8 illustrates the jet penetration and cross-sectinal area 
versus time at PR=10 for single-hole, double-hole and multiple-hole 
(5-hole), separately. In accordance with this figure, there is maximum 
10% discrepancy between the experiments and simulation results 
which indicates that the applied CFD model offers sufficiently 
accurate results.  

 
(a) single-hole 

 
(b) double-hole 

 
(c) multiple-hole 

Figure 8. Comparison of the jet penetration and cross-sectional area in the 
experiments (measurement) versus simulation at PR=10 for (a) single-hole, 
(b) double-hole, and (c) multiple-hole (5-hole) jets. 

To show the effect of the nozzle geometry on the jet characteristics 
more precisely, Figure 9 also demonstrates the jet penetration and 
cross-sectional area for single-hole (SH), double-hole (DH), and 
multiple-hole (MH) nozzle with time evolution. Apart from the 
adequate consistency between the experiments (a) and simulations 
(b), this figure clearly displays the fastest penetration and smallest 
cross-sectional area of the single-hole jet. On the contrary, the 
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double-hole jet possesses the slowest penetration and largest cross-
sectional area and the multiple-hole jet has characteristics between 
those of the single-hole and double-hole. Thus, based upon the fact 
that the double-hole jet possesses at least 10% larger cross-sectinal 
area, which is a dominant factor in efficient fuel/air mixing, the 
obvious outcome is that better mixing is estimated for the double-
hole nozzle geometry.  

 
(a) experimental results 

 
(b) simulation results  

Figure 9. A comparison of single-hole (SH), double-hole (DH), and multiple-
hole (MH) jet penetration and cross-sectional area from the (a) experiments 
and (b) simulations. 

4.3 Effect of the pressure ratio (PR) 

PR is the ratio of the injection pressure to the chamber pressure 
(Pi / Pch) which highly influence the jet characteristics as it places the 
limit between the subsonic and supersonic flow. In the present work, 
the PR exceeds the limit for the choked flow meaning that the flow is 
supersonic for all the test points and the mass flow is constant. PR is 
also an effective parameter in mixture formation. Figure 10 shows the 
effect of PR on the H2 jet penetration and cross-sectional area for the 
single-hole, double-hole and multiple-hole jet, separately. As it can 
be observed, higher PRs lead to faster expansion of the pressurized 
H2 jet into the chamber. Therefore, higher velocities after the inlet 
and accordingly faster penetration at constant injection pressure are 
expected. Considering the constant injection pressure, higher PRs 
stand for lower chamber pressures where there is reduced drag 
against the jet expansion which enhances the H2 jet penetration. In 
addition, the most effectual jet characteristic in mixing, which is the 
jet cross-sectional area, increases as a function of the PR.  

As the final discussion, the prime outcome of the current study, 
which is quantifications on the effect of both nozzle layouts and PR 
on the mixture uniformity, is introduced via the uniformity analysis 
from the simulations during the injection process. Figure 11 presents 
a constructive insight into the effect of nozzle geometry and PR on 
the present H2 jet mixing behavior. Although higher PR leads to 
larger jet volume [4], this is not the case for the different nozzles 
where all display identical development of the jet volume. Because of 
the design of the injector with the same effective nozzle area for all 

three caps and the same injection rate, the development of the 
equivalence ratio is almost the same for all three nozzle layouts at a 
given PR. Therefore, the higher uniformities for the double-hole and 
multiple-hole jet, during the free jet development phase, cannot be 
explained by better macroscopic spread of the jet in the chamber but 
rather by better mixing of the air and fuel inside the jet.  

 
(a) single-hole 

 
(b) double-hole  

 
(c) multiple-hole 

Figure 10. Experimental results of the effect of PR on the jet penetration and 
cross-sectional area for (a) single-hole, (b) double-hole, and (c) multiple-hole 
jets. 

It is suggested that the better mixing is caused by higher turbulence 
levels inside the jet especially because of the jet-to-jet interactions. 
While the single-hole jet has a clear density gradient from the jet core 
to the jet edge, for double-hole and multiple-hole, this clear 
distinction of a core is only observed in the near nozzle area (Figure 
7). Conversely, further downstream, the density is much more 
uniform and even the jet-to-jet interactions can be observed.  

Altogether, the principal finding is that injecting a H2 jet from the 
double-hole nozzle and at higher PRs can contribute to a better 
mixing, due to the turbulent jet-to-jet interactions and faster jet 
development. The presented results can also assist in selection and 
future development of optimized nozzle geometries that can provide 
efficient mixing. Here the keynote is that flow caps with more than 
one nozzle hole and appropriate spacing between the holes can be 
used to achieve jet-to-jet interactions, while still allowing for 
targeting the fuel to specific regions in the combustion chamber, 
which would be difficult to reach with a single-hole nozzle. 
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However, the optimized penetration time (fast enough penetration) is 
also of high prominence because the jet-piston interaction is another 
important source of turbulent mixing. Thus, further research on the 
effect of flow cap design, regarding the afore-mentioned issues is 
highly recommended and one logical next step would be to continue 
similar investigations both experimentally and numerically with an 
optical engine and a moving piston setup. 

 
Figure 11. Effect of nozzle geometry (single-hole (SH), double-hole (DH), 
and multiple-hole (MH)) and PR on the volume uniformity of the H2 mass 
fraction. 

5. Conclusions 

This paper presents an experimental and numerical (URANS 
simulation) investigation of a low-pressure H2 jet dynamics to assess 
its mixing behavior for future design of H2 DISI engines. The H2 jet 
penetration length and cross-sectional area are studied under the 
effect of nozzle geometry (single-hole, double-hole, and multiple-
hole (5-hole)) and PR (25, 10, 5, and 2.5). The main conclusions can 
be listed as:  

1) There is a good consistency between the experiments and 
simulations which shows the appropriate accuracy of the 
URANS simulation approach. However, the pressure inlet 
condition could be improved to even better represent the 
early stages of the jet development. Mesh refinement could 
be also advanced to adaptive mesh to reduce the total 
amount of cells and increase accuracy in the most relevant 
regions, with the highest velocities and density gradients. 
Different PRs can be simulated for each injector cap, as 
well. 

2) The single-hole jet shows the fastest jet penetration, 
followed by the multiple-hole and double-hole case. In 
contrast, the double-hole jet shows better jet separation and 
development in the radial direction compared to the single-
hole and multiple-hole jets leading to higher uniformity of 
the fuel/air mixture.  

3) The jet-to-jet interactions for the double-hole and multiple-
hole nozzles, leads to a better mixing inside the jet, while 
the macroscopic spread of the jet in the chamber (the jet 
volume) is the same for all cases.  

4) In the matter of application i.e., in a DISI engine, 
considering other influential factors such as how early the 
fuel injection is in the intake stroke might lead to evaluate 
the multiple-hole nozzle as the optimized option since H2 
possesses high diffusivity and the multiple-hole jet be can 
act as a good compromise between the penetration time and 
cross-sectional area. 

5) Increasing the PR, which is the ratio of the injection 
pressure to the chamber pressure (Pi / Pch), leads to an 
increase in the jet penetration and cross-sectional area. 
Higher PR can also assist in turbulent mixing leasing to 
higher mixture uniformity which is of high significance in 
many engine applications. 
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Definitions/Abbreviations 

DISI Direct Injection Spark Ignition 

PR Pressure Ratio 

𝐏𝐏𝐢𝐢 Injection Pressure 

𝐏𝐏𝐜𝐜𝐜𝐜 Chamber Pressure 

ICE Internal Combustion Engine 

PFI Port Fuel Injection 

DI Direct Injection 

CFD Computational Fluid Dynamics 

URANS Unsteady Reynolds Averaged Navier 
Stokes 

SSIM Structural Similarity Index Metric 
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