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Abstract
Prevention of climate change is one of the biggest challenges of modern society, and
there are requirements for new and sustainable options for fossil fuels, especially at the
transport sector. Hydrogen internal combustion engine (H-ICE) is a technology, which
gets rid of the tailpipe emissions of carbon dioxide (CO2) and reduces life cycle emis-
sions of it. H-ICE and direct injection (DI) were selected to be analyzed because they are
mature technologies and have existing infrastructures. Utilizing DI, the combustion of
hydrogen can be enhanced, power density increased, and emissions of nitrogen oxides
(NOx) reduced.

In the experimental part of this thesis, helium was used instead of hydrogen due to
safety reasons. Helium was injected into quiescent nitrogen with variable injection and
chamber pressures and pressure ratios. The high-speed Schlieren imaging technique
was applied to record the jet development process. It is an optical and nonintrusive
method where transparent gases can be imaged utilizing their density difference, which
is caused by pressure, temperature, or composition gradients, for instance. It was se-
lected because it does not interrupt the jet development process.

A high-pressure piezoelectric injector generally used in gasoline engine was selected for
the helium injections. It was found out that it is capable of injecting gas up to 100 bar
and up to 98 pressure ratio without discernible leakages. Increasing the pressure ratio
increased the jet penetration, width, and area, but with constant pressure ratio lowering
the injection pressure had a similar effect. When the pressure ratio was over 80, the jet
progress retarded. It was assumed to occur due to a drop in the injection pressure dur-
ing the injection. Furthermore, a horizontally positioned injector produced upwards
tilted jets, and thus in the future works, the injector should be vertically installed.

Keywords Hydrogen, Helium, Gas jet, Schlieren technique, Direct injection
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Tiivistelmä
Ilmastonmuutoksen torjunta on yksi nyky-yhteiskunnan suurimmista haasteista, ja
etenkin liikenteen alalla tarvitaan uusia ja kestäviä vaihtoehtoja fossiilisille polttoai-
neille. Vetypolttomoottori on teknologia, jolla hiilidioksidin pakokaasupäästöistä pääs-
tään kokonaan eroon ja elinkaaripäästöjäkin vähennettyä radikaalisti. Vetypolttomoot-
torit ja suorasuihkutus valittiin tarkasteluun, koska ne ovat toimivaksi todettuja ja niille
on olemassa infrastruktuuria. Suorasuihkutuksella saadaan parannettua vedyn pala-
mista, nostettua tehoa ja vähennettyä typenoksidien päästöjä.

Turvallisuussyistä tämän työn kokeellisessa osassa käytettiin heliumia vedyn sijasta.
Sitä suihkutettiin paikallaan olevaan typpeen vaihtelevilla suihkutus- ja kammiopai-
neilla sekä painesuhteilla.  Suurnopeus Schlieren tekniikkaa käytettiin suihkujen kehit-
tymisen kuvantamiseen. Se on optinen ja tunkeilematon menetelmä, jossa läpinäkyviä
kaasuja voidaan kuvantaa hyödyntäen niiden tiheyseroja, jotka johtuvat esimerkiksi
eroista paineessa, lämpötilassa tai koostumuksessa. Tämä tekniikka valittiin, koska se ei
vaikuta kaasusuihkun etenemiseen.

Helium suihkutuksiin käytettiin korkeapaineista piezosähköistä suutinta, jota käytetään
yleisesti bensiinimoottoreissa. Sen toimi kaasuille ainakin 100 bariin ja 98 painesuhtee-
seen asti ilman havaittavia vuotoja. Painesuhteen kasvattaminen kasvatti suihkun tun-
keumaa, leveyttä ja aluetta, mutta painesuhteen ollessa vakio suihkutuspaineen alenta-
misalla oli sama vaikutus. Yli 80 painesuhteella suihkuissa havaittiin hidastumista,
jonka oletettiin johtuvan suihkutuspaineen alentumisesta suihkutuksen aikana. Lisäksi
havaittiin, että vaakatasoon asetetulla suuttimella suihkut olivat ylöspäin kallistuneita,
ja jatkossa suutin kannattaa asentaa pystysuoraan.

Avainsanat Vety, Helium, Kaasusuihku, Schlieren tekniikka, Suorasuihkutus
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Symbols
An [m2] Nozzle exit area
Dw [mm] Position of the maximum width of the jet
L [mm] Extent along the optical axis
M [-] Mach number, a ratio of flow velocity over the speed of sound
Ṁ [kgm/s2] Momentum flux (of jet)
Pc [Bar] Chamber Pressure
Pi [Bar] Injection Pressure
Pn [Bar] Pressure at the nozzle exit
P0 [Bar] Stagnation Pressure
S [-] Schlieren sensitivity
Tn [K] Temperature at the nozzle
T0 [K] Stagnation temperature
Un [m/s] Flow velocity at the nozzle exit
W [m] Jet maximum width
Wbot [m] Jet maximum width at chamber bottom side
Wtop [m] Jet maximum width at chamber top side
Z [-] Compressibility factor
Zt [m] Jet penetration length
a [mm] Width of the Schlieren cutoff image
b [mm] Width of the Schlieren light-source image
c [m/s] The speed of light in a specific medium
c0 [m/s] The speed of light in a vacuum
d [mm] Injector inner diameter
deq [mm] Equivalence diameter
f1 [mm] Focal length of the second Schlieren mirror
f2 [mm] Focal length of the second Schlieren mirror
h [μm] Distance between injector valve and body at the nozzle exit
hn [μm] Injector needle lift
k [m3/kg] Gladstone-Dale coefficient
n [-] Refractive index
n0 [-] Refractive index of the surrounding medium
s [-] A ratio of the width of the jet over the penetration
t [s] Time
Г [-] Jet penetration constant
∆𝑓 [mm] Distance between sagittal and tangential focus
λ [-] Air to fuel equivalence ratio
𝜋, Pi/Pc [-] Pressure Ratio
γ [-] The ratio of specific heats
ρ [kg/m3] Density
ρc [kg/m3] Chamber gas density
ρn [kg/m3] Injection fluid density at the nozzle exit plane
ρr [-] Ratio of nozzle exit plane density and chamber gas density
εx,εy [-] Angular ray deflection
𝜕𝑛
𝜕𝑦

, 𝜕𝑛
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[1/mm] Gradients of refractive index



Abbreviations
AFR Air to fuel ratio
ASOI After start of Injection
BTDC Bottom dead center
CFD Computational fluid dynamics
CO Carbon monoxide
CO2 Carbon dioxide
DI Direct injection
EV Electric vehicle
FC Fuel cell
FPGA Field programmable gate array (card)
GHG Greenhouse gas
HID High-intensity discharge lamp
H-DI Hydrogen direct injection
H-FC Hydrogen fuel cell
H-ICE Hydrogen internal combustion engine
H-PFI Hydrogen port fuel injection
H-SI Hydrogen spark ignited engine
ICE Internal combustion engine
LED Light emitting diode
MN Methane number
MON Motor octane number
NO Nitric oxide
NOx Nitrogen oxides
NO2 Nitrogen dioxide
ON Octane number
PFI Port fuel injection
PIV Particle image velocimetry
RON Research octane number
RT Real-time (controller)
SNR Signal to noise ratio
SOI Start of injection
UHC Unburned hydrocarbon
WOT Wide open throttle
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1 Introduction
1.1 Background and motivation
Climate change is a big concern for modern society, and measures to prevent or, at least re-
strict it to 2 ℃, are required. The transport sector, including light and heavy duty vehicles,
offroad, rail, marine, and aviation, is a significant greenhouse gas (GHG) emitter. Thus, al-
ternative powertrains and energy carriers ought to be developed and employed. Hydrogen
is one attractive energy carrier which could dramatically decrease the GHG emissions of
the transport sector. An internal combustion engine (ICE) or a fuel cell (FC) vehicle can be
powered with hydrogen. Hydrogen operation avoids tailpipe carbon dioxide (CO2) emis-
sions, and theoretically, the only product of combustion is water vapor. The emissions of
nitrogen oxides (NOx) are an issue in ICE vehicles, and thus prevention of those require
measures and optimization of the combustion. Industrial applications, like steel production,
utilizes also hydrogen, and it could replace natural gas in the house heating. Also, predic-
tions of the transition towards gas-based energy systems, starting from methane, and to
ending up to hydrogen, are made [1]. Thus, hydrogen internal combustion engine (H-ICE),
can serve as a bridge technology when moving towards hydrogen society [2], as it can uti-
lize readily available manufacturing and distribution infrastructures [3].  A recent study of
Acar [4] concluded that hydrogen vehicles have the highest performance when comparing
different transportation powertrains, from electric and hydrogen to conventional fossil hy-
drocarbon vehicles.

Hydrogen fuel cell (H-FC) technology has a good fuel economy compared to H-ICE, as it
can reach higher efficiencies. However, the FC technology is still relatively immature, it is
rather expensive, and the high purity requirements of hydrogen are drawbacks of FCs. Fur-
thermore, ICE technology is already well-proven, and it is flexible in the means of used
fuel; for example, bi-fuel operation with gasoline or methane is possible [5]. Unlike FC
and the electric vehicles (EV), ICE does not require any rare substances, and the materials
are recyclable [2]. Drawbacks of H-ICE compared to H-FC, is that in FC operation, the ox-
idation of hydrogen occurs at lower temperatures, which produces less nitrogen oxides
(NOx), including nitric oxide (NO) and nitrogen dioxide (NO2) [2], and FC reach higher
efficiencies. Thus, one crucial question of H-ICE operation is the optimization of NOx
emissions, engine performance, and power output [6].  However, at low engine load condi-
tions, a very lean combustion mixture can be used, which leads to low combustion temper-
atures and near-zero emissions of NOx [3]. Hydrogen is a light gas, and it has also low vol-
umetric energy density [5]. To get enough fuel into the cylinder, the high-pressure direct
injection (DI) is a sophisticated option. Furthermore, DI enables mixture stratification,
which gives more flexibility.

This master’s thesis describes some of the critical features of hydrogen as an energy car-
rier. It focuses mainly on H-ICE and hydrogen direct injection (H-DI). In the experimental
part, gas was injected into a constant volume spray chamber with a commercial gasoline
direct injector (GDI) with a hollow cone nozzle. Helium was the injection gas instead of
hydrogen, for safety reasons. The experimental part includes helium jet imaging with opti-
cal Schlieren technique and investigation of jet geometry and development in time. Schlie-
ren method is a nonintrusive method to capture transparent fluid flows, which is the case
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with hydrogen and helium jets. Methods that utilize tracer particle addition would have a
significant impact on the flow because they are very light gases, which was the reason to
select the Schlieren technique as the optical diagnostic method. During this thesis Schlie-
ren technique was used first time in the Aalto University’s ICE laboratory. Others have
also done similar hydrogen jet experiments [7-9].

This thesis initiates the H-ICE study in Aalto University’s ICE laboratory and during the
thesis an appropriate experimental setup with Schlieren imaging was build. Goals of this
thesis was to study the properties of hydrogen as a fuel from literature, to investigate he-
lium jet development in a quiescent pressurized chamber and to test the applicability of the
experimental setup for future studies.

1.2 The internal combustion engine and hydrogen application
This section introduces the basics of the internal combustion engine, its hydrogen applica-
tion, and combustion characteristics. Motivation to use direct injection is also given. Later
parts of this section present the physical and chemical properties of hydrogen and their ef-
fect on the combustion of hydrogen. Lastly, hydrogen safety is discussed.

1.2.1 Hydrogen combustion
Conventionally ICEs are divided between the Otto and the diesel cycles and hybrid cycles
utilizing features of both. In the Otto cycle, an external ignition source ignites the com-
pressed homogenous fuel-air mixture, and Otto engines are also categorized as spark igni-
tion (SI) engines. Gasoline and methane are conventional fuels in SI engines because they
have high autoignition temperature, and thus they require external ignition. In the Diesel
cycle, the cylinder compresses the combustion air before the fuel injects into the combus-
tion chamber. The unmixed fuel-air mixture spontaneously ignites, because the fuel has
low autoignition temperature, and the compression heats up the mixture. The compression
ignition (CI) engine is thus an alternative name for Diesel engine. [10]

Mixture formation in traditional gasoline SI engines has been done externally in the carbu-
retor or intake manifold with port fuel injection (PFI). However, in modern gasoline en-
gines, mixture formation can be done similarly than in CI engines by directly injecting the
fuel into the cylinder. Hydrogen port fuel injection (H-PFI) is an attractive option for the
mixture formation method in H-ICE because it is already widely utilized in gasoline en-
gines, and transformation into hydrogen engines would be rather straightforward and cost-
effective [11]. However, PFI suffers from serious types of abnormal combustion, mainly
pre-ignition, knocking and backfiring.

DI method injects the fuel into the cylinders with individual electronically controlled injec-
tors from a common fuel rail. The fuel in the injection system has very high pressure to
overcome the cylinder pressure, to mix the fuel with air efficiently in a short time, and to
inject enough fuel. DI can combust lean mixtures by stratifying the charge accurately, to
form local richer mixtures near the ignition source, which makes the mixture ignitable
[10]. DI avoids abnormal combustion more easily than PFI because the fuel-air mixture
can be flexible controlled, and backfiring is completely avoided as the injection occurs af-
ter the intake valve closing [5, 12, 13]. DI reaches rather high volumetric efficiencies due
to high compression, but the durability of injectors may be questionable, and they may re-
quire improvements. The mass flow rate of injectors and the density of injected hydrogen



3

are essential features because the density of hydrogen is low, and the injection duration is
short [6]. It also enables staged injection, which can increase the power output and reduce
NOx emissions [6].

The main challenge of H-DI is the limited injection and mixing time, especially at high-
speed and high-load conditions. The maximum available mixing time after the Intake valve
Closure (IVC) ranges between 20 – 4 ms for engine speed range 1000 – 5000 RPM. In
practice, the start of injection (SOI) is retarded to avoid preignition, especially for high
loads, which shortens the injection window. Estimated times to achieve homogenous mix-
ture range from 1 ms, which is achieved with a free hydrogen jet, to 10 ms in experimental
engine conditions. Thus, the mixing of the hydrogen jet is of great importance. White et al.
[3] propose that injection pressures more significant than 80 bars, and high pressure and
flow rate injectors are required to enhance the full potential of H-DI in high engine speeds
and to overcome cylinder pressures with late injection operation. Injectors should operate
at flow rates between 1 and 10 g/s, without any leakages.  Injector leakage prevention is es-
pecially crucial for H-DI due to the high pressures and small size of the hydrogen atom. [3]

Takagi et al. [14] have performed tests on H-SI using DI. They used wide open throttle
(WOT) operation in lean conditions (λ from 2,5 to 4) and high injection pressures up to
200 MPa and 13:1 compression ratio. They found out that delaying star of injection (SOI),
from 120° to 35° BTDC, the thermal efficiency increases. Also, the NOx emissions in-
creased, but unburned hydrogen emissions decreased. These findings support that the pro-
cess is more efficient when the hydrogen has not fully dispersed to the combustion cham-
ber, and the ignition occurs at the edge of the hydrogen jet. This reduces the cooling, be-
cause the jet is not contacting the chamber wall [10]. They also claim that NOx emissions
are low with later SOI, and they reported nearly 50 % thermal efficiencies.

At low and medium loads, H-ICE can be operated unthrottled, thus eliminating pumping
losses of throttling, which is possible due to low flammability limit on the lean side and
high laminar flame speed [15]. This unthrottled operation is a quality based control of the
power output, and it is possible with DI operation, which allows accurate metering and ad-
justment of the injected fuel mass [10]. The thermal efficiency of H-ICE can be increased
with charge stratification to produce lean conditions near the cylinder wall, which de-
creases the temperature in that region [16]. Wang et al. [17] performed energy and exergy
analysis on H-PFI. They concluded that hydrogen engines have lower exhaust energy
losses than the gasoline engine. However, the coolant energy loss is higher due to the
higher heat transfer rate inside the combustion chamber. They also proposed that the ther-
mal efficiency of hydrogen fuel can be theoretically above 59 % [17]. Higher cooling
losses of hydrogen in the combustion chamber compared to conventional fuels can be ex-
plained by the small quenching distance and, thus, a thin thermal boundary layer [18].

Volumetric efficiency, energy density, and preignition behavior restrict the maximum
power output of H-ICE [3]. Hydrogen has a low density, which also causes a low volumet-
ric efficiency. In PFI operation, hydrogen is injected into the intake manifold and thus
mixed with air before the combustion chamber. The low-density hydrogen restricts the
amount of air going to the combustion chamber, which leads to low power densities. In PFI
engines, hydrogen has approximately 18 % lower power density than corresponding liquid
fuels. However, in DI, the airflow is not restricted due to hydrogen, so the power density of
hydrogen is approximately 17 % higher than for conventional liquid fuels [19]. Eichlseder
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et al. [20] reported a 15 % increase in IMEP for H-DI compared to the gasoline PFI engine.
Preignition can also be avoided with a late injection to minimize the exposure time of the
combustible mixture to the cylinder hot spots [3]. Rottengruber et al. [21] proposed a com-
bined operation mode for H-ICE utilizing PFI at low and medium loads to obtain higher
thermal efficiencies, and DI at high loads to obtain high peak power output. In DI, the mix-
ture formation process has a substantial influence on the engine performance, and injection
parameters such as timing, location, nozzle type, and injection pressure affect mixture for-
mation and further on to the combustion and NOx formation [22].

As hydrogen is carbon-free fuel, it does not produce any CO2, unburned hydrocarbon
(UHC) or soot emission when combusted. Lubricant oil may leak into the combustion
chamber and produce harmful UHC and CO emissions, but those are minor and are not
meaningful compared to emissions of the hydrocarbon fuels [3, 23]. However, when air is
the oxidation agent, NOx may be produced, and NOx emissions are especially significant at
the high-load operation [14]. In ICE, NO is the primary component of NOx, NO2 being the
product of further reactions of NO. The primary reaction mechanism to produce NO is the
extended Zeldovich mechanism [24]. NO formation is dependent on air to fuel ratio (AFR)
and temperature,  as NO production is peaking near stoichiometric concentrations and
1800 K being somewhat critical value [3, 20]. NO production peaks at stoichiometric con-
ditions. At rich conditions (λ < 1), reverse reactions occur when some of the NO decom-
poses. At lean conditions, similar decomposition is little, and NO concentrations freeze,
which makes the control of peak conditions necessary [24]. The fuel stratification shifts the
mixture AFR away from stoichiometric conditions, which also enables near stoichiometric
overall AFR combustion with lower NOx emissions [16]. However, without after-treatment
measures, ultra-lean conditions (λ > 2) should be operated to achieve low NOx -emission
levels. On the other hand, ultra-lean AFR reduces the power density of the engine. NOx re-
duction measures such as exhaust gas recirculation, selective catalytic reduction, and lean
NOx trap [25] could increase the power density with low NOx emissions. [3]

In the past, knocking, preignition, and backfire were prominent problems of H-ICE and
they even questioned the utilization hydrogen as a fuel. Knocking and preignition occur in-
side the cylinder and may cause material wear in engine bearings and even severe engine
damage in prolonged operation, due to high-pressure peaks and fluctuations [26]. When
backfire occurs, the combustion proceeds through valves from the cylinder to the intake
manifold, which causes severe damages.

Knocking is a phenomenon in SI engines, where residual gas combusts without controlled
flame propagation, and the fuel-air mixture burns almost simultaneously in the combustion
chamber. One can observe it with cylinder pressure sensors as high-pressure peaks and
pressure fluctuations after the ignition. Local pressure and temperature increase, which
reach autoignition conditions, cause knocking. Higher compression ratios and charge pres-
sures with near stoichiometric conditions lead to more knock-sensitive conditions. Usually,
high autoignition temperature fuel, ignition retardation, cylinder cooling, turbulence in-
crease, and compression ratio reduction prevent knocking. [26]

A preignition is also a severe form of abnormal combustion, and in contrast to knocking, it
occurs before ignition. Preignition may occur due to over-retarded ignition, full load opera-
tion with high cylinder pressures, by abrasion, hot particulates, and oil leakages to the cyl-
inder [26]. Preignition leads to high peak pressures, acoustic oscillations, and increased



5

heat rejection. It can cause further preignitions that are more advanced, so-called runaway
effect, and to backfire in PFI operation. Hydrogen is prone to preignition because of its low
minimum ignition energy, and engine hot spots cause it [3].

Knocking of hydrogen ICE can be controlled by spark timing adjustment but is also limits
the compression ratio of the engine. Preignition, on the other hand, is a different phenome-
non, and the limiting factor is AFR. In practical applications, near stoichiometric λ should
be avoided to prevent preignition. However, the preignition limit is an engine-specific
property, and it is also affected by the compression ratio and temperature. [3]

White et al. [3] presented that DI is one of the most efficient methods to prevent preigni-
tion in H-ICE and to decrease the preignition limit towards stoichiometric conditions and
to increase power output. Homan et al. [27] found out that late injection with almost simul-
taneous ignition prevented preignition. In those conditions, the hydrogen jet must be in-
jected towards the spark plug to avoid misfire.

1.2.2 Properties of hydrogen
Hydrogen is the most common element and the lightest [28] of all in the Universe. On
earth, pure hydrogen does not occur in large concentrations, but one can find it bonded on
abundant species such as water and hydrocarbons. Thus, hydrogen is not a primary energy
source. However, it can be utilized as an energy carrier as one can produce it from various
sources, like water, biomass, and fossil fuels [29, 30]. Presently, hydrogen production uses
fossil sources, namely reforming natural gas, but the production can be more sustainable
through water hydrolysis using renewable electricity [30].

Hydrogen has some unique features as fuel, which makes its combustion behavior different
when compared to conventional hydrocarbon fuels.  Table 1 presents some selected prop-
erties of hydrogen, compared with methane and iso-octane, which acts as a single com-
pound replacement for gasoline, as Werhelst and Wallner [5] presented. Methane and gaso-
line have similar features as hydrogen and they are utilized in SI engine, and thus they
were compared. Yip et al. [11], White et al. [3], and Najjar [28] presented slightly different
values, but the variation is minor. Below the properties are discussed

The mass-based lower heating value (LHV) is very high for hydrogen, and in that sense,
hydrogen is an excellent fuel. However, the density of hydrogen is low, which makes its
volumetric energy content low compared to other fuels. Low density restricts the power
density, primarily when utilizing external mixture formation method (PFI), because hydro-
gen is restricting the amount of air that entrains into the cylinder. In DI, which is an inter-
nal mixture formation method, it has less effect.

Flammability limits on the lean side and threat of unburned hydrocarbon emissions limit
the combustion of hydrocarbon fuels. Those are negligible with hydrogen as it has wide
flammability limits from 4 vol-% to 76 vol-% in air and absence of carbon. Thus, the air-
hydrogen mixture can be very lean to reduce NOx emissions without missfiring issues
[10].

The autoignition temperature is higher for hydrogen than for the other fuels, so it is not
suitable for the CI engine in single fuel operation. Dual-fuel operation in the CI engine
may be a feasible solution, but it is not in the scope of this work. The high autoignition
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temperature would suggest that hydrogen would not be so sensitive to abnormal combus-
tion modes like preignition or knocking. However, the low ignition energy in engine condi-
tions may lead to those abnormalities.

Based on experiments on reference fuels, an octane number (ON) is a conventional meas-
ure of fuels’ knocking tendency, but it is not a physical property. High ON indicates high
resistance to knocking, but as liquid fuels are the references in ON, its applicability for hy-
drogen is questionable [5]. However, it may at least give a hint about the behavior. A simi-
lar test engine defines the two different ONs, research (RON) and motor (MON), but with
different conditions, and there are significant variations between RON and MON for hy-
drogen [5, 31]. It suggests that hydrogen is very prone to knock under high load, but on
low load, the tendency is not so high. There has been developed similar, but not compara-
ble, Methane Number (MN) for gaseous fuels. Methane is resistant to knock and has MN
of 100, and hydrogen, which is prone to knocking, has MN of 0 [32]. Nevertheless, as dis-
cussed earlier, hydrogen is not behaving like conventional fuels, and thus the applicability
of MN is not so straightforward.

As discussed, the hydrogen engine has higher cooling losses compared to hydrocarbons,
mainly due to higher burning velocity, short quenching distance, and higher thermal con-
ductivity. Those properties increase the heat transfer to the chamber walls from the burning
gas. When quenching distance is small, the flame propagates more quickly past the nearly
closed valve and may cause backfiring in the intake manifold. [31]

Table 1 Comparison of properties of hydrogen, methane, and iso-octane in 300 k and 1 atm [5]
Property Hydrogen Methane Iso-Octane
Density kg/m3 0,08 0,65 692
Mass diffusivity in air
(cm2/s)

0,61 0,16 ~0,07

Minimum ignition en-
ergy

0,02 0,28 0,28

Flammability limits in
air (vol-%)

4 – 75 5 – 15 1,1 – 6

Flammability limits in
air (λ)

0,14 – 10 0,6 – 2 0,26 – 1,51

Lower heating value
(MJ/kg)

120 50 44,3

Volumetric energy con-
tent (MJ/m3)

9,6 32,5 >30 000

Stoichiometric AFR
(kg/kg)

34,2 17,1 15,0

Autoignition tempera-
ture in λ = 1 (℃)

~850 813 690

Minimum quenching
distance (mm)

0,64 2,03 3,5

Thermal conductivity
(10–2 W/mK)

4.97 2.42 2.36

1.3 Hydrogen safety
Although the injected gas in the experiments was helium, later, the aim is to inject hydro-
gen with a similar experimental setup. Thus, here is a discussion of the hydrogen safety as-
pects.  Hydrogen is often considered as a hazardous substance and especially prone to ex-
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plosions. Against that assumption, hydrogen vehicles are almost as safe as natural gas ve-
hicles, and both are safer than gasoline vehicles in the occurrence of a collision [28]. Also,
a comparative study at the University of Miami concluded that hydrogen vehicles had a
lower risk of fire than petrol vehicles in the case of car fuel-line leakage [33]. However,
hydrogen leaks in closed environments pose a risk of fire due to wide flammability limits
and small required ignition energy, the same properties that make hydrogen an excellent
fuel. In practice, this means that constant leaks, in combination with ignition sources, like
electrical devices, are the most hazardous cases. The high mass diffusivity and buoyancy
effect are advantageous in cases of small leakages as flammable concentrations disperse
faster [28]. In closed environments, hydrogen could suffocate people, as could any other
gas except oxygen. That problem can be treated with proper ventilation and air-condition-
ing of closed environments or by handling gases outdoor. Leakage detection with sensors
could be an excellent way to prevent accidents [34].

Hydrogen has been used extensively in many industrial and energy applications. However,
it has gained a bad reputation due to a couple of severe accidents in the past. There are
some main causes for those.  Material failure due to mechanical or corrosive causes, like
material embrittlement in low temperatures or shock waves of other explosions. Boiling
liquid expanding vapor explosion (BLEVE), human-based errors and over-pressurization.
Steel may absorb hydrogen, which causes embrittlement and material failures, and it is es-
pecially important in long-term storage. Hydrogen leaks in garages or similar spaces have
the highest risks of explosion if there is an absence of appropriate ventilation. [28]

Najjar [28] characterizes hydrogen safety concerns into three groups: physiological (frost-
bite and suffocation), physical (embrittlement and component failures), and chemical
(burning and explosions). Below they are discussed, including some recommendations of
aspects to consider when handling hydrogen in the laboratory.

Physiological hazards
H2 is a nontoxic gas, and its health hazard concerning respiration is the 02 concentration re-
duction, which should not drop below 19,5 vol-% [28]. Correct ventilation prevents it. The
usage of pressurized gases avoids cryogenic hazards. Overpressure injuries and thermal
burns are the most probable physiological hazards of hydrogen in Aalto University’s ICE
laboratory. Leakage prevention, ventilation, and sensors could avoid them

Physical hazards
Hydrogen embrittlement cause degradation of mechanical properties of metals, which may
eventually cause leakages. In the laboratory, gases are in pressure bottles, and they are de-
signed and proved to do that. Thus, degradation should not be a problem.  However, after
measurements, it should be ensured that no residual hydrogen is left, for example, in hoses,
because embrittlement can occur at room temperature [28]. Hydrogen is leaking more effi-
ciently than other gases, excluding helium, and it can even permeate through materials the
molecule is rather small. Thus, component failure avoidance is a necessity.
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Chemical hazards
Hydrogen is a very flammable gas. So, the prevention of unwanted hydrogen combustion
in the laboratory includes leakage detection and correct ventilation of the rooms. Also, in
some cases, sensors detecting even small hydrogen concentrations in unwanted locations
and isolation of ignition sources in locations where leakages are most probably could be
advisable.

1.4 Gas jet and optical diagnostics
In this section presents a model of underexpanded transient jet, which is later compared to
the experimental results. Here is also theory of the optical diagnostic method, Schlieren
technique, and lastly a method to measure convection velocity from the gas jet images is
presented. The convection velocities were not measured, but they are presented for future
works.

1.4.1 Gas jet
Keskinen et al. [35] performed computational fluid dynamics (CFD) simulations of differ-
ent gas DI cases and verified those results with experimental results and other simulations.
They found out that the injection timing and nozzle type were essential factors of the mix-
ing rate, and the hollow cone nozzle with an early injection of the compression stroke
achieved the most homogenous mixtures. With a late injection, jet-piston interactions and
wall-impingement have a high importance on the mixture formation. This thesis evaluates
only free jet development, and thus it simulates conditions of early injection case.

The pressure is the driving force of fluid flows in injectors. In modern DI engines, the indi-
vidual injectors connect to a common rail, which acts as a high-pressure reservoir for the
injectors, and it balances the pressure pulsations caused by injections [26]. The injection
occurs when the injection valve opens electronically with piezoelectric or solenoid needle
operation. As the injection fluid flows through the nozzle, the common rail supplies the in-
jector with fresh fuel to keep the injection pressure, which ensures stable, efficient, and as
constant as possible fluid flow.

Edgington-Mitchell et al. [36] defined that jet issuing from a nozzle at a higher pressure
than the ambient the jet is underexpanded. On the other hand, Scarcelli [22] proposed that
underexpanded jets occur when the ratio of injection pressure and chamber pressure ex-
ceeds the critical value of 1,889. Then the flow is choked, and the mass flow rate is de-
pending only on the upstream conditions. The produced jet is composed of a series of
shock and expansion structures, and as the pressure of the injected fluid is higher than the
ambient, it expands. Petersen and Ghandhi [8] have performed experiments with a similar
test setup using hydrogen as the injection fluid.  They did find out that that jet tip penetra-
tion rate increases with injection pressure while chamber density increase has an opposite
impact.  The shock barrel length seemed to increase with nozzle exit pressure ratio. In en-
gine conditions, the jet penetration depth is affected by the difference of the jet speed and
the airflow speed in the chamber [10]. The pressure ratio defines the jet speed, and the air-
flow speed is a result of the piston movement. In the spray chamber, the air is stationary,
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but the density of the chamber gas can be varied to investigate the variation of the penetra-
tion depth. In the DI, the mixing behavior of the fuel jet plays an important role, as the fuel
has less time to mix with air than in the PFI. In the field of fluid dynamics is known that
turbulence enhances mixing. Yu et al. [37] presented that fuel injection pressure has a
strong influence on the jet structure and the turbulence formation, and especially highly un-
derexpanded jets have excellent mixing properties. The mixing is not only dependent on
Kelvin-Helmholtz instability induced shear layer mixing, but it also has shock-induced
mixing inside the jet potential core. Scarcelli et al. found out that multihole injectors are
more challenging to model than single hole injector and proposed that it is due to unknown
jet-to-jet interactions in the underexpanded region [22]. Similar inner interactions may af-
fect also the jet penetration of the hollow cone jet.

With underexpanded jets, there is an assumption of sonic flow through the nozzle (Mach
number is 1, M = 1). After the fluid exits the nozzle, it expands and forms ‘barrel shock’
and accelerates to supersonic velocities (M > 1). Between the barrel shock and the jet
boundary is a region of lower, but supersonic velocities where the jet expands, and the ex-
pansion waves reflect as compression waves. After the barrel shock in the jet issuing direc-
tion is a Mach disk, where the jet velocity decrease to subsonic (M <1). These shock struc-
tures come after each other until they finally cease, and the jet becomes turbulent. This bar-
rel shock structure is present in steady-state jets, and with transient jets, it forms some time
after the start of injection (ASOI) [38]. The model of Turner presents principles for the
transient jet so that it consists of an initial development region followed by a steady-state
region, and at the tip of the jet is a spherical vortex which is continuously fed by momen-
tum from the steady-state region [39].

For transient jets, the far-field seems to have only two meaningful length scales, total width
W and penetration length Zt. When the injection duration is long enough, even for highly
underexpanded jets, for round hole nozzles a transient jet penetration constant Г and Equa-
tion (1) are applicable. [39]

𝑍𝑡 = Г 
𝑀
𝜌𝑐

1
4

𝑡
1
2

(1)

Where, 𝑀 is the nozzle exit momentum flowrate, 𝜌𝑐 is chamber gas density, and t is the
time ASOI. Thus, it is evident from Equation (1) that the jet penetration rate is a function
of momentum injection rate, chamber density, and the square root of time, not injection
pressure. Ouelette and Hill [39] found out that adjacent wall, like cylinder wall, did retard
the jet penetration. As the hollow cone nozzle does not produce a similar round jet, it is ex-
pected that in the experiments the jet penetration is retarded. Also, Equation (1) has square
root dependency in time, but Künsch [40] proposed 0.8 power of law dependency in time
for the from hollow cone jet. For the constant Г a value 3,0 ± 0,1 is proposed [39]. Johan-
sen et al. [9] observed in their experiments that Г is proportional to the pressure ratio be-
tween injection and chamber and that it is below 3. The absolute value of the constant in
their paper might have an error due to uncertainty in momentum flux estimation.

Equation (2) shows the ratio of jet total width W and penetration Zt, which seems to be ap-
proaching constant values for underexpanded transient jets.  [39]
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𝑠 =
𝑊
𝑍𝑡

(2)

When s is constant, the jet is said to be self-similar, and round free transient jet exhibits
self-similar configuration after the jet tip has penetrated 10-15 nozzle diameters. The value
for s is then approximately 0,25 ± 0,05. [39]

1.4.2 Optical diagnostics
Schlieren technique was selected as the optical diagnostic method because it is a nonintru-
sive method that does not utilize any tracer substances which could distort the results. As
helium is a very light gas, tracer substances could have a significant impact on jet behav-
ior. Schlieren technique has also some limitations, as it integrates the density gradients
along the optical path, so it does not yield internal properties of the jet [41], because
Schlieren projects the line-of-sight to the camera [42].  Schlieren images yield qualitative
information of the jet, and quantitative data, like jet penetration, width, and area, can also
be obtained from the images.

Schlieren technique detects optical inhomogeneities caused by density variations in trans-
parent media. In gases, those density variations may occur due to temperature, pressure and
composition gradients. The speed of light varies due to density variations, similarly than
with optical lenses, but with weaker effect. Equation (3) is a formula for the refractive in-
dex, which is the ratio of the speed of light in a vacuum (c0) and a specific medium (c).
[42]

𝑛 =
𝑐0
𝑐

(3)

Gases have different refractive indexes (n), and depends on the density, as Equation (4)
presents [42]:

𝑛 − 1 = 𝑘 𝜌 (4)

Where k is the Gladstone-Dale coefficient, which is depending on the gas, and 𝜌 is the den-
sity of the gas. In practice, n has little variance between common gases, as the changes are
occurring in third or fourth decimal. However, these small differences do bend the light
rays enough to produce the Schlieren effect. In twodimensional Schlieren the angular ray
deflection (𝜀𝑥 , 𝜀𝑦) is [42]:

𝜀𝑥 =
𝐿
𝑛0
𝜕𝑛
𝜕𝑥 , 𝜀𝑦 =

𝐿
𝑛0
𝜕𝑛
𝜕𝑦

(5)

Where L is the extent along the optical axis, n0 is the refractive index of the surrounding
medium and 𝜕𝑛

𝜕𝑦
, 𝜕𝑛
𝜕𝑥

  are gradients of refractive index. Schlieren images indicate these gra-
dients, which are perpendicular to the optical axis and the orientation of the knife-edge. If
the knife-edge is horizontal, vertical gradients are visible in the imaging plane and vice
versa. The gradient 𝜕𝑛

𝜕𝑧
 is not indicated in the twodimensional Schlieren setup of this thesis,

as it is parallel to the optical axis. [42]
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The optical setup is rather conventional, z-type Schlieren. It includes a point light source,
two parabolic field mirrors (one to collimate and one to focus the light beam), spray cham-
ber with quartz windows, a knife-edge, and a high-speed camera. Auxiliary electronics are
to trigger the camera and the injector simultaneously, and a computer to operate and post-
process data. Section 2.3 describes the optical setup throughout.

The geometrical and optical characteristics of the system define the sensitivity (S) of a
Schlieren system, and its formula is in Equation (6). f2 is the focal length of the second fo-
cusing field mirror (762 mm), and a is the width of the cutoff image in the Schlieren cutoff
plane. b is the width of the image without cutoff. [42]

𝑆 =
𝑓2
𝑎 =

𝑓2
𝑏 1 − (% 𝑐𝑢𝑡𝑜𝑓𝑓)

100

(6)

Coma is an aberration of an optical system, which uses on-axis optics tilted to off-axis. In
short, a comatic optical system produces a line into the image plane, from a point line
source. Using identical mirrors in z-type, Schlieren gets rid of coma because coma pro-
duced by the first mirror is canceled out by the other mirror if they have the same tilt angle.
The mirrors of this thesis were not similar due to time and delivery restrictions, but coma
was kept as minimal as possible. Astigmatism is another aberration of an off-axis optical
system, but unlike coma, it is always there. In astigmatism, sagittal (horizontal) and tan-
gential (vertical) focus are not in the same place in the image plane, and they are separated
by a distance ∆𝑓. To locate the knife-edge on the focus of the correct orientation, the effect
of astigmatism is minimal. [42]

Equation (6) shows that the sensitivity of the Schlieren system increases as the focal length
of the second field mirror increases, and the size of the image on the focal plane decreases.
The focal length selection is affected by the dimensions of the workspace and the econom-
ics of the project: the available space limits the focal length, and the prizes of the mirrors
increase as the size and focal length increase. Usually every Schlieren setup is an individ-
ual design. The mirrors must also cover the whole investigated area, which also sets
boundaries for the design. The grade and quality of the focusing mirror determine the im-
age size b, and for example, spherical and parabolic mirrors have differences. Figure 1-1
shows a schematic of the focusing of spherical (left) and parabolic mirrors (right). The
schematic is not in scale, but it illustrates the difference between the focusing points of the
two different mirrors and the spherical aberration of the spherical mirror. It explains why
parabolic mirrors are better than spherical mirrors in Schlieren systems: they can focus the
light beam into a small spot, whereas spherical shapes have spherical aberrations which
lead to inaccurate focusing. The curved surface of a spherical mirror is an arc of a circle,
whereas the parabolic mirror has the shape of a parabola on the surface. The placement of
the Schlieren cutoff is more comfortable with minimal spherical aberration.



12

Figure 1-1 Focus of a spherical mirror (left) and a parabolic mirror (right)

a, or %-cutoff, is determined by the positioning of the knife-edge, and thus it has great im-
portance. Equation (6) shows that if more light is blocked, the Schlieren image sensitivity
is better. Jonassen et al. [43] compared Schlieren images with different cutoff-%, and they
observed that the sensitivity is increased with greater cutoff, as it should be. However, with
the highest cutoffs, above 70 %, the smallest flow structures were not visible, which is not
always desirable. Thus, the selection of the amount of cutoff is a tradeoff between the sen-
sitivity and the quality. The placement of the knife-edge is also dependent on the individ-
ual Schlieren system, and the decision depends on the desired results. For example, if the
large-scale geometries of the jet, like penetration and width, are under investigation, the
sensitivity should be highest and thus the cutoff as large as it can be with enough light
passing to the imaging plane. [42]

In Schlieren, the light source should be point-like. Thus, some of the light is cut by a slit,
which is in front of the light source. The size of the slit is not so crucial in Schlieren, as it
is with a similar Shadowgraph technique. The width of the slit affects the measuring range
of the Schlieren system, which corresponds to the maximum observable deflection angles.
The size of the slit defines the size of the Schlieren image on the focal plane of the second
field mirror. With a slightly bigger Schlieren image, the cutoff is more comfortable to ad-
just, and for example, with 1 mm slit, the knife-edge adjustment can be difficult. The shape
of the slit should correspond to the shape of the one edge of the cutoff. When there is a
horizontal knife-edge, the slit should also have a horizontal edge on the same side as the
cutoff. The usage of the spherical slit-cutoff system is also plausible, and it could also re-
vile both horizontal and vertical gradients, but the adjustment and estimation of the amount
of cutoff are more complicated. However, a spherical slit and straight knife-edge was the
best combination for the setup of this thesis, even though they do not have the same shape.
[42]

High-speed imaging is required when imaging flows, as the time scales of fluid dynamical
effects are short. Camera exposure time is a time when the camera shutter is open, and it is
collecting photons. When the exposure time increases, particles of the flow are moving fur-
ther, and blur increases. On the other hand, with too short exposure times, too few photons
are collected, making the images dark with low contrasts. According to Settles [44], LEDs
are behaving well down to 100 ns repeatably pulsed operation, and they are the best and
cheapest option to do that. In the experiments, constant illumination yielded good results.
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The camera exposure time is strongly affecting the image quality and maximum velocity
when using continuous light-sources, such as arc-lamps. Continuous light sources are often
required to provide adequate lighting when the exposure time decreases. Pulsed light
sources, such as lasers and LEDs, enable short duration and high-intensity pulses and mak-
ing the exposure time independent of the camera shutter if the camera timing is longer than
the light pulse. Light-source size, shape, and brightness affect the image quality, and espe-
cially brightness defines the minimum discernible contrast in the system. With shorter
pulses, LEDs can produce higher intensities of the light. Wilson et al. [45] performed high-
speed Schlieren experiments, where they compared image quality (Signal to Noise Ratio,
SNR) of continuous illumination (High-intensity discharge lamp, HID) and pulsed illumi-
nation (LED), and also different camera exposure times. They concluded that their custom
LED system that provided pulsed illumination and shorter exposure time (1 μs) outper-
formed the continuous illumination and longer exposure time (10 μs) in capturing fast-
moving flow structures like shock and compression waves. However, opposite conclusions
were with slower events, such as the jet shear layer. With the knife-edge positioning, they
could also determine the minimum apparent density gradients.  [45]

As the reduction of exposure time decreases, the blur of images and the knife-edge cutoff
increases the Schlieren sensitivity, using a high-intensity light source is advisable. Also,
due to unwanted reflections and absorptions of the mirrors and windows, the slit and leak-
ing of the light, high-intensity illumination is preferable.

1.4.3 Convection velocity measurements
When imaging liquid flows or flows containing solid particles, Particle Image Velocimetry
(PIV) is a method to measure the velocity field of the flow from images, and there are
commercial software and codes for that procedure. PIV also works for gas flows, and in
some cases, it is done by adding tracer particles to the flow and thus using the same proce-
dure. As the Schlieren method is nonintrusive, the velocity field measurement ought to be
also similar. As gases do not have particles or dense droplets, large flow structures, eddies
could be used as tracer ‘particles’. This thesis does not include convection velocity meas-
urements, but for future work, below is a potential procedure to make those.

Framing rate is a basic setup of the imaging system when making PIV for gases. With too
high framing rate, the structure of the flow changes, and the eddy tracking may be compli-
cated, which is especially tricky for high-speed compressible flows, like hydrogen injec-
tions. First, one identifies a flow structure in the first image, and then an automated cross-
correlation procedure tracks that same structure from the following image. The travel dis-
tance of the structure between consecutive images is related to the known time delay of the
images. Flows have several eddies to calculate the velocity field for the entire flow. Smith
and Dutton [46] presented a procedure to measure convection velocities. First, they used
grayscale histogram stretching for the images to make the contrast clearer and more com-
parable. Then they used a cross-correlation algorithm to track down the displacement of
the eddies between images. A peak in the cross-correlation function identifies the eddy of
the initial image from the delayed image. The velocity of the eddy calculates with the
known time delay and the measured displacement from the cross-correlation function. This
method is called a pattern-matching algorithm, which employs cross-correlation. [46]
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2 Experimental setup and conditions
2.1 Gas injector
This thesis uses a hollow cone piezoelectric injector. Siemens VDO Automotive manufac-
tures it, and it is a commercial gasoline direct injection (GDI) injector, which uses rail
pressures up to 200 bar.  A similar injector was used earlier in the same laboratory in an-
other Master’s Thesis by Zaira Künsch [40]. In the Figure 2-1 can be seen a schematic im-
age of the injector tip, which is not in scale and it is only a representative illustration. Im-
portant geometric values are the injector inner diameter d, the needle lift hn and the diame-
ter of the needle hole h, that are used to calculate the nozzle exit area. An estimation of the
nozzle exit area and more detailed geometry of the injector is presented by Künsch [40]:

𝐴𝑛 ≈ 𝜋𝑑ℎ (7)

d of the injector is 3,44 mm. The h can be calculated from the geometry of the injector and
with the known needle lift. hn is 24 μm, so h is 16,3 μm, and thus An is 0,177 mm2.

Figure 2-1 Schematic of the injector tip

Basically, there are two options for injector drive: a solenoid and or a piezo stack. The first
mentioned is an inductive load, as the magnetic field of a solenoid operates the needle
opening. The latter is operating by the inverse piezoelectric effect, and electrically it acts as
a capacitive load. As the injector of this thesis is a piezoelectric injector, below is its de-
scription.

A hollow cone piezoelectric injector has an outwards opening poppet type needle, and a
stack of hundreds of piezoelectric ceramic layers actuates it. Between those layers are me-
tallic electrodes, which connect to the driver module, which is a voltage source. A sche-
matic of the piezoelectric stack is in Figure 2-2. Those layers are composed of piezoelec-
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tric materials, which expand when applied with an electrical charge, and it is called an in-
verse piezoelectric effect. In the hollow cone injector, the stack connects to the needle, and
as it expands, the needle moves outwards and opens the nozzle.

Figure 2-2 Piezo stack

The piezo stack acts electrically as a capacitor. At first, charging is done with the current
into the stack to reach a specific voltage level, and after the needle opening time, the stack
discharges with opposite current [47]. The voltage applied to the stack is directly propor-
tional to the needle lift (hn), so with higher voltage, the needle opens more. The shape of
the applied current varies the velocity of the opening and closing of the needle. If the shape
is narrow, the current and the velocity are higher [48]. The charge and discharge current is
limited by the material, and it must not be too high to avoid damages [47].

The advantages of piezoelectric hollow cone injectors are that the operation of it can be ad-
justed very accurately, and one injector can have multiple injections per cycle. Thus, there
is variability in the engine operation and ability to optimize the mixture formation [40, 48].
Compared to solenoid injectors, piezo injectors have more accurate and faster injections
due to greater force and response times.  Also, higher forces of a piezo injector enable
higher rail and injection pressures [49]. Faster response times can be explained by the
quick mechanical response of the piezo stack compared to the solenoid. The faster re-
sponse time leads to more accurate injected fuel quantity because metering is accurate
when the needle is fully opened [47].

The needle is opening outwards in a hollow cone injector. The fuel travels through the
space between the needle and its seat. The needle tip forms a bluff body, and the gas flows
past it, resulting in a hollow cone jet. It is a common injector type in GDI engines [50], and
this thesis uses a commercial injector. One of the goals of this study is to investigate the
applicability of a GDI injector for helium. Drivven CompactRIO DI Driver Module was
used to drive and trigger the piezo injector.  LabView FPGA (Field Programmable Gate
Array) card and RT (Real-Time) controller controlled the driver channels, and one operates
them via LabVIEW software. The injection duration was the module maximum of 5 ms
and mode OneShot. As the injector was triggered, a trigger signal was also given for the
camera to obtain correctly timed images. The LED light source was at constant illumina-
tion mode, which proved to work for the experiments, and it did not require triggering.

Figure 2-3 shows the IPhase Array, which defines the current profile of the charging (first
four) and discharging (last four) of the piezo stack of the injector. The current profile was
rectangular, which should produce rather constant charging. The IPhase Array was directly
obtained from the manual of the module [47] because the piezo injector drive was not in
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the scope of this thesis. The currents were also at a rather moderate level, not to break the
piezo stack, which could occur due to too fast charging.

Figure 2-3 IPhase Array configuration to operate the piezo injector

Figure 2-4 shows an oscilloscope display of the injector operation. In the x-axis is the time
of the injection signal, which is about 5 ms, and in the y-axis is a voltage of signal divided
by 100, so it is 100 V. Künsch [40] provided information of the relationship of the needle
opening and charge voltage, and 100 V produces approximately 24 μm needle lift (hn). The
charge signal of the piezo stack is steep and fast, but the opening of the injector needle is
also affected by the mechanical properties of the injector, which are not known.

Figure 2-4 Oscilloscope display of the injector operation

2.2 Constant volume chamber
Figure 2-5 shows the constant volume spray chamber of this thesis, which could withstand
pressures up to 35 bars. On the same horizontal orientation, it has three optical access’ and
one location for the injector, which is on the left side of the chamber. A plate blocks the ac-
cess opposite the injector, and the two accesses perpendicular to the injector had 55 mm
thick quartz windows mounted. The mirror mounts had gas line connections, and the one in
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Figure 2-7 supplied the chamber gas, and the one in n Figure 2-5 was blocked. The nitro-
gen bottle stack on the backside was the source of the chamber gas. Two connections were
available to flush liquid fuel from the windows, but as the injection fluid was gas, the con-
nections were used only to supply chamber gas.  An exhaust connection controls, with the
nitrogen regulator, and releases chamber pressure, and it is below the injector on the left
side of the chamber in Figure 2-5. Temperature and pressure sensors are on the top side of
the chamber, and they were used to monitor the experimental conditions. Gas and electrical
connections are presented schematically in Figure 2-8.

Figure 2-5 Constant volume chamber

2.3 Optical system
Figure 2-6 demonstrates schematically a conventional z-type Schlieren with two parabolic
field mirrors, which was used in this thesis. Figure 2-5 and Figure 2-7 presents both sides
of the real setup. A point light source with constant illumination is a high-power LED with
adjustable round aperture, i.e., slit. The generated light beam is collimated with a parabolic
concave mirror to pass through the constant volume spray chamber, where the helium jet
is, and its quartz windows. Then the light beam is focused by a parabolic concave mirror to
a high-speed camera Phantom v2012. In front of the camera lens is a horizontal knife-edge
to cut the refracted light beams. This arrangement was selected because it is easy to imple-
ment, and its post-process is rather simple. Mirrors also have fewer distortions than lenses,
because light interacts only with one surface of a mirror.
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Figure 2-6 Schematic of the Schlieren setup

The point light-source consists of a high-power monochromatic (green) LED spotlight,
which used 70 W electrical power at full intensity. The LED intensity was approximately
30% of the maximum, which is about 21 W of electrical power of the LED [51]. Appendix
1 shows a graph of the dimming control of the LED, which is adopted from the datasheet
of the LED [51]. With higher intensities, the images saturated at some locations, which de-
creased the image quality. Next, to generate a parallel light beam through the investigated
field, it is essential to have a point-like light source. The LED had 47 mm aperture, and an
adjustable spherical slit was in front of the LED to reduce it. There could have been some
focusing lenses before the slit, but it this setup was good enough with simpler settings. The
slit had approximately a 3 mm diameter. Monochromatic LED was selected because it
lacks chromatic aberrations.

The aperture faced the first parabolic field mirror (f/4, F = 609,6 mm) at the focal length of
it. The mirror was at off-axis, to generate a parallel light beam through the spray chamber.
In the spray chamber, the spray refracts the light beam, which generates the Schlieren ef-
fect. On the other side of the chamber, the second parabolic field mirror (f/5, F = 762 mm)
was to concentrate the beam into the lens of the camera. Off-axis parabolic mirrors would
have had fewer aberrations. However, in general, on-axis parabolic mirrors are sufficient in
z-type Schlieren, and they are often much cheaper, and they are available with various di-
mensions. At the focal length of the second mirror was a knife-edge to partly block the
light beam, which eventually generates the Schlieren image, the knife-edge cutoff was ap-
proximately 60 %. Before the digital imaging era, a lens system was located after the
knife-edge to focus the light beam on the camera. However, in this thesis, the objective of
the camera was enough to gather the beam. However, the camera lens did not have an ad-
justable focal length, and to find the correct location where the camera focused on the
spray the z stretched to have rather big tilt angles. It generated astigmatism, so the knife-
edge had to be positioned on the sagittal focus.

As said by Settles [42], one should avoid windows in the optical path of a Schlieren sys-
tem, which proved to be a piece of good advice also in this thesis. However, as this thesis
also had higher chamber pressure, it was impossible not to use windows. Borosilicate and
quartz windows were available, and a brief comparison favored quartz windows. Window
addition reduced the image quality, but with background subtraction, the post-processing
yielded good results, and there was no need to purchase higher-grade windows.

An ultra-high-speed camera Phantom v2012 captured the jet images. The exposure time of
the camera was 10 μs because jet geometry was in focus. The frame rate was 34000, and it
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reduced the resolution to 768x768. The injection time was 5 ms, and the SOI was deter-
mined qualitatively from the images when detecting the gas flow. The background subtrac-
tion used six frames before the SOI. Although the injection should have ended after 170
frames (5 ms), there could be seen some gas flow after 172 frames (5,06 ms), which could
be explained by the inertia of the injector needle. The first experimental setpoints saved
172 (+ 6 background) frames, but it extended to 206 frames in the later setpoints. The re-
sults section includes indications of the end of injection, and it was 5 ms after the first
frame when first observing gas flow.

Figure 2-7 Optical system

2.4 Control system
Figure 2-8 shows a schematic illustration of the injection and chamber gas distribution sys-
tem. The injection gas line is blue, and it starts from the high-pressure helium tank, a 200
bar bottle. Next was a pressure regulator and a pressure sensor, and with those, one manu-
ally adjusted and monitored the injection pressure. Then, a single 3-meter hose connected
the regulator and the injector. It was assumed to be enough to keep the Pi during the injec-
tions, which a GT-power model simulated. Section 3.1 presents the results of the simula-
tion. The chamber gas supply is green, and it begins from the nitrogen gas tank, which was
a stack of bottles. A similar regulator connects to the bottle stack, and a hose connected it
to the chamber. A needle valve was at the nitrogen line before the chamber. The exhaust
line is black, and its primary function was to release extra pressure from the chamber. It
consists of three manually adjusted valves: a spring relief valve, which is to relieve pres-
sure when reaching the chamber maximum; a shut-off valve, which is to empty the cham-
ber; and a regulating spring valve, which regulates the chamber pressure with the gas sup-
ply. The measurement devices are red. They include two pressure sensors, a temperature
sensor, the camera, and a computer to capture and monitor the information. The injector
drive, which also triggers the camera, is yellow.
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Figure 2-8 Schematic of the injection and chamber gas distribution system

2.5 Operating conditions
Table 2 shows the experimental setpoints and the measured variable values for each of
them. Chamber temperature, pressure, and injection pressure are measured values, chamber
density is calculated from ideal gas law, pressure ratio (𝜋) is the ratio of measured injection
and chamber pressures. Injection densities (helium) are adopted from Carty [52] using lin-
ear interpolation. Nozzle density is based on calculations of the following section and 𝜌𝑟 is
the ratio on nozzle density and chamber density, as presented in Equation (11). All set-
points had ten repetitions.

Table 2 Experimental setpoints and variable values

Measure-
ment
Point

Chamber
Tempera-
ture [℃]

Injection
pressure
[Bar]

Chamber
pressure
[Bar]

Chamber
density
[kg/m3]

𝝅 Nozzle
density
[kg/m3]

𝝆𝒓

T08 22,1 41,0 1,02 1,20 40,3 3,21 2,68
T09 22,4 60,8 1,02 1,20 59,7 4,62 3,86
T10 22,5 81,0 1,03 1,21 78,5 6,16 5,08
T11 22,6 101 1,03 1,20 98,4 7,57 6,28
T12 23,1 53,5 36,1 41,0 1,48 4,10 0,10
T13 23,1 71,0 36,1 41,0 1,97 5,43 0,13
T14 23,0 88,5 36,1 41,0 2,45 6,68 0,16
T15 22,1 51,0 21,0 23,9 2,43 3,95 0,17
T16 22,0 60,8 21,0 23,9 2,90 4,62 0,19
T17 22,2 81,0 20,9 23,8 3,88 6,16 0,26
T18 22,5 40,9 11,0 12,6 3,71 3,13 0,25
T19 22,5 60,9 10,9 12,5 5,56 4,62 0,37
T20 22,6 101 10,9 12,5 9,23 7,57 0,61
T21 = T18 23,1 40,0 10,0 11,3 4,01 3,13 0,28
T22 = T15 23,1 50,2 19,8 22,5 2,54 3,90 0,17
T23 = T17 23,3 80,2 19,9 22,6 4,03 6,09 0,27
T24 = T14 23,5 87,5 34,9 39,6 2,51 6,61 0,17
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The results section divides the setpoints with changing properties of Table 2 and evaluates
the effects. The first four test points (T08 – T11) were at atmospheric pressure with in-
creasing Pi and π, and they are ‘Very high π’ -cases. The following points (T12 – T20) had
increasing π. The first three of them had high Pc (‘Low π’), the next three had moderate Pc

(‘Moderate π’), and the last three had low Pc (‘High π’). For points T14 – T15 (𝜋 ≈ 2,5)
and T17 – T18 (𝜋 ≈ 4) pressure ratios were overlapping to see if they acted similarly.
Those constant pressure ratio cases had remake cases because, in the first set of experi-
ments, one did not consider the absolute pressures, and the ratios were not constant. In the
postprocessing, the old as well the remake cases were evaluated, and they are ‘Constant π’
-cases consisting of 𝜋 ≈ 2,5 (T14, T15, T22 and T24), and 𝜋 ≈ 4 (T17, T18, T21 and T23).
The points T09, T16, and T19 were selected because they had constant injection pressure
(~61 bar), and they indicate the chamber pressure effect on the results.

2.6 Gas properties
2.6.1 Helium and hydrogen
Helium is the second element in the periodic table, after hydrogen, and it has an atomic
weight of 4,003 which is also the second lowest. Its atomic size is smallest among all ele-
ments, and it has also the lowest boiling and melting points. As it is non-toxic, inert mona-
tomic gas, and as part of the noble gas group it is a safe and nonreacting choice to initiate
the hydrogen jet studies. Leak detection of gas systems is also often done with helium be-
cause of its small atomic size, so it penetrates through small cracks. Helium has extremely
low boiling point (4,2 K) and critical point (5,195 K; 2,27 bar), so at atmospheric condi-
tions it is in gas phase. To liquify it must be cooled down to near absolute zero tempera-
tures. It is the closest relative of hydrogen with physical, but not with chemical properties.
[53]

The critical point of (para)hydrogen is 32,95 K and 12,9 bar. The thermodynamic proper-
ties of both hydrogen and helium were taken as real gas properties, because they are both
at supercritical state at the pressures and temperatures of this thesis. Hydrogen is a very re-
active gas as its flammability limits are wide and minimum ignition energy low, as dis-
cussed in section 1.2.2. The hydrogen molecule is also small, so it can penetrate through
cracks and even substances, which make it a relatively hazardous substance to handle. For
example, in the case of leakage, even a small amount of hydrogen can easily ignite from an
electrical device. Others have used helium in similar experiments elsewhere, and results
with it are sufficient [8, 9]. The aim is to test hydrogen jets with this setup. However, the
measurements at this thesis were made with helium to test the performance of the injection
and imaging systems to get useful results without safety concerns.

2.6.2 Injection properties
It is assumed that the flow in the connector hose, the injector, and through the nozzle is is-
entropic and one-dimensional, for convenience. Stagnation properties of flow are those
properties that the flow as if it slows down to rest isentropically. This thesis assumes that
the ambient temperature and injection pressure are stagnation properties. The injector is
theoretically a convergent nozzle, and schematically it is depicted in Figure 2-9. As the π is
high enough (about 2), the flow-through nozzle becomes choked, which indicates that the
flow is sonic, and a further increase in π generates supersonic flow outside, but the nozzle
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conditions remain the same. Thus, for underexpanded jets, unity Mach number at the noz-
zle exit is assumed. [54]

Figure 2-9 Schematic of a convergent nozzle, adopted from Kundu and Cohen [54] p. 742

One can calculate the flow temperature at the nozzle exit plane Tn from the stagnation tem-
perature 𝑇0 (which is assumed to be same as the room temperature), the ratio of specific
heats 𝛾 (1,4 for hydrogen; 1,66 for helium), and Mach number M at the nozzle exit, follow-
ingly (48):

𝑇0
𝑇𝑛

= 1 +
𝛾 − 1

2 𝑀2 (8)

The density at the nozzle exit plane is (48):

𝜌0
𝜌𝑛

=
𝑇0
𝑇𝑛

𝛾
𝛾−1 (9)

Where p0 is stagnation pressure. Furthermore, the momentum flow rate can be calculated
followingly [39]:

𝑀 = 𝜌𝑛𝐴𝑛𝑈𝑛2 (10)

Where, 𝜌𝑛 is the gas density at the nozzle, An is the nozzle area, and Un is the flow velocity
at the nozzle, which is sonic. The density values of helium are real gas densities, and they
are interpolated from tabulated values of Carty [52].

Equation (1) was further modified to a form, which is easier to implement:

𝑍𝑡 = Г(
𝜌𝑛
𝜌𝑐
𝜋𝑑ℎ)

1
4(𝑈𝑛𝑡)

1
2 (11)

Equation (11) shows that all other variables are constants between individual cases, expect
the density ratio 𝜌𝑛

𝜌𝑐
 (and Un when the jet is not underexpanded). Figure 2-10 shows the ana-

lytical penetration calculated with the calculations and assumptions mentioned above and
the setpoints of the experiments. Later sections evaluate its applicability and correctness.
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Figure 2-10 Penetration of the analytical solution

In an engine, cylinder air is moving due to the piston movement. However, in the experi-
ments of this thesis, helium was injected into a quiescent chamber gas, to provide some ini-
tial information of gas jets. The chamber gas properties, i.e., composition, temperature, and
pressure, are selected to simulate the cylinder properties. Nitrogen is used as the chamber
gas because it is inert and thus a safe selection compared to air, and it was available pres-
surized. Temperature is the ambient, approximately 22 ℃, and a sensor was installed inside
the chamber to monitor it. Pc is the property that can be varied, but as can be seen from
equation (1), density is the chamber gas property that is affecting the jet penetration. Thus,
chamber gas density was selected to match SI cylinder density at three setpoints. The fol-
lowing thermodynamic properties are calculated based on guidelines presented by Hey-
wood [24] pp. 127-128, and they are applicable for the SI engine. The compression ratio is
10 and temperature before compression stroke at BDC to 350 K. The density without (1
Bar) and with (1,7 Bar) turbocharger increases through the compression stroke from 1 to
10 kg/m3, and 1,7 to 17 kg/m3, respectively. With the above-mentioned spray chamber
properties, densities are 10 to 17 kg/m3 with pressures ranging from 8 to 15 bar. The Pc sets
the pressure and density ratios with the injection pressure. Low Pc achieves high ratios and
high Pc low ratios.

As the density ratio is the driving force of gas jet and it is different with different gases,
Table 3 shows the helium [52] and hydrogen [55] real gas densities for each setpoint. To
be precise the density at the nozzle exit is not same as the injection density, but the injec-
tion densities give a hint about the difference between the helium and hydrogen jet penetra-
tions. The last column relieves that helium density is about double to hydrogen densities,
so as the penetration has ¼-power-law dependency on the density ratio, helium should
have approximately 21/4 (≈1,19) times higher penetration.
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Table 3 Helium and hydrogen densities for each experimental setpoint
Measurement
Point

Injection pres-
sure [Bar]

Injection den-
sity helium
[kg/m3]

Injection den-
sity hydrogen
[kg/m3]

Ratio

T08 41,0 6,57 3,30 1,99
T09 60,8 9,68 4,85 2,00
T10 81,0 12,7 6,36 2,00
T11 101 15,7 7,87 1,99
T12 53,5 8,60 4,32 1,99
T13 71,0 11,2 5,60 2,00
T14 88,5 13,9 6,96 2,00
T15 51,0 8,13 4,10 1,98
T16 60,8 9,68 4,85 2,00
T17 81,0 12,7 6,36 2,00
T18 40,9 6,57 3,30 1,99
T19 60,9 9,68 4,85 2,00
T20 101 15,7 7,87 1,99
T21 = T18 40,0 6,41 3,22 1,99
T22 = T15 50,2 7,98 4,02 1,99
T23 = T17 80,2 12,6 6,28 2,01
T24 = T14 87,5 13,8 6,89 2,00
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3 Methodology and image post-processing
3.1 System optimization (GT-power simulation)

GT-power is a multi-physics simulation software, which, e.g., models fluid flows in the en-
gine environment. A simplified model simulates the injection system to verify the applica-
bility of the system. The main goal was to ensure a stable mass flow through the injector
nozzle. In the experiments helium was injected, but as hydrogen is the ultimate goal, the GT-
power model simulates hydrogen. Thus, in this section, term injection gas is used to avoid
confusion, and it refers to helium in the experimental setup and hydrogen in the GT-power
simulation. The effect of adding a balancing tank, which compensates pressure drop and
smoothens pressure fluctuations, which are caused by the injection, is evaluated. A pressure
difference is the driving force of the injection, and thus it should be stable. Ultimately the
most important result of the simulation is the mass flow rate through the injector nozzle and
its stability. Figure 3-1 shows a schematic image of the simulated injection system. The sim-
ulation included an injection gas source (hydrogen tank), a pressure regulator, a balancing
tank, an injector, a spray chamber, and hoses connecting the components.

Figure 3-1 Schematic of the injection system with a balancing tank

Figure 3-2 shows the GT-power model of the injection system. EndEnvironment template
models the gas source. PipeRound template connects it to the pressure regulator, but in the
setup, the regulator connects directly to the bottle. ValveCheckSimpleConn template is a
simplified model of the regulator, which does not represent the regulator mechanically, but
it acts similarly. It adjusts the pressure of the injection gas to the injection pressure (100 bar)
and feeds gas to stabilize the pressure in the latter parts as gas is injected. The time constant
of the valve was set to relatively high value, to make the regulator act more slowly than the
injector. The following three parts represent the hoses and balancing tank between the regu-
lator and the injector, and PipeRound templates model them. The hoses are simplified to be
smooth and straight, and interest is at the diameters and length of this section. Different cases
investigate the length and the addition of the balancing tank. The hoses had a constant 4 mm
diameter. Next, was a massively simplified model of the injector, and it is much more com-
plicated. The model consisted of an injector pipe with PipeRound -template, and its dimen-
sion were approximations from the technical images. A simple round hole configuration
models the nozzle, which had the same area as the physical nozzle. With the signal generator,
sets and varies the opening time of the nozzle. On the right-hand side are the parts represent-
ing the spray chamber and atmosphere.
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Figure 3-2 GT-power model of the injection system

Figure 3-3 shows the mass flow rates through the nozzle in four different cases. There was
the same injection (100 bar) and chamber (1 bar) pressures in all cases. The sections before
the injector were the difference. In the “Base” case is a 1 m long hose between the injector
and the regulator. In the “Long Pipe” case, the length of the hose is double, 2 meters.  The
“With Tank” case had a balancing tank with 0,4 liters volume attached in the middle of the
hoses. The last case had a bigger tank with 1,6 liters volume. In all the cases, there is fluctu-
ation in the injection rate, but the variation is minor and about 0 – 10 percent. The most
stable injection was with the Long Pipe case.

Figure 3-3 Mass flow rates in GT-power simulation with different cases

3.2 Image post-processing
In this section, image postprocessing procedures are gone through and explained with error
analysis. Ready-made Matlab code, which was modified to work with the file format of the
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camera and to yield desired quantities, made the data processing and analysis. The com-
plete code can be seen in the Appendix 2.1.

First, the code reads the images and transforms them into a processable form along with
external data, such as frame rates and the number of frames. As the pixel value increases
from left to right, the images were mirrored, to get the direction of the penetration towards
increasing pixel value. Then the code makes a background subtraction for the individual
frames. The background was an average of five images before the SOI. Next, it takes an
absolute difference between an individual frame and the background and enhances it by
adding the absolute difference with a previous frame. Then, it assumes that there are no
holes inside the jet and fills them. In the next step, it uses a predefined threshold value to
get rid of any shadows or dim pixels, and pixels that are not part of the jet. Finally, it de-
tects the boundaries of the jet and uses the boundary pixel data to calculate the quantities of
jet geometry. The code extracts those quantities for all frames and all the repetitions. The
result section presents the averages of those quantities.

The code calculates the jet penetration from the boundary pixel data. 95% of the penetra-
tion, which is the horizontal distance between the maximum horizontal value and the
known nozzle tip, was used to avoid errors of the boundary data. The tip location in the
post-processing was horizontally at the location where the gas flow started, not in the ac-
tual tip, and vertically in the middle of the tip. This method does only calculate the hori-
zontal penetration and does not consider if the penetration is tilted, which can be seen in
the figures below. This method underestimates the penetration by about 5 – 10 %, and it is
the lower limit of the penetration. Calibration of the images was done by measuring the in-
jector tip outer diameter physically and from the images.

The maximum widths of the jet were measured with a similar method as the penetration,
using the boundary pixel location data. As the jets were tilted upwards, the shapes of the
jets were not symmetrical, so the code calculated the width for both sides, bottom, and top,
of the jet. The calculation was like with the penetration, 95 % of the vertical distance be-
tween the maximum (Bottom) or minimum (top), and the injector tip. The position of the
maximum widths was also measured to see if there are significant differences between the
top and bottom sides. The code uses the same boundary pixel location data as with the
width, but the horizontal coordinate. As there were often two locations for the 95 % width,
the code used the one closer to the jet tip. The width position data had quite many fluctua-
tions, and thus not much weight on it is given, and instead, to see if there are significant
differences.

The total width of the jet is a sum of the top and bottom widths. As 95 % was for both
sides, for the total width, it is 90,25 %. Furthermore, as the code calculated the width in the
vertical direction, and the jets were slightly tilted upwards, this total width is most likely
10-15 % lower than the correct value. The code calculated the ratio of the total width, and
the penetration to see if the jets become self-similar.

The code calculated the jet area from the binarized jet images as a sum of the pixels. The
code subtracted the pixels' outer row, and other stray pixels in the processing, so it took
100 % of the calculated area. As in Schlieren imaging, the images are integrals along the
optical path. The jet area, in this thesis, is not the same as the jet area at the centerline of
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the jet. It projects the whole jet in the present projection. The accuracy is quite high in jet
area measurements, and the error ranges somewhere between -5 % to 5 %.

All the jet images included in this thesis were printed with a slightly different code than the
code that was used to measure the jet geometry. The jet image code is presented in the Ap-
pendix 2.2. Figure 3-4 shows a comparison of the raw and processed image of the last
frame of the last repetition of the test point T20. The code captures the jet rather well, but
as can be seen the jet is in the upper part of the chamber and not symmetrical.

Figure 3-4 Raw and processed image of T20

Figure 3-5 shows the time evolution for the same jet, as in Figure 3-4. The shape of the jet
is irregular and distorted upwards, and similar behavior was found for all the cases.
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Figure 3-5 Evolution of the jet of the last repetition of the T20

Figure 3-6 shows the nozzle exit region of the same jet at 2,56 ASOI.  π for the setpoint
T20 was 9,23; so, the jet should be underexpanded, and there should be a barrel shock
structure at the exit of the nozzle. Inside the red rectangles are the near nozzle exit regions,
where the barrel shock structure should be, but it is not very well perceived. So, the optical
system may not be sensitive enough to relieve that barrel shock structure. Gerold et al. [56]
were able to relieve the shock structures by superimposing the images of individual set-
points, which should be done in the future works for qualitative analysis, but in this thesis
the results were extracted from individual repetitions and averaged. After the near nozzle
region region, the jet becomes turbulent, which is visible. The shape of the jet inside the
lower rectangle is very intriguing, because it turns about 90 °, as it first directs downwards,
but later upwards. This behavior explains why the jet is tilted upwards, and it could be
linked to buoyancy effect, because helium is a much lighter gas than nitrogen. Buoyancy is
caused by a combined presence of fluid density gradients and a body force that it propor-
tional to density [57]. In the experiments the density gradient was due to composition and
pressure gradients and the acting body force is gravitational, which is proportional to the
density in vertical direction.
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Figure 3-6 Nozzle exit region of the last repetition of the T20 at t = 2,56 ms

Figure 3-7 shows the nozzle exit region for the last repetition of the case T11. Again, the
barrel shock structure is not visible even though π is very high (98,4). However, the bottom
jet does not exhibit a similar turn as with the T20, and it could be explained by that the ρr
is rather high (6,28) which indicates that the density of helium is higher than the density of
nitrogen at the near nozzle region. Afterward, the jet begins to rise, which can be seen in
the result section, and it may be due to ceasing of the pressure of helium which decreases
its density. The atmospheric chamber gas experiments (T08 – T11)  had slightly lower
LED intensity, and thus the images are dimmer, but it did not seem to affect the results.
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Figure 3-7 Nozzle exit region of the last repetition of the T11 at t = 2,56 ms
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4 Results
This section presents the results of image post-processing and analyzes them. Firstly, are
the jet penetrations, total width of the jets, the maximum widths of the jets, the position of
the maximum widths of the jets, and the jet areas. Secondly a relationship of total width
and penetration is derived and comparison with the analytical solution is given.  Each sub-
section has a division into sections based on the operating conditions presented in section
2.5.

4.1 Jet penetration
4.1.1 Effect of the pressure ratio on jet penetration
In the Table 4 can be seen instant images of the of the first repetition of the cases T08 –
T11. When looking at the instant images it is rather difficult to distinguish differences be-
tween individual cases, which makes it important to make repetitions, and either to make
average images or average the results of the images. When observing the 5 ms ASOI im-
ages of T10 and T11, there is a possibility that the chamber window view and the size of
the camera resolution may affect the top side and area calculations, by restricting the view.
For the penetration it should not be affecting so much.

Table 4 Jet evolution of the first repetitions for very high π cases
0.5 ms ASOI 1 ms ASOI 2 ms ASOI 5 ms ASOI

T08

T09

T10

T11

Figure 4-1 shows the average penetration of cases T8 to T11, with atmospheric chamber
pressure and very high Pr, ranging from 40 to 98. The penetration has two phases: 1) be-
fore 0,5 ms it is swift, 2) after 0,5 ms it slows down to a rather constant slope. At first, the
penetration of T8 is slightly lower, and the penetrations of T9, T10, and T11 are close to
each other. Closer to the end of the injection occurs curios things: the penetration of T11
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first, and T10 second starts to slow down and ultimately fells below lower 𝜋 cases. A pres-
sure drop in the injection system could explain that, i.e., Pi, drops during the injection, but
this requires further investigation. With high π the penetration is growing slowly when in-
creasing π.

Figure 4-1 Penetration of high𝝅 and atmospheric chamber pressure cases

Figure 4-2 shows the penetration for cases that have constant 𝜋, around 2,5. The penetra-
tions have three discernable phases: the beginning, which is similar to the high π cases, and
in the middle of the next phase can be seen as a step where the slope of the curves in-
creases at approximately 20 mm penetration. The slopes of the two last phases are not con-
stant, but closer to a square root of time as proposed by the analytical solution. There are
also variations between the cases. The remake cases have slightly higher 𝜋 and 𝜌r and thus
higher penetrations than their counterpart. However, it is curious that the cases with lower
Pi (T15 and T22, Pi ≈ 50 bar) have higher penetrations than the higher Pi cases (T14 and
T24, Pi ≈ 88 bar), although the ratios are similar. The higher losses inside the injector in
higher Pi cases may be the cause, which could lower the nozzle exit density of the higher Pi

cases. In 𝜌r calculations the flow inside the nozzle was assumed frictionless, which may be
inaccurate.
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Figure 4-2 Penetration of𝝅 ≈ 2,5 cases

Figure 4-3 shows the penetrations of cases that have constant 𝜋 around 4. The curves are
again consisted of three phases. The behavior is similar to the 𝜋 ≈ 2,5 cases. The penetra-
tion is higher with lower Pi (T18 and T21, Pi ≈ 40 bar) than with higher (T17 and T23, Pi ≈
80 bar). The explanation is most probably the same: higher losses inside the injector of
higher Pi. The curve is surprisingly with T18 and T21, despite the somewhat discernable
difference between ratios.

Figure 4-3 Penetration of𝝅 ≈ 4 cases
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4.1.2 Effect of injection pressure on the jet penetration
In the Table 5 are the instant processed images of the first repetitions for low π cases T12 –
T14. By qualitatively observing the images, a small increase can be seen when increasing
π, but the difference in π is also quite small. When π is low, the jet is rather small, and only
a small portion of the chamber is filled after 5 ms.

Table 5 Jet evolution of the first repetitions for high Pc and low π cases
0.5 ms ASOI 1 ms ASOI 2 ms ASOI 5 ms ASOI

T12

T13

T14

Figure 4-4 shows jet penetration when Pc is high (36 bar), and Pi increases. There are three
or two phases, as the T12 and T14 lack the step, which occurs for T13 at 20 mm penetra-
tion. The penetration is higher when the Pi and π increase, as expected. Intriguingly, the
difference between the T12 and T13 is higher than the difference between the T13 and
T14, with similar step in Pi and π. The ¼ dependency of ρr in equation (11) is most proba-
bly the explanation of this behavior.
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Figure 4-4 Penetration for constant Pc = 36 bar

Figure 4-5 shows the jet penetration when Pc (21 bar) is moderate, and Pi increases. Three
phases exist, and the penetration increases as it should when the Pi and π increases. The
T16 fells quite accurately to the middle of the T15 and T17, although the injection proper-
ties are closer to the T15 case.  The ¼ dependency on ρr could again explain that. All cases
have the step at approximately 20 mm penetration.

Figure 4-5 Penetration for constant Pc = 21 bar

Figure 4-6 shows the penetrations when Pc is low (11 bar), and Pi increases. Similar
behavior occurs in the two earlier figures: the penetration increases as the Pi and π increase,
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it seems to slow down with higher π, the curves consist of three phases, and the step occurs
at about 20 mm penetration.

Figure 4-6 Penetration for constant Pc = 11 bar

4.1.3 Effect of ambient pressure on the jet penetration
In the Table 6 is the instant processed images of the first repetition for constant Pi (61 bar)
cases. The increase in π seems to have greater impact on the width of the jet than in the
penetration. Also, the image quality is increased in T16 and T19 compared to T09, because
higher LED intensity was used.

Table 6 Jet evolution of the first repetitions for constant Pi (61 bar) cases
0.5 ms ASOI 1 ms ASOI 2 ms ASOI 5 ms ASOI

T16

T19

T09



41

Figure 4-7 shows the jet penetration for constant Pi (61 bar) cases. As expected, the pene-
tration increases as the Pc decreases. The T9, like other very high π cases, lacks the step
that is in the T19 and T16 curves, which may be explained by that they reach the 20 mm in
the early phase of the injection, so the jet is not fully developed. Also, the T9 seems to
have a rather constant slope after the first phase, as the two others have a decreasing slope.

From Equation (11) can be seen that the penetration has ¼ -power-of-law dependency of
the ρr. T9 has about 19,9 times higher ρr than T16, so its penetration should be approxi-
mately 2,1 times higher at the end of the injection, which yields 81 mm penetration. So,
looking at the figure below, it is slightly overpredicting, but not very much.

Figure 4-7 Penetration for constant Pi = 61 bar

4.2 Total width of the jet
4.2.1 Effect of the pressure ration on the total width of the jet
Figure 4-8 shows the maximum width of the very high 𝜋 cases. As expected, the total
width increases as the 𝜋 increases and the differences are much more discernible than with
the penetrations. In the beginning, the increase is rapid, with almost vertical slope, but after
0,5 ms is slowing down. The slope is rather constant after 1 ms for cases T8 - T10, but for
T11, it decreases, like with penetration. Again, the pressure drop in the injection system
may be the explanation, but the total width could be affected by the restricted view of the
chamber window and the camera resolution.
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Figure 4-8 Maximum width of very high𝝅 and atmospheric chamber pressure cases

Figure 4-9 shows the total widths of 𝜋 ≈ 2,5 cases. The shapes are similar to the very high
π, but there is some irregular fluctuation, which may be explained by the errors in the
width calculations. However, the widths are higher for lower Pi cases, as were the penetra-
tions.

Figure 4-9 Total width of𝝅 ≈ 2,5 cases

Figure 4-10 shows the total widths of 𝜋 ≈ 4 cases. There seems not to be any mayor differ-
ence between the cases, against expectations based on the penetration. The differences
seem to be inside error marginals. There is also more fluctuation than with penetration. The



43

shape of the curves consists of three phases as the earlier cases: very high increase, de-
creasing slope and constant slope.

Figure 4-10 Total width of𝝅 ≈ 4 cases

4.2.2 Effect of the injection pressure on the total width of the jet
Figure 4-11 shows the total width of the jet when Pc (36 bar) is high, and Pi increases. The
shape is consisted of three phases, as expected, but the curves seem to be more stable than
the earlier cases. The growth in total width also seems to slow down as the π is increased,
similarly than with the penetration.

Figure 4-11 Total width for constant Pc = 36 bar
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Figure 4-12 shows the total width when Pc (21 bar) is moderate, and Pi increases. The T15
and T17 behave as expected. The case T16 has something strange happening after 1 ms,
and it collapses to the same line as the T15. The reason is not apparent, but some errors in
measurements may cause it.

Figure 4-12 Total width for constant Pc = 21 bar

Figure 4-13 shows the total width when Pc (11 bar) is low, and Pi increases. The behavior
is not so similar as with higher Pc cases, as the width for all is basically equal up to 1,5 ms,
and they are separated later. At the end of the injection, the curves have a disguisable dif-
ference. Again, the errors in width measurements may be the cause of irregularities.

Figure 4-13 Total width for constant Pc = 11 bar
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4.2.3 Effect of the ambient pressure on the total width of the jet
Figure 4-14 shows the total widths for constant Pi (61 bar). As the chamber pressure de-
creases, the width of the jet increases, as expected. The shape of the T9 curve is slightly
different from the two others, as they have quite constant slopes after 1 ms, and T9 has de-
creasing slope.

Figure 4-14 Jet total width for constant Pi = 61 bar

4.3 Maximum width and the position of the maximum widths of
the jet

4.3.1 Effect of pressure ratio on the maximum widths of the jet
Figure 4-15 shows the horizontal positions of the maximum widths with very high 𝜋 cases.
The T08-T12, have minor differences, and T11 has sligthly more. The slope is also quite
constant after the initial phase when it is rapidly growing. Figure 4-16 shows that the dif-
ferences between the top and bottom side widths are quite substantial. The top side width
increases faster, but there is a slight increase for the bottom side also. The unfastening of
the top and bottom sides is happening further from the injector tip when π increases.
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Figure 4-15 Position of the maximum widths of very high𝝅 and atmospheric chamber pressure cases

Figure 4-16 Maximum widths of the jet of very high𝝅 and atmospheric chamber pressure
cases

Figure 4-17 shows some consistency for the horizontal position of the maximum widths for
𝜋 = 2,5 cases, but there are notable differences between the top and bottom sides. From
Figure 4-18 can be seen that the top and bottom side widths have a similar shape as the
very high π cases, the top side having constant slope after ~1 ms and bottom side slightly
increasing or staying constant at the same time. The unfastening seems to be happening
slightly later and further for lower Pi cases.
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Figure 4-17 Horizontal position of the maximum widths of the jet for𝝅 ≈ 2,5 cases

Figure 4-18 Maximum widths of the jet for𝝅 ≈ 2,5 cases

There is not much consistency in the horizontal position of the maximum widths for 𝜋 ≈ 4
cases, as could be seen from Figure 4-19. The shape of the width curves is similar to the
previous cases, which Figure 4-20 shows, and the lower Pi has later unfastening.
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Figure 4-19 Horizontal position of maximum widths for𝝅 ≈ 4 cases

Figure 4-20 Maximum widths of the jet for𝝅 ≈ 4 cases

4.3.2 Effect of the injection pressure on the maximum widths of
the jet

Figure 4-21 shows maximum widths and their positions for high Pc cases. Both have simi-
lar behavior for all cases: the top width increases, and it is also further from the injector tip.
The bottom side width stays constant after around 1,5 ms, but it moves away rather con-
stantly. There is quite a significant difference for the positions of the maximum widths for
all the cases, which indicates that there might be quite significant errors in the total width
measurements. The unfastening seems to occur at the same location.
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Figure 4-21 Maximum widths and their positions for constant Pc = 36 bar

Figure 4-22 shows the maximum widths and their positions when Pc is moderate, and Pi in-
creases. The width position of the T15 case has a similar behavior than with T12 – T14
cases, so that the top side is further. However, the shapes of the T16 and T17 width posi-
tions are quite intriguing: the top side seems to stop in the middle of the injection and even
withdraw, and the bottom side curve is behaving like a mirror image from the top side.
Again, the differences between the positions of the maximum widths indicate that there
might be errors in total widths calculations and that the shapes of the jets are irregular.
However, the widths are behaving like the previous cases. There is a slight increase on the
bottom side for T15. Again, there is not much difference in the unfastening.

Figure 4-22 Maximum widths and their positions for constant Pc = 21 bar
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Figure 4-23 shows widths and their positions when Pc is low, and Pi is increasing. The
widths are, as assumed from the previous cases, top side increasing and bottom side stay-
ing constant. The positions of the widths for T18 and T19 are close to each other, but the
T20 has a pit.

Figure 4-23 Maximum widths and their positions for constant Pc = 11 bar

4.3.3 Effect of the ambient pressure on the maximum widths of
the jet

Figure 4-24 shows the maximum widths and their positions for constant Pi (61 bar) cases.
The relative differences between each side decreases and the positions are quite close to
each other, as the chamber pressure decreases, and the π increases.
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Figure 4-24 Widths and their positions for constant Pi = 61 bar

4.4 Jet area
4.4.1 Effect of the pressure ratio on the jet area
Figure 4-25 shows the jet area for very high 𝜋 cases. There are two similar phases of the
slope, like with penetration. Slopes for T8 – T10 cases are quite constant after ~ 0,5 ms.
The slope of T11 seems to decrease near the end of the injection, as happened for penetra-
tion and total width also.

Figure 4-25 Area of the jet for very high𝝅 and ATM Pc
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Figure 4-26 shows the jet area for constant π ≈ 2,5 cases. There are three discernible
phases, including that step mentioned earlier. It also enhances the discovery that lower Pi
injects more than the higher Pi with similar π. Also, the slightly higher π has a higher area
if the Pi is on the same scale.

Figure 4-26 Area of the jet for𝝅 ≈ 2,5 cases

Figure 4-27 shows that the effect of the lower Pi is smaller for 𝜋 ≈ 4 than 𝜋 ≈ 2,5 cases,
but still notable. There is also something happening with the area of the T21 case as its
slope is behaving differently than the other cases, which was not appearing in the total
width or penetration figures. However, there are again three phases in the curves.

Figure 4-27 Area of the jet for𝝅 ≈ 4 cases
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4.4.2 Effect of the injection pressure on the jet area
Figure 4-28 shows the area for the high Pc cases. The jet area in T12 case is much smaller
than the two others, although there is a quite small difference in the injection properties.
The step can be seen in the cases T13 and T14.

Figure 4-28 Area for constant Pc = 36 bar

Figure 4-29 shows the area for moderate Pc cases. The curves are behaving as expected,
and the main thing is that the growth of the jet is slowing down when reaching higher π.
There are three phases on the curves.

Figure 4-29 Area for constant Pc = 21 bar
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Figure 4-30 shows the area of low Pc cases. There is nothing special, and they are behaving
as expected: the growth is slowing, and there are three discernable phases in the curves.

Figure 4-30 Area for constant Pc = 11 bar

4.4.3 Effect of the ambient pressure on the jet area
Figure 4-31 shows the jet area for constant Pi = 61 bar cases. The area increases when Pc
decreases. Areas seems to be directly proportional to the time, which would suggest that
the ρr relation could be square root. With that relation, the area of T9 should be approxi-
mately 4,5 times higher than T16, about 3800 mm2. Looking at the figure below, it is an
overprediction, but not too far from it, as it was with penetration.
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Figure 4-31 Area for constant Pi = 61 bar

4.5 The ratio of jet total width and penetration
As discussed earlier, for underexpanded jets, the jet penetration and total width are the two
most critical geometrical quantities, and their ratio, s, seems to be approaching some con-
stant value, called self-similarity, for round hole nozzles.  Figure 4-32 shows s as a func-
tion of jet penetration, for all cases excluding the remakes. When the 𝜋 is under 10, s
seems to be approaching a constant value. The case T20 reaches self-similarity, s being
around 0,6 after Zt≈ 50. Thus, s is higher for hollow cone nozzle than for round hole noz-
zle (0,25), so the jet spreads more with the hollow cone hole nozzle. The penetration of the
self-similarity is about 15 times the inner diameter of the injector (d = 3,4 mm, d * 15 =
51,6 mm), which is in line with the distance proposed by Hill and Ouelette [39] for round
hole nozzles. The below 𝜋 = 10 cases have somewhat similar behavior, although there are
some variations, but they seem to be inside error limits. Curiously, the ratio increases with
very high 𝜋, i.e. the total width is increasing more than the penetration. Also, the very high
𝜋 cases do not reach the self-similarity during the injection, although the T8 is close to it,
at about 75 mm penetration.
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Figure 4-32 Ratio of jet total width and penetration for all cases

4.6 Comparison to the analytical jet penetration
The analytical solution of penetration in Figure 2-10 for the round hole nozzle is not di-
rectly applicable for the hollow cone nozzle, and it is an overprediction. When breaking the
analytical solution into pieces, it has a square root dependency in time. However, Figure
4-33 shows that it is an underprediction for all the cases for a hollow cone nozzle, and
when the π increases, that assumption seems to get worse. That previously mentioned 0,8
dependency on time could be closer [40].  The ¼ dependency of ρr was quite accurate for
constant Pi cases. However, a more throughout evaluation of the applicability of the analyt-
ical solution is not in this thesis, and it is left for works that have round hole nozzle injec-
tors. Also, the flow inside the injector was assumed to be frictionless, which may be ques-
tionable, and the results of the constant 𝜋 cases enhances that.
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Figure 4-33 Penetration as the function of the square root of time for all cases
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5 Discussion and future work
Hydrogen has potential to be an excellent fuel, and it can be utilized in conventional SI en-
gines with minor changes. Wide flammability limits, low minimum ignition energy and
high LHV makes hydrogen attractive, but at the same time they make it rather hazard sub-
stance to handle. However, it is not more hazard than hydrocarbon fuels, but it has special
features, like it can penetrate through small cracks in tanks and easily ignite from sparks of
electric devices. Low volumetric efficiency, possible high NOx-emissions, especially at
high load conditions, and abnormal combustion, like knocking and preignition, are features
that should be optimized when utilizing hydrogen as a fuel. H-DI strategy increases volu-
metric efficiency and power density, prevents backfire, and gives more flexibility in terms
of NOx-emissions and power output, than H-PFI strategy.

A spherical slit and horizontal knife-edge combination was found to be a good solution for
the setup of this thesis. To focus the camera to the jet, the second field mirror was rather
close to the chamber, and thus the tilt angles were large, which produced coma and astig-
matism. However, the produced jet images and results were quite good. The LED light
source produced enough intensity, even thought there was not any focusing lenses between
it and the slit, which wastes much of the intensity. Thus, the Schlieren setup was func-
tional, but some improvements can be made.

The horizontal orientation of the injector did generate distorted and upwards tilted jets.
This behavior was assumed to be caused by buoyancy, because helium has much lower
density than nitrogen at atmospheric pressure conditions. However, this thesis did not in-
vestigate it further.  When the ρr was below one, the jet seemed to turn upwards already at
the nozzle exit region. In contrast, when the nozzle exit density was higher than the cham-
ber density, the jet was symmetrical near the nozzle. All the cases had tilted jet at the far-
field region, where the pressure differences ceased, and the density of helium fell below
the density of the chamber gas. If one wants symmetrical jets, the injector should be ori-
ented vertically. Future work could also include evaluation of the formation time of a ho-
mogenous mixture, which is valuable information for the H-DI operation.

The barrel shock structure of underexpanded jet was not relieved from the images, but the
geometry of the jet was discernable from the processed images. Also, the cases T10 and
T11, which had the highest π, seemed to be affected by a pressure drop in the injection sys-
tem, which also reveals that the simulation may not be accurate enough to model the injec-
tion system. So, the optical and injection system could be improved, but for some condi-
tions (π < 60) and to measure the jet geometry, the setup was functional. Also, the control
system and post-processing worked well. The exposure time of the camera was 10 μs, but
with a shorter time, the underexpanded flow structures could be more visible. It requires
more intensity from the light source, which is possible because of the LED intensity was
about 30 %. Also, by superimposing repetitions the barrel shock structure may be visible.
The injector did not have detectable leaking during the experiments, even with the highest
injection pressures. Constant illumination yielded good results, and a spherical slit and
straight knife-edge was the best combination for the current setup.

The penetration increases with increasing π, but its growth is slowing down as the π in-
creases. The constant Pi results reveal that the penetration could have a ¼ power of law and
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area a square root dependency on the ρr. When the π was moderate (2 – 10), the penetra-
tion curve consisted of three phases: beginning (before 0,5 ms) when the slope was high,
the middle region with decreasing slope before the step that occurred at ~ 20 mm penetra-
tion, and the end with decreasing slope. The low π case lacked this step, but it did not pen-
etrate to 20 mm. Also, the high π did not have the step, but it could have occurred during
the initial phase and mix with it. The step should be studied further to be sure that some
distortion of the optical system does not cause it. The reason may also be some inside
property of the jet, which is not detected by Schlieren.  The constant π cases did not have
constant penetration, and it was lower with higher Pi. The author assumed that higher Pi
had higher losses inside the injector, which lowers the nozzle exit density.

Generally, the total width curve consisted of three phases: very steep slope initial phase be-
fore 0,5 ms, slowing slope before 1 ms, and a rather constant slope at the rest of the injec-
tion. The penetrations seem to have more changes when π was changed, but total widths
had more fluctuations for individual cases, which may be explained by the higher error
marginals. The very high π cases had more increase in the total width, and the shape of the
curves was slightly different than with the other cases. The hollow cone nozzle seems to
have a wider jet than round hole nozzle.

The results enhance the qualitative observation that the jet has an irregular shape, and they
are tilted upwards. When π increases, the differences between sides are smaller, and the
unfastening of the top side occurs later. The unfastening is also happening slightly later
when π is constant and Pi is lower. There is much inconsistency in the positions of the
maximum widths. The top side, and thus total, widths of the highest π cases may be re-
stricted by the chamber window view and camera resolution, so that the jet proceeds out of
the view.

The jet areas have similar behavior than the penetrations: it increases as π increase, and
when π is constant lower Pi has higher penetration. The area of T11 seems to be affected
by the pressure drop in the injection system and the restricted view. The very high π cases
have two phases in the curve, whereas other cases have three phases like with penetrations.
The area seems to have a square root dependency on the ρr, but it should be further stud-
ied.
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6 Summary
 Hydrogen has potential to be an excellent fuel, but it has some special features,

such as low density, wide flammability limits and low minimum ignition energy
 With hydrogen, direct injection strategy prevents backfire, increases volumetric

density, and gives more flexibility than port fuel injection
 Increase in pressure ratio, injection pressure and decrease in chamber pressure in-

creases jet penetration, width, and area
 When the pressure ratio is constant, lower injection pressure has higher penetration,

total width, and area
 The Schlieren system was, with appropriate processing, capable of yielding results

of the jet geometry, but the underexpanded flow structures were not discernible, alt-
hough pressure ratios were very high

 A horizontally positioned injector does not produce symmetrical gas jets with he-
lium, and the jets are tilted upwards

 When reaching 𝜋 ≈ 80 it seems that the system is not capable of keeping the Pi at
the correct level

 Commercial GDI hollow cone piezoelectric injector is capable of injecting gas,
with injection pressure up to 100 bars, and pressure ratio up to 98, without any de-
tectable leakages
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Appendix 1. Light source intensity
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Appendix 2. Matlab codes
2.1 Code to measure jet geometry
function circleplot
warning('off')
rmpath('folderthatisnotonpath')
close all
clear all
clc
xinj = 52;
yinj = 385;
pxmm = 0.12;
bkgnum = 5;
threshold = .05;
firstFrame = 7;
first = 6;
addpath '' % Insert the jet video directory
reps = length(dir(path)) - 2;
rmpath '' % Remove the jet video directory
%%
tic
for m = 1:reps

if m == 10
name = strcat('',sprintf('%d',m)); % Insert name of the

printed image
else

name = strcat('',sprintf('0%d',m)); % Insert name of the
printed image

end
addpath '' % Insert the path of the Cine Reader Code
rootDir = ''; % Insert the directory of the jet video
PhantomReaderSchlieren

end
toc
%%
tic
clear RES
dt = 1/spice.FrameRate;
ti = 0;
tf = ti + dt*(spice.NumberOfFrames-7);
time = ti:dt:tf;
RES(1).time = time*1000;
RES(reps+1).Penetration = 0;
RES(reps+1).WTop = 0;
RES(reps+1).WBot = 0;
RES(reps+1).WTopX = 0;
RES(reps+1).WBotX = 0;
RES(reps+1).Area = 0;
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for r = 1:reps
Images = zeros(spice.height,spice.width,spice.NumberOfFrames);
for k = 1:spice.NumberOfFrames

Images(:,:,k) = rgb2gray(I(k) .(strcat('f',sprintf('%d',r))));
end
dt = 1/spice.FrameRate;
ti = 0;
tf = ti + dt*(spice.NumberOfFrames-7);
time = ti:dt:tf;
RES(r).Penetration = zeros(1,length(time));
RES(r).rep = reps;
RES(r).WBot = zeros(1,length(time));
RES(r).WTop = zeros(1,length(time));
RES(r).Area = zeros(1,length(time));
bkg = zeros(spice.height,spice.width);
for A = 1:bkgnum

bkg = bkg + fliplr(double(Images(:,:,A)));
end
bkg = bkg / bkgnum;
for n = firstFrame:spice.NumberOfFrames

img = fliplr(Images(:,:,n));
img1 = fliplr(double(Images(:,:,n)));
img2 = fliplr(double(Images(:,:,n-1)));
Id1 = imabsdiff(bkg,img1);
Id2 = imabsdiff(img2,img1);
Id4 = imadd(Id1,Id2);
Id5 = imfill(Id4,'holes');
mask = Id5 > threshold*max(Images(:));
Pixels = round(0.2*sum(mask(:)));
Id = bwareaopen(mask,Pixels,8);
Id3 = bsxfun(@times, img, cast(Id, class(img)));
B1 = bwboundaries(Id3,'noholes');
if ~isempty(B1) % check if there is a contour

[max_size, max_index] = max(cellfun ('size', B1,
1));

Px(n-first) = 0.95 * (max(B1 {max_index}(:,2)) -
xinj);

WTop(n-first) =  floor(0.95 * (yinj -
min(B1{max_index}(:,1))));

WBot(n-first) =  floor(0.95 * (max(B1{max_in-
dex}(:,1)) - yinj));

WTopInd = find(B1{max_index}(:,1) == (yinj -
WTop(n-first)),1,'Last');
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WBotInd = find(B1{max_index}(:,1) ==
(WBot(n-first) + yinj),1);

if ~isempty(WTopInd)
WTopInd = WTopInd;

else
WTopInd = 1;

end

if ~isempty(WBotInd)
WBotInd = WBotInd ;

else
WBotInd = 1;

end

if WBot(n-first) < 0
WBot(n-first) = 0;
WBotX = xinj;

else
WBotX = B1{max_in-
dex}(WBotInd,2);

end

If WTop(n-first) < 0
WTop(n-first) = 0;
WTopX = 0;

else
WTopX = B1{max_index}(WTop-
Ind,2);

end
Area(n-first) = sum(sum(Id,2)) .* pxmm^2;
points = floor(Px(n-first)/2);
if points<5

points = 5;
end
ROI = Id(yinj-
points:yinj+points,xinj:xinj+points);

If sum(ROI(:))>1 % Check if there is a
contour in the axis

figure(1)
imshow(Id3,[0 65535]);
cmap = jet(20000);
for ss=1:50

cmap(ss,:) = [1,1,1];
end
colormap(cmap);
cbar = colorbar;
hold on
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line([WTopX-100
WTopX+100],[abs(yinj - WTop(n-
first)),abs(yinj - WTop(n-
first))],'LineWidth',1.5,'Color','y')

line([WBotX-100
WBotX+100],[abs(WBot(n-first) +
yinj),abs(WBot(n-first) + yinj)],'Lin-
eWidth',1.5,'Color','y')

line([Px(n-first) + xinj,Px(n-first) +
xinj],[yinj-100 yinj+100],'Lin-
eWidth',1.5,'Color','g') ;

line([0 spice.width],[yinj yinj],'Lin-
eWidth',1.5,'Color','r','LineStyle','--
') ;

plot(xinj,yinj,'xr')
title(strcat(num2str((n-1-
first)*1000/spice.FrameRate),'ms'))

X = B1{max_index}(:,2);
Y = B1{max_index}(:,1);
plot(X,Y,'c','LineWidth',1.5)
hold on
RES(r).Penetration(n-first) = Px(n-
first) .* pxmm;

RES(r).WBot(n-first) = WBot(n-
first) .* pxmm;

RES(r).WTop(n-first) = WTop(n-
first) .* pxmm;

RES(r).WBotX(n-first) = (WBotX -
xinj) .*pxmm;

RES(r).WTopX(n-first) = (WTopX -
xinj).* pxmm;

RES(r).Area = Area;
end % check if there is a contour in the axis

end % check if there is a contour
end
RES(reps+1).Penetration = RES(reps+1).Penetration + RES(r).Penetration;
RES(reps+1).WBot = RES(reps+1).WBot + RES(r).WBot;
RES(reps+1).WTop = RES(reps+1).WTop + RES(r).WTop;
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RES(reps+1).WTopX = RES(reps+1).WTopX + RES(r).WTopX;
RES(reps+1).WBotX = RES(reps+1).WBotX + RES(r).WBotX;
RES(reps+1).Area = RES(reps+1).Area + RES(r).Area;

end
RES(reps+1).Penetration = RES(reps+1).Penetration ./ reps;
RES(reps+1).WBot = RES(reps+1).WBot ./ reps;
RES(reps+1).WTop = RES(reps+1).WTop ./ reps;
RES(reps+1).WTopX = RES(reps+1).WTopX ./ reps;
RES(reps+1).WBotX = RES(reps+1).WBotX ./ reps;
RES(reps+1).Area = RES(reps+1).Area ./reps;
s = (RES(reps+1).WBot + RES(reps+1).WTop) ./ RES(reps+1).Penetration;
save('.mat', 'RES') % Insert filename
toc

2.2 Code to print jet images
clc;
clear *
close all
addpath '' % Insert path of the Cine Reader Code
pause(0.2);
rootDir = ''; % Insert the directory of the jet video
name = ''; % Insert name of the printed image
cines = {'.cine'}; % Insert jet video filename
threshold = 0.03;
frames = [1 ]; % Insert frames that are printed
for k = 1:numel(cines)

spice = CineReader(fullfile(rootDir, cines{k}));
dt = 1/spice.FrameRate;
ti = 0;
tf = ti + dt*(spice.NumberOfFrames-7);
time = ti:dt:tf;
for j = frames

I(j).im = fliplr(spice.read(j));
I(j).imgray = rgb2gray(I(j).im);
I(j).img1= I(j).imgray-I(1).imgray ;
I(j).img2= I(1).imgray-I(j).imgray ;
I(j).img = I(j).img1+I(j).img2;
figure(1)
imagesc(I(j).im)
mask = I(j).img>threshold*max(I(j).img(:));
Pixels=round(0.2*sum(mask(:)));
I(j).Id = bwareaopen(mask,Pixels,8);
I(j).Id2 = imfill(I(j).Id,'holes');
I(j).Id3 = bsxfun(@times, I(j).im, cast(I(j).Id2, class(I(j).im)));
if j > 1

figure(j)
imagesc(I(j).Id3)
colormap(parula(1000))
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title(strcat('t = ',sprintf('%.3g',time(j-6)*1000),'
ms'))
print(strcat(name,sprintf('%d',j)),'-dpng')

end
end

end


