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In the present work, methane (CH4) and hydrogen (Hy) jet dynamics from a hollow-cone piezoelectric injector
are experimentally investigated. The jet characteristics are studied under the effect of (1) pressure ratio, which is
the ratio of the injection pressure (P;) to the chamber pressure (P.,), (2) needle lift, and (3) nozzle geometry
(hollow-cone outwardly opening nozzle without any caps versus the same nozzle with a single-hole cap). Z-type
schlieren imaging is applied in a constant volume chamber equipped with optical access. The main character-
istics of CH4 and Hj, jets, i.e., penetration and cross-sectional area, are compared via MATLAB-based image post-
processing. The novelty originates from the comparison of Hy and CHy4 jet characteristics in similar conditions,
from two different nozzle geometries, and investigating the effect of pressure ratio by changing the injection
pressure and chamber pressure, separately. The results show that a 20% increase in the pressure ratio leads to at
least a 13% increase in the Hj jet penetration and a 20% increase in its cross-sectional area. For CHy, the same
rise in the pressure ratio enhances the jet penetration by at least 17% and its cross-sectional area by at least 21%.
Change of P; or P at the same pressure ratio leads to at least 3% and 10% difference in Hy and CH4 jet
penetration, respectively, and at least 4% difference in their cross-sectional area. Increasing the needle lift leads
to a greater jet penetration and cross-sectional area because of a larger injected mass and thereby a larger jet
momentum, as well. Moreover, placing a single-hole cap on the hollow-cone outwardly opening nozzle causes
approximately 50% pressure loss. However, the single-hole jet can still provide deeper penetration and enough
cross-sectional area for efficient mixing. Overall, the comparison of Hy and CHj4 jet characteristics shows that
despite the large differences between their physical properties, jet penetrations are almost similar whereas the Hy
jet possesses at least a 3.5% larger cross-sectional area than CHg.

1. Introduction

Global warming and air pollution have raised considerable concerns
over the past decades since about 80% of energy production is origi-
nating from fossil fuels [1]. One viable option for the transition to zero-
carbon emissions is to utilize alternative carbon-neutral or low-emission
fuels in internal combustion engines, which are one of the major sources
of air pollution in the transport sector [2].

In internal combustion engines, the idea of applying Hy or CH4 as an
alternative fuel seems promising because of numerous advantages. Hy is
a carbon-free energy carrier that can moderately affect greenhouse gas
emissions of internal combustion engines since it can utilize readily
available manufacturing and distribution infrastructures [3]. Moreover,
clean Hj production by means of biomass and solar-based methods [4,5]
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is replacing the current state of the art, which is mainly based on natural
gas steam reforming [6] and coal partial oxidation [7]. Meanwhile, CHy4
is the main component of natural gas (~95%), which is the cleanest
fossil fuel available in many reservoirs in the world [8]. In addition, CH4
has not only a high H/C ratio, which can reduce CO; emission during
combustion, but it also has the potential to achieve carbon neutrality
from biomass or Sabatier reaction using Hy and CO3[9].

Currently, for fuel injection, many automotive manufacturers apply
port fuel injection [10,9]. However, a problem with the port fuel in-
jection is low volumetric efficiency and fuel short-circuit from the inlet
to the exhaust, which results in lower peak torque and output power
[8,10,9]. Direct injection can resolve this problem by injecting the fuel
during and/or after the inlet valve closure [10,9]. Furthermore, the
direct injection concept can eliminate the possibility of backfire [11]
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and knocking [12] of the port fuel injection hydrogen engines [10] and
lead to higher thermal efficiency as well as lower engine emissions and
fuel consumption in natural gas engines [8,13,14,15,16].

The most important aspect of a direct injection gaseous fuel engine is
fuel/air mixing efficiency because it can highly affect the combustion
quality and engine emissions. Mixing efficiency defines how well the
fuel is mixed with the air and how much the fuel/air mixture is ho-
mogenous or stratified. As mixing efficiency mainly relies on the gas jet
characteristics i.e., the jet cross-sectional area [10], the first goal of
combustion and emissions optimization studies is to investigate the gas
jet characteristics. It should be also noted that the mixture preparation
of the gaseous fuels is typically slower than that of the liquid fuels due to
the lower tendency of the gaseous fuels for transferring momentum to
the surrounding air [17]. In other words, since gas jets possess lower
density and momentum compared to liquid sprays, providing the
required amount of the gaseous fuel into the cylinder is challenging
[16]. Hence, considering the above-mentioned points, investigating the
gas jet behavior is of paramount importance in developing direct in-
jection gaseous fuel engines which is one of the main purposes of the
current study.

In the context of CH4 or natural gas, extensive efforts have been
devoted to discovering the parameters affecting fuel/air mixing. For
instance, Yu et al. [18,19,20] investigated the effect of pressure ratio on
the natural gas jet behavior and reported that increasing the pressure
ratio even up to the limit of reaching the transient or highly under-
expanded jet, can increase the mixing efficiency. They also studied the
flow structure and mixture formation of low-pressure ratio wall-
impinging jets and showed that placing a wall as an obstacle against
the jet penetration can improve the mixing [21,22]. Kuensch et al. [16]
investigated the natural gas jet behavior injected by a hollow-cone
piezoelectric injector, as well. They noted that increasing the injection
pressure and the needle lift results in a better hollow-cone jet expansion,
which may eventually lead to better mixing. Additionally, Sankesh et al.
[9] studied the natural gas jet characteristics from an outwardly opening
nozzle for the direct injection engines and found that mixing improves
with time because jet concentration decreases with time evolution.
Moreover, Vera-Tudela et al. [23] investigated the effect of needle dy-
namics on the penetration of a high-pressure methane jet. They realized
that the needle dynamics strongly depend on the injection pressure and
the chamber pressure rather than the pressure ratio. Furthermore, they
showed that compared to the injection pressure effect on the jet pene-
tration, the chamber pressure effect is of more significance.

For Hy, there are a few studies on the parameters affecting its mixing
characteristics. Applying port fuel injection and spark ignition tech-
nologies for Hy has gained attention [10,24,25,26,27,28]; however, the
idea behind the Hy direct injection compression ignition engine is quite
recent [29]. In this respect, several studies have contributed to the
investigation of the jet or combustion behavior of Hy or Hy-CHy4 blends.
For example, Abdul Rahman et al.[30] investigated the local concen-
tration of hydrogen transient jets and found that increasing the ambient
pressure can decelerate the jet penetration. Likewise, Deng et al. [31]
characterized the hydrogen jet behavior in an argon environment and
showed that by increasing the injection time, the injection pressure and
the ambient pressure could result in a deeper jet penetration. Takagi
et al. [32] also suggested applying the plume ignition combustion
concept (PCC) in a direct injection hydrogen engine to optimize the
injection timing, jet plume location, and jet geometry which resulted in
a higher thermal efficiency and near-zero emissions. Furthermore, Wang
et al. [33] studied the combustion characteristics of Hp-natural gas and
showed that turbulence intensity highly affects the turbulent combus-
tion of the gaseous fuel.

With relevance to the presented literature review, there are two
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evident research gaps that can be addressed in the present work: 1) a
better insight into the parameters affecting the Hy and CHjy jet charac-
teristics (e.g., pressure ratio, injection pressure, chamber pressure,
needle lift, and nozzle geometry), and 2) a comparison of the Hy and CH4
jet characteristics under similar conditions for the future design and
optimization of the direct injection compression ignition gaseous fuel
engines. In this regard, the main objectives of this work are to:

1) measure the Hy and CHy4 jet penetration and cross-sectional area.

2) assess the effect of the pressure ratio on the Ho and CHy jet charac-
teristics by changing the injection pressure and chamber pressure,
separately.

3) assess the effect of the needle lift on the Hy and CH,4 jet dynamics.

4) assess the effect of nozzle geometry (a hollow-cone outwardly
opening nozzle without any caps versus the same nozzle with a
single-hole cap) on the Hy and CHj4 jet behavior.

5) simultaneously analyze and compare the Hy and CH4 jet develop-
ment in similar conditions.

The novelty mainly originates from objectives 2, 4, and 5. The
outline of this paper is as follows. Section 2 explains the experimental
set-up and methodology. Section 3 systematically analyzes the effect of
variables, i.e., pressure ratio and needle lift on the Hy and CHy jet dy-
namics and characteristics. In addition, the effect of two different nozzle
geometries (a hollow-cone outwardly opening nozzle without any caps
versus the same nozzle with a single-hole cap) on the jet behavior is
discussed. Lastly, the conclusions are presented in Section 4.

2. Experimental setup and methodology

In this section, the experimental setup and its components, the op-
tical system, the test matrix, the image post-processing method, and the
error analysis are described, respectively.

2.1. Experimental setup

The experimental setup consists of four major circuits: 1) injection
line, 2) chamber pressurizing line, 3) exhaust line, and 4) control system.
First, the gas injection line is a 3-meter hose from the Hy or CHy4 bottle to
the injector on which a pressure regulator and a pressure sensor are
installed for adjusting and monitoring the injection pressure. It should
be mentioned that the length of the hose (3 m) seems to be enough to
keep the injection pressure constant during the injection phase based on
numerical simulations by GT-power [34]. Second, the chamber pres-
surizing line from the nitrogen bottle rack to the constant volume
chamber consists of a pressure regulator, a hose, and a needle valve right
before the chamber. Third, the exhaust line possesses 1) a spring relief
valve for releasing the pressure when reaching the maximum chamber
pressure, 2) a shut-off valve to empty the chamber, and 3) a regulating
spring valve to regulate the chamber pressure with the gas supply.
Finally, the LabVIEW software [35] and a driver from National Instru-
ment [35] are employed for the injector and the high-speed camera
(Phantom V2012) synchronization. The software is connected to a
pressure and a temperature sensor to monitor the chamber pressure and
temperature, as well.

Fig. 1 shows the test setup and the hollow-cone outwardly opening
injector which is a commercial injector for gasoline direct injection for
rail pressures up to 200 bar from Siemens VDO Automotive. As it is
shown in the cross-section view of the injector, the needle is directly
activated by a piezoelectric stack driven by the control unit from Na-
tional Instruments to set the voltage level and the current profile for
controlling the needle lift opening and closing speed.
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Hollow cone
piezoelectric
Injector

De-Energized Energized

Outwardly Opening Nozzle

Fig. 1. Schematic of the test setup and injector.

2.2. Optical measurements

In this study, high-speed z-type schlieren imaging is applied for
visualizing the gas jet. In fact, the schlieren system is a shadowgraph
with a schliere (knife or razor blade(iris)) and works such that the light
rays are bent whenever they see changes in the density of a fluid. In the
z-type schlieren system, lenses are replaced by parabolic concave mir-
rors because of two advantages. First, unlike lenses, mirrors do not suffer
from chromatic aberrations. Second, achromatic lenses, which must be
utilized to minimize the chromatic aberrations, are expensive especially
if a large free diameter is required [36].

Fig. 2 demonstrates a schematic of the high-speed z-type schlieren
system. In this system, first, the jet is illuminated by a collimated light
beam from a high-power monochromatic LED spotlight and a mirror.
Then, the jet refracts the light, and the other mirror concentrates the
beam into the lens of the high-speed camera which is located behind an
iris. This iris partly blocks the refracted light beams to generate the
schlieren image. Furthermore, because of the high chamber pressures
and the safety issues related to that, the injector should be mounted on

Injector

Constant

top of the chamber and the visualization should be through the quartz
lateral windows. Including windows in the optical path of the schlieren
system might reduce the image quality [36] but this problem is solved by
means of background subtraction in image post-processing. Table 1
provides a detailed list of the components of the optical system.

Table 1
Optical system components.

Component Feature

Electrical power of the LED 21 W (30% of the Maximum Power of 70 W)
Diameter of aperture’s slit 3 mm

Focal length of first mirror 609,6 mm

Focal length of second mirror 762 mm
Percentage of the knife-edge cut-off ~ Approximately 60%
Exposure time of the camera 10 ps

Frame rate 34,000

Resolution 768 x 768

LED Light Source

Volume
Chamber

Parabolic Mirror 2

Parabolic Mirror 1

High-speed Camera

Fig. 2. Schematic of the z-type schlieren imaging system.
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2.3. Experimental matrices

Jet penetration and cross-sectional area are the two main global jet
characteristics that are measured at 16 test points at the standard room
pressure (1 atm) and temperature (25 °C). The experimental test matrix

Table 2
Experimental matrix.

Variable pr P;(bar) P.n(bar) Needle Lift
(pm)
(1) Effect of pressure ratio 8,12,16 40, 60, 80 5 25
by changing P; at and 20 and 100
constant Py, 4,6,8 40, 60, 80 10 25
and 10 and 100
2,3,4 40, 60, 80 20 25
and 5 and 100
(2) Effect of pressure ratio 8, 4 and 40 5,10 and 25
by changing P, at 2 20
constant P; 12,6 60 5,10 and 25
and 3 20
16, 8, 80 5,10and 25
and 4 20
20, 10 100 5, 10 and 25
and 5 20
(3) Effect of needle lift 10 100 10 20, 25, 30,
35, and 40

Magnitude Background

Denoise Image

Fuel 331 (2023) 125762

for investigating the effect of the pressure ratio (pr = P;/P.,) and the
needle lift on the jet behavior are represented in Table 2. It should be
also mentioned that there are 10 repetitions for each test and the in-
jection duration for all the measurements is 5 ms which is shown by the
red dashed line on the plots of jet characteristics in the results section.

2.4. Image post-processing

A MATLAB code is developed for image post-processing. Fig. 3 in-
dicates the steps of image post-processing. As it can be seen, first, the
code subtracts the background from the image by means of an average of
the first images which were taken before the start of injection. Then, the
code starts filling the holes of the jet because it expects that there are no
holes inside the jet. After that, the code removes the shadows and the
small objects from the image. Finally, the code traces the boundaries of
the jet in accordance with the selected threshold value for all repetitions
and it presents the mean value of the jet penetration and cross-sectional
area as the results. The jet penetration is defined as the distance along
the jet axis to the boundary of the jet and the jet cross-sectional area is
the area within the jet boundaries as shown in Fig. 3, step 9. The injector
tip diameter is also measured physically to calibrate all the images and
avoid errors in calculating the jet characteristics (penetration and cross-
sectional area).

Magnitude Image n

Jet penetration

Jet cross-sectional area

Fig. 3. Image post-processing steps.
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CH,

Jet-to-jet Similarity

Fig. 4. Jet behavior in different repetitions.

2.5. Error analysis

There were 3 main origins for error in the jet parameters. First, the
jet-to-jet variation error which was addressed by repeating each exper-
iment 10 times. To ensure the similarity of the jet behavior between the
repetitions of each experiment, a custom Python code is developed.
Fig. 4 indicates the promising consistency of the jet behavior in different
repetitions for both Hy and CH4 which assures that the number of rep-
etitions is enough. The difference between the minimum and maximum
jet-to-jet variation is also shown via error bars on the jet characteristics
plots in the results section. However, to avoid poor images with too
many details, the error bars are selected at every 15 frames. Second, the
error in the injection and chamber pressure gauges which are with
+0.5% of full-scale output accuracy. Third, the image post-processing
error in which the jet penetration and cross-sectional area calculations
cover up to 95% of the maximum horizontal penetration of the jet.

3. Results and discussions

This section provides the results of the experimental campaign. First,
a comparison between the CH4 and Hj, jet structures is described. Then,
the effect of the pressure ratio and the needle lift on the Hy and CHy4 jet
penetration and cross-sectional area are compared. Finally, the current
results and the results of a previous study on the same jets from the same
injector nozzle but with a single-hole cap on the nozzle exit, are
compared at one test point to analyze the differences between the jet
characteristics from two different nozzle geometries.

3.1. Jet structure

As the main purpose of this study is to compare the behavior of Hy
and CHy gas jets, it is essential to first observe the jet structure through
consecutive time intervals. Fig. 5 shows the comparison of CH4 and Hy
jet structure at pr = 10 (P; = 100 bar/ P;,=10 bar), and needle lift = 25
pm within consecutive time intervals of 0.8823 ms.

Fig. 5 shows that compared to CHy, the H jet is not only wider but
has also a shorter penetration length. This phenomenon can be
explained by the distinct densities of these gases because Hy molecule is
a light species that can easily diffuse to the surrounding both axially and

radially. Graham’s law of diffusion also confirms this observation, as it
states that “the rate of diffusion or effusion of a gas is inversely pro-
portional to the square root of its molecular weight” [37]. In the same
conditions of temperature and pressure, since the molar mass is pro-
portional to the mass density, the rate of diffusion of a gas (r) is inversely
proportional to the square root of its mass density (d) as it is shown in
(Eq.1). In addition, the momentum effect is higher in the CH4 jet due to
its greater molecular weight, which results in a deeper penetration
rather than diffusion to the surrounding [10,38].

recl /N/d @

Moreover, while the CHy4 jet has a spherical vortex structure in both
the near-field and far-field of the nozzle, the Hy jet has different mor-
phologies in the near-field and far-field of the nozzle. Consistent with the
observations in Fig. 5 and according to Wang et al. [10], Hj jet has a
conical structure in the near-field and spherical in the far-field of the
nozzle. It should be also mentioned that H; images are darker than CHy
images because the schlieren imaging is based on density differences and
the density difference between Hy and the surrounding gas is greater
than that of CHy.

3.2. Effect of the pressure ratio

One of the most substantial parameters which can highly affect the
jet characteristics is pressure ratio which is the ratio of the injection
pressure to the chamber pressure (pr =P;/P,). Pressure ratio defines
how fast the fuel expands into the chamber and sets the limit between
the subsonic and supersonic flow. If the pressure ratio exceeds the
minimum pressure ratio for the choked condition [39], the flow will be
supersonic or highly under-expanded which is the case for all the mea-
surements in the current study. At choked flow conditions, the pressure
ratio is the most dominant parameter affecting the mass flow [20]. In
addition, higher pressure ratios can lead to higher turbulence levels and
faster mixing [40] which are particularly influential for direct injection
engines. In this study, the effect of pressure ratio on the jet character-
istics both by changing P; at a constant Py, and by changing P, at a
constant P; is investigated. This is because injection pressure and
chamber pressure might affect the jet behavior differently [23]. Fig. 6
shows the effect of increasing the pressure ratio by increasing P; (from
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60 to 100 bar at constantP., = 20 bar) on the jet structure. As it can be
seen, an increase in P; can enhance both H, and CH4 jet penetration and
diffusion to the surrounding which results in efficient mixing. However,
Hj; seems to have a better mixture formation because it possesses a larger
cross-sectional area than CHy4.

The effect of pressure ratio on the jet behavior by changing P, (from
10 to 20 bar) at constantP; = 100 bar is also demonstrated in Fig. 7. As it
is shown, increasing P, leads to an increase in the drag force against the
jet expansion which results in a larger jet spread angle (cross-sectional
area) and a reduced jet penetration for both Hy and CH4. Hence, the
preliminary view of the jet structure displays that chamber pressure can
significantly affect the mixture formation.

Fig. 8 (a)-(c) shows the effect of pressure ratio by changing the in-
jection pressure at a constant chamber pressure on the jet penetration
and cross-sectional area with time evolution. According to the plots of
the jet penetration versus time, rising the P; leads to deeper penetration
of both Hy and CHy jets which is consistent with the results of several
studies i.e., [15,16,17,18,19,20,21,22]. The main reason is that higher

H, Blac Rate=34,000 H,

NP i =1 s

Time [uiS[E0:14706 Time [uiSER0294

HollowCone BRI00 bar

Needle LIGS25 jum P, =10 bar

Hollow Cone
Needle LIG2S

H, ate=34,000 H,

Lime=1 ji s

Time [uiSfE27041 Time [uiSER6T68

HollowCone
Needle LGS fim

HollowCone 100 bar
Needle LITE2S i P, =10 bar

H, ate=34,000 H,

Time [iSESA412 Time [uiSEGA23S

Hollow Cone
Needle LG8 jum P, =10 bar

Hollow Cone
Needle LIGS2S

Pl-llm bar
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injection pressure means a higher pressure ratio and accordingly a
higher mass flow. Since for both Hy and CHy, the flow is choked, the
mass flow tends to vary with the pressure ratio. In contrast, increasing
the chamber pressure results in the suppression of this trend because of a
lower pressure difference between the ambient and the injected jet [23
41] and the increased drag force against the jet expansion [42].
Furthermore, while at lower injection pressures (40 and 60 bar) CH4
shows a deeper jet penetration, at higher injection pressures (80 and
100 bar), H; depicts a deeper jet penetration. As previously stated, the
reason is that at lower injection pressures, Hj easily diffuses in all di-
rections whereas CH4 mostly diffuses axially because of the momentum
effect due to its greater molecular weight [10,37,38]. It should be also
mentioned that although the higher injection pressures lead to a higher
jet momentum, the wider jet cone angle can cause a stronger aero-
dynamic drag that limits both the jet penetration and tip velocity [15].
The other noticeable point is that although Hy and CH4 physical prop-
erties are not similar, the trend of their penetration is extremely close to
each other, especially during the injection time. That is because the jet

WF e Rate=34,000 H ¢ Rate=34,000
Lime=1 s s i . ¥ Lime=1 st s
Time [uSELONS 4

BR100 bar
P, =10 bar

HollowCone
Needle LITG2S am P, =10 bar

Pl-lnu bar

ate=34,000 H e Rate=34,000
Lime=1 ji s - 3 Lime=1 s s
Time [uiSfSSS8S -

BS100 bar
P =10 bar

HolloWCone BSI00 bar
Needle LITG2S jam y P =10 bar

e Rate=34,000 H ¢ Rate=34,000

SRR c=1 5

Time [uiSSR20S9

HolloWCone
Needle LGS i y P, =10 bar

BRI00 bar
P =10 bar

BSI00 bar

(a) Hazjet evolution

Fig. 5. H; jet evolution (a) versus CHy4 jet evolution (b).
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(b) CHy jet evolution

Fig. 5. (continued).

development phase is mostly affected by the initial momentum [15] and
gases start to follow their intrinsic diffusion after the end of injection
(valve closure). Even after the end of injection, the maximum difference
between Hy and CH4 penetration remains only 11% atP; = 80 bar andP,
=10 bar.

Furthermore, in Fig. 8, plots of the jet cross-sectional area versus
time indicate that apart from the type of the injected gas, higher injec-
tion pressures result in larger jet cross-sectional areas. In other words,
higher injection pressures provide a wider spatial distribution of the
injected gas in the surrounding, which is the main representative of
mixing efficiency [16]. In addition, as expected, the cross-sectional area
of the Hj, jet is larger than that of CHy in all cases which confirms that Hy
can provide a better mixture formation, especially at lower injection and
chamber pressures. Fig. 8 also shows that the largest gap between the

cross-sectional areas of the Hy and CHy jets (~21.5%) is related to the
lowest injection and chamber pressure. Additionally, raising the cham-
ber pressure does not only restrict the jet spatial distribution but also
linearizes the growth trend of the jet cross-sectional area.

Table 3 shows the maximum differences between the CH4 and Hy jet
characteristics at each pressure ratio.

Fig. 9 (a)-(d) depicts the effect of pressure ratio by changing the
chamber pressure at a constant injection pressure on the jet character-
istics with time progress. According to the plots of the jet penetration
versus time, increasing the chamber pressure suppresses both Hy and
CH4 jet penetration; however, the trend of their penetration varies quite
similarly. This might be explained by a justification in [42] on diesel
spray which states that raising the chamber pressure increases the drag
and decelerates fuel droplets because of a higher probability of
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(a) Effect of pressure ratio by increasing P, from 60 bar (left) to 100 bar (right) on H; jet structure

Fig. 6. Effect of pressure ratio on the jet structure by changing P; at constant P,.
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(a) Effect of pressure ratio by increasing P., from 10 bar (left) to 20 bar (right) on H> jet structure

Fig. 7. Effect of pressure ratio on the jet structure by changing P, at constant P;.
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(b) Effect of pressure ratio by increasing P, from 10 bar (left) to 20 bar (right) on CHj jet structure

Fig. 7. (continued).
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Fig. 8. Effect of pressure ratio (pr) on the jet characteristics by changing P; at constant Py.

12



M. Yeganeh et al.

coalescence. Although here, a gaseous fuel jet is studied rather than a
liquid spray, the same scenario can be employed because increasing the
chamber pressure can enhance the drag force against the jet expansion
which can decelerate jet particles and keep them nearby each other. In
addition, Banholzer et al [41] also showed that the jet penetration is
faster at lower chamber pressures due to the smaller densities. Thus,
based on these interpretations, the potential for deep penetration can be
restricted markedly.

Fig. 9 also illustrates the effect of chamber pressure on the jet cross-
sectional area. In accordance with this figure, increasing the chamber
pressure results in a reduced jet cross-sectional area for both Hy and CHy.
Indeed, rising the chamber pressure can either increase the densities
[41] or intensify the drag against the jet expansion [42] and linearize the
trend of the jet cross-sectional area variation. Furthermore, in all cases,
the Hy jet cross-sectional area is larger than that of CH, as a result of the
diffusion law, which was discussed earlier. Hence, these results also
demonstrate that Hy tends to produce a better mixture formation.

To quantify the observations on the mixture formation, a new
parameter (y) is defined as the ratio of the injected jet mass (m) to the jet
cross-sectional area (A).

y=m/A 2)

This parameter shows how dense the jet is to provide efficient mix-
ing. y can be calculated by finding (1) mass flow rate of the flow inside
the injector’s nozzle and (2) injected mass in the injection duration time.

First, by assuming a control volume around the injector’s nozzle,
mass flow rate is calculated from:

m= CdANuz:le vV Z,DAP

where Cj is the nozzle discharge coefficient, Ay is the nozzle cross-
sectional area, p is the density of the flow inside the nozzle, and Ap is
the pressure difference between the flow inside the nozzle (injection
pressure) and the ambient (chamber pressure). It is noted that C; can be
assumed 1 for both Hp and CH4 jets in the current experiments since the
flow is choked and the Reynolds number is high in all test points
[43,44,45].
Second, the injected mass can be found by:

3

m = mAt 4
where m is the mass flow rate form Eq. (3) and At is the injection
duration time.

As an example, for the conditions presented in Table 4, y for CHy
(36.1 x 10~*kg/m?) is approximately 3 times greater than y for Hy (12.2
x 107*kg/m?) which means that CH, jet is denser, hence, weaker in
providing efficient mixing. Since the maximum difference between Hy
and CHy jet characteristics is around 10% under the same conditions, it

Table 3
Maximum differences between CH4 and H, jet characteristics at different pres-
sure ratios.

pr P; P Penetration Difference Cross-sectional Area Difference
(%) (%)

2 40 20 10 6

3 60 20 4 10

4 80 20 6 7.5

4 40 10 4 9

5 100 20 4 11.5

6 60 10 5.5 4.5

8 40 5 7.5 6.5

8 80 10 9.5 13

10 100 10 4 6

12 60 5 6 4.5

16 80 5 4.5 3

20 100 5 2.5 8

13

Fuel 331 (2023) 125762

can be concluded that y of Hy is always greater than that of CH4 and
consequently, Hy can always provide a better mixture formation.

Another justification for a better mixing with Hy is to compare the
ratio of the y to the stoichiometric air/fuel ratio between the Hy and CHy4
jets because in the direct injection concept, we should notice how much
the jet is lean or rich rather than the mixture in the whole chamber.
Thus, if we define the ratio of the y to the stoichiometric air/fuel ratio as
€in Eq. (5), for the same mentioned test point in Table 4, the & is 21.2 x
1075 for the CHy jet and 3.5 x 107 for the Hj jet. This reveals that the
Hy jet is always leaner than CH4 jet which can assist the mixing
substantially.

& =y/(A/F)stoic 5)
where y can be calculated from Eq. (2) and (A/F)stoic is the stoichio-
metric air/fuel ratio which is 34.5 for Hy and 17 for CHy.

As a final note to close this section, a comparison of the jet charac-
teristics at the same pressure ratio is displayed in Fig. 10 to strengthen
the novelty. As it can be observed, the jet characteristics are not the same
at identical pressure ratios. There is at least 3% and 10% difference in
the Hy and CH4 jet penetration, respectively, and at least 4% difference
in their cross-sectional areas. Indeed, the jet penetration and the cross-
sectional area are sensitive to the variation of both injection and
chamber pressure. However, the jet penetration possesses the largest
difference, especially at lower pressure ratios. Hence, similar to the re-
sults of [23], it is highly recommended to investigate the effect of the
pressure ratio by changing the injection pressure and chamber pressure,
separately.

3.3. Effect of the needle lift

Variation of the needle lift of a piezoelectric injector has a great
impact on the jet global features i.e., penetration and cross-sectional
area [16]. In this study, the change of the needle lift is done by chang-
ing the injection charge voltage because they are directly related.
Table 5 shows the range of the injection charge voltage, the corre-
spondent needle lift, and the correspondent nozzle cross-sectional area
for the applied hollow-cone piezoelectric injector. As it is shown in this
table, increasing the injection charge voltage means increasing the
needle lift, and increasing the needle lift changes the nozzle cross-
sectional area for the fuel flow passing through which contributes to
the increase of the mass flow. Hence, changes in needle lift can signifi-
cantly affect the jet characteristics as well as the mixture formation.

Fig. 11 demonstrates how an increase in the needle lift can change
the jet structure. The most remarkable point of this figure is the sharp
edge of the jet as a result of raising the needle lift. Since raising the
needle lift culminates in injecting a greater mass flow rate along with
higher initial momentum, the jet takes on a sharp edge along and deeper
axial penetration. Furthermore, since CH4 has a greater molecular
weight and consequently greater intermolecular forces [46], its mole-
cules tend to stay and penetrate much closer to each other. That is why
the CH4 jet has a less sharp edge than the Hj jet.

Fig. 12 shows the effect of the needle lift on the jet penetration and
cross-sectional area at a constant pressure ratio (pr = 10). This figure
indicates that apart from the type of the injected gas, increasing the
needle lift leads to an increase in the jet penetration and cross-sectional
area. Additionally, Hy jet penetration and cross-sectional area are
greater than that of CHy for all the cases, especially at minor needle lifts
(20 and 30 pm) which is consistent with the diffusion law. Thus, these
results also show that not only does the needle lift highly affect jet
characteristics and mixing, but also Hy can provide better mixture for-
mation than CHyespecially at lower needle lifts. Table 6 shows the
maximum differences between CH4 and H» jet characteristics at different
needle lifts.
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Table 4
Parameters of one test point as an example for calculating y.
Parameter Quantit Table 5
i Injection charge voltage and the correspondent needle lift and nozzle cross-
Pressure ratio (pr) 20 sectional area.
Injection pressure (P;) 100 bar
Chamber pressure (P) 10 bar Injection Charge Voltage Needle Lift Nozzle Cross-sectional Area
Pressure difference (Ap) 90 bar ) (pm) (nm*)
Injection duration (At) 0.005 s 90 20 0.35
Nozzle cross-sectional area (Anozie) 4x1077m? 100 25 0.4
H, density 0.08375 kg/m® 110 30 0.46
H jet cross-sectional area 0.002 m? 120 35 0.52
CH, density 0.657 kg/m® 130 40 0.58
CH, jet cross-sectional area 0.0019 m?
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(a) Jet penetration (left) and jet cross-sectional area (right) at pr =4 and 8 for CHy
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(b) Jet penetration (left) and jet cross-sectional area (right) at pr =4 and 8 for H»

Fig. 10. Different jet characteristics at the same pressure ratio (pr).
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Fig. 12. Effect of the needle lift on the jet penetration and cross-sectional area at P; = 100 bar and P, = 10 bar.

Table 6
Maximum differences between CH4 and H,, jet characteristics at different needle
lifts.

Needle Lift (um)  Penetration Difference Cross-sectional Area Difference
(%) (%)

20 7.5 5

30 6 5

40 2 6

3.4. Comparison of the jet characteristics from different nozzle geometries

This section presents the differences between the jet characteristics
from two different nozzle geometries. For this comparison, a single-hole
cap is installed on the same injector with a hollow-cone outwardly
opening nozzle. However, installing the cap on the nozzle exit causes
pressure loss which should be considered to reach reliable results. Two
methods are applied for calculating the pressure loss in the measure-
ments: CFD simulations (Unsteady Reynolds-Averaged Navier-Stokes
(URANS) simulations of supersonic flow in the commercial software
Star-CCM+ [47]) and GT-power simulations [34]. In CFD simulations,
the inlet pressure is changed randomly to find the inlet pressure at which
the same jet characteristics can be observed as in experiments. In GT-
power simulations, it is tried to find the pressure loss based on the
type of the injected gas and dimensions of the cap. The results of
applying both methods show that placing the single-hole cap on the
hollow-cone outwardly opening nozzle, can cause around 50% pressure
loss. As an example, when the injection pressure is 100 bar for the
hollow-cone outwardly opening nozzle without any caps, after placing a
single-hole cap on the same nozzle, the injection pressure is 50 bar.

Fig. 13 displays the difference between a single-hole and hollow-
cone jet characteristics at pr = 5, 10, and 20. As it can be seen, apart
from the type of the injected gas, the single-hole and hollow-cone jet
cross-sectional area do not show great differences (the maximum dif-
ference is less than 20%). However, there is a large gap between the
single-hole and the hollow-cone jet penetration such that the single-hole
jet penetration speed is at least 68% higher than that of the hollow-cone
jet. In addition, Hy possesses a greater jet penetration and cross-sectional
area than CHy in all the cases which means that Hy can provide a better
mixture formation. Therefore, it can be concluded that although using
the single-hole cap causes pressure loss, it can enhance the jet pene-
tration and provide enough jet cross-sectional area for better mixture
formation within a shorter time.
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4. Summary and conclusions

This paper presents an experimental investigation, visualization, and
comparison of the CH4 and Hs jets dynamics. The jets characteristics
(penetration length and cross-sectional area) are studied with respect to
the pressure ratio defined as the ratio of the injection pressure (P;) to the
chamber pressure (Py,) (pr = 2, 3, 4, 5, 6, 8, 10, 12, 16, 20) and the
needle lift (20, 25, 30, 35, and 40 pm). The characteristic differences
between a hollow-cone and a single-hole jet are also investigated by
placing a single-hole cap on the same injector with a hollow-cone
outwardly opening nozzle. The main conclusions are as follows:

1. Despite the large differences between CH4 and Hj physical prop-
erties, the jet penetrations are almost similar. However, for all the cases
and especially at lower injection and chamber pressures, Hy possesses a
greater jet cross-sectional area (at least 3.5% larger than CH4) which is
the main representative of efficient mixing. Thus, Hy seems to provide a
better mixture formation than CHy,

2. Increasing the pressure ratio results in a longer jet penetration and
a larger cross-sectional area. A 20% increase in the pressure ratio leads
to at least 13% increase in the Hj jet penetration and 20% increase in its
cross-sectional area. The same amount of increase in the pressure ratio
also increases the CHy4 jet penetration by at leastl7% and its cross-
sectional area by at least 21%.

3. Increasing the injection pressure results in a greater jet penetration
and cross-sectional area due to a higher mass flow and choked flow
condition. Conversely, an increase in the chamber pressure leads to a
reduced jet penetration and cross-sectional area because of the increased
drag force against the jet expansion.

4. Raising the needle lift results in a larger nozzle cross-sectional area
for the flow passing through and a greater mass flow rate which leads to
a deeper jet penetration and a larger jet cross-section area.

5. Placing a single-hole cap on the same hollow-cone outwardly
opening nozzle causes a great pressure loss (50%). However, the single-
hole jet could still provide deeper penetration and enough cross-
sectional area for efficient mixing.

Overall, the main outcome of this study is that although H, and CH4
jet penetration are almost similar, the Hj jet possesses a larger cross-
sectional area which is representative of a better mixture formation.
Apart from the type of the gas, increasing both the pressure ratio and the
needle lift result in deeper jet penetration, larger cross-sectional area,
and consequently higher mixing efficiency. However, it is recommended
to investigate the effect of pressure ratio by changing injection pressure
and chamber pressure, separately because it is shown that the jet char-
acteristics are not the same at identical pressure ratios. Furthermore, it is
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Fig. 13. CH,4 and H, single-hole vs hollow-cone jet characteristics at P; = 100 bar and P, = 5, 10 and 20 bar.

shown that placing a single-hole cap on the same hollow-cone outwardly
opening nozzle causes a great pressure loss but still can provide
adequate mixing parameters. Further studies on the jet characteristics
with a wide range of pressure ratios and different caps on the same
nozzle are recommended for future work.
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