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ABSTRACT

Currently, the transport sector is largely dependent on fossil fuels, which leads to
global problem such as emission of pollutants, greenhouse effect, ozone layer depletion etc.
The carbon dioxide that is released to the earth’s atmosphere will still be there in hundred
years’ time. The answer to these problems is to replace and improve current technologies with
alternative fuels that have comparable or better performance and will not emit the carbon
dioxide. Many researchers and engineers agree that one of the solutions to these global
problems is to replace the existing fossil fuel system with the clean hydrogen energy system.
It is being explored as a fuel for passenger vehicles. Hydrogen was well known as very
efficient and clean fuel. Hydrogen can be used in fuel cells or burned in internal combustion
engine (ICEs). The use of hydrogen in combustion will produce no greenhouse gases, no
ozone layer depleting chemicals, and reduce the environment pollution, but several significant

challenges must be overcome before it can be widely used.

Hydrogen is being studied and promoted by many researchers as one of the fuels of
the future. Hydrogen is a potentially emissions-free alternative fuel that can be produced from
diverse domestic energy sources. It has been investigated as a fuel for internal combustion
engines because of its potential for high engine efficiency and greenhouse gas reduction, and
shows promise as an alternative fuel for direct-injection spark-ignition (DISI) engines. One of
the main advantages of using hydrogen as a fuel in a DISI engine is its wide flammability
range, which can provide smooth engine operation with a very lean mixture and low NOx
emissions. Moreover, it can be injected directly into the spark plug because of its high
volumetric efficiency and potential for avoiding pre-ignition and backfiring. However, the use
of hydrogen in a direct-injection environment presents challenges under high engine loads,
including knock, pre-ignition, and backfire. These issues prevent reliable operation and limit
the maximum output of engine power. To cope with hydrogen engine problems of this kind,
some researchers have studied the internal mixing of hydrogen. Optimization of the spark
timing and pressure is an important aspect of the development of hydrogen DISI engines, and
can suppress backfiring and knocking, especially at higher engine loads. To overcome this
problem, a better understanding of the spark discharge and spark ignition during transient
hydrogen jet is necessary. Therefore, it is very important to study an effect of local

equivalence ratio and behavior of spark discharge in Sl engine.


http://www.afdc.energy.gov/fuels/hydrogen_production.html

In this work, spark-induced breakdown spectroscopy (SIBS) was employed to
investigate the mixing process of a hydrogen jet in a constant-volume vessel. Effect of
ambient pressure on fuel concentration measurement of direct-injection hydrogen jet SIBS in
a constant-volume vessel was investigated. The tests were conducted with hydrogen injection
in different ambient pressure of nitrogen, and the local fuel concentration of the hydrogen jet
was measured at several locations, using a SIBS sensor. A high-speed camera was used to
visualize spark discharge fluctuations, and hydrogen jet concentration measurements were
conducted simultaneously. The image of hydrogen jet development at the nozzle exit in a
constant-volume vessel was taken by high speed camera to study the effects of fuel injection
pressure and ambient density on the overall jet characteristic at nozzle tip. The direct
visualization of hydrogen jet gives the useful information where the jet tip pushes out the
quiescent nitrogen, and then the vortex structure is formed by the interaction between the jet
and the ambient nitrogen. Hydrogen jet injection at different ambient pressure may affect the
momentum injected into the cylinder, the mixture of turbulence, and the amount of fuel-air
mixture. This method was used to select the appropriate measurement points of hydrogen

concentration based on the probability of where the spectrum could be obtained with SIBS.

Spectrally resolved atomic emissions from the plasma generated by the spark plug
were examined to determine the local equivalence ratio. The light emissions of wavelength
for nitrogen (501nm) and hydrogen (656nm) from spark discharge were observed with SIBS
sensor. Spectrally resolved emission of plasma was detected simultaneously by spectrometer.
The possibility of determining the hydrogen/nitrogen ratio in the spark gap with spectroscopy
was investigated. When determine the emission intensity ratio between two elements and pure
emission of a particular element, it is necessary to find the exact peak intensity for each
element. When calculating the element concentrations in integrated peak intensities, the
background processing method is very important to ensure accurate quantification of emission
spectrum measurements. In this research, the original signal was smoothed using a moving
average filter and the background were then subtracted using the background subtraction
method. Comparison of the intensity peaks of atomic emissions from hydrogen and nitrogen
allows the local hydrogen concentration in a measured volume to be determined, and hence
also the local equivalence ratio. Spectrum calibration using hydrogen/nitrogen mixture and
experiment using hydrogen injection were executed under the ambient pressure conditions
from 0.5 to 1.5 MPa. The results showed increasing trends in background as well as intensity

peaks of hydrogen and nitrogen when the ambient pressure increased. The increased ambient



nitrogen density inside the chamber influenced the spatial structure of the hydrogen jet and
slowed down the spray penetration and then the local equivalence ratio at spark location was
changed. However, hydrogen jet during the injection period generally followed the similar
way of quasi-steady state then after-injection unsteady state occurred after the injection

finished in all set ambient conditions.

Keywords: Hydrogen Direct-Injection Spark-Ignition Engine; Flame propagation; Spark-
induced Breakdown Spectroscopy; Local fuel concentration measurement; Computational

Fluids Dynamics.
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1 Introduction

1.1 Research background

Hydrogen is being studied and promoted by many researchers as one of the fuels of
the future [1-3]. It has been investigated as a fuel for internal combustion engines (ICEs)
because of its potential for high engine efficiency and greenhouse gas reduction [4-7], and
shows promise as an alternative fuel for direct-injection spark-ignition (DISI) engines. One of
the main advantages of using hydrogen as a fuel in a DISI engine is its wide flammability
range, which can provide smooth engine operation with a very lean mixture and low NOx
emissions [8]. Moreover, it can be injected directly into the spark plug because of its high
volumetric efficiency and potential for avoiding pre-ignition and backfiring [9,10]. However,
the use of hydrogen in a direct-injection environment presents challenges under high engine
loads, including knock, pre-ignition, and backfire [11]. These issues prevent reliable operation
and limit the maximum output of engine power. To cope with hydrogen engine problems of

this kind, some researchers have studied the internal mixing of hydrogen [12].

Ordinarily, internal mixing of hydrogen is achieved by feeding the hydrogen at high
pressure. This technique can eliminate many combustion abnormalities and is very effective
for avoiding backfire and knock, especially under high engine loads. Researchers at Argonne
National Laboratory have intensively focused on applying advanced direct-injection and
mixture-formation techniques in single-cylinder engines [13,14]. In particular, they have
developed an injector that successfully performs late injection and delivers higher mass-flow
rates during injection, which can extend the operating range to higher engine loads and speeds
to achieve maximum efficiency. Koyanagi et al. [15] demonstrated that using higher injection
pressures in a hydrogen DISI engine results in more stringent conditions for spark placement.
They observed that hydrogen diffusion in the radial direction was diminished near the spark
gap point as the injection pressure increased, resulting in hydrogen concentrations that
approached the upper flammability limit more rapidly. More jet penetration was also observed
as the injection pressure increased. Takagi et al. [16] proposed the plume ignition combustion
concept (PCC) for hydrogen DISI engines. This concept, in which a rich mixture plume is
ignited in the midst of or just after hydrogen injection, enables NOx emissions to be reduced
under high engine loads. Roy et al. [17] studied jet structure in addition to other physical

processes resulting from hydrogen gas injection. They observed that the jet penetration rate



increased with increasing injection pressure, and decreased with increasing ambient pressure.
They also observed that the combustion characteristics of hydrogen jets can be controlled by
varying the fuel-injection timing. Fuel-injection timing relative to ignition timing is an
important parameter for controlling the combustion characteristics in direct-injection
hydrogen combustion. In summary, the mixing characteristics of DI hydrogen engines have
attracted considerable research interest, especially in regard to the local fuel concentration or

fuel/air ratio.

Quantitative measurements of cycle-to-cycle variations in the fuel/air mixture near the
point of ignition are relatively rare for real-world hydrogen DISI engines. A variety of
techniques have previously been used to measure the local fuel concentration or fuel/air ratio
in Sl engines, including infrared (IR) absorption [18-20], planar laser-induced fluorescence
(PLIF)[21-23], Raman scattering [24,25], and laser-induced breakdown spectroscopy (LIBS)
[26-29]. However, these techniques involve some drawbacks. It is difficult to measure the
hydrogen fuel/air ratio via IR absorption, because absorption bands are lacking at visible and
infrared wavelengths. Application of PLIF and LIBS techniques is not practical, because
major engine changes are required. Spark-induced breakdown spectroscopy (SIBS) is a
suitable technique that can directly measure the fuel concentration inside a combustion
chamber using a conventional spark plug. The electrical spark can be generated between two
electrodes that ablate a sample material, which is vaporized, atomized, and excited. The
emission characteristics can be determined from the elemental composition of the sample.
This technique has been applied not only to fuel concentration measurement, but also to the
measurement of metals in aerosols and soils. Since 1993, SIBS has been under development
as a monitoring technique for metals in airborne particulate materials. Hunter at al. [30]
applied an SIBS technique to soil analysis involving the detection of Pb, Cr, Ba, Hg, and Cd.
For each metal surveyed, the detection limits were sufficient to identify which samples
require no treatment prior to disposal, and which should be subjected to verification in the
laboratory. SIBS has been applied to the monitoring of airborne heavy metals, and enables
lead and chromium to be detected at both low and high concentrations [31]. LIBS and SIBS
procedures for detecting mercury in soils have been compared to determine the detection
ranges of both techniques [32]. The results demonstrate that SIBS is more suitable for
measuring lower concentrations. In this context, the interest has been in developing SIBS
techniques as low-cost alternatives to LIBS for the analysis of heavy metals in soils. Fansler

et al. [33] conducted measurements of local fuel concentration in internal combustion engines,



using spark-emission spectroscopy. The results demonstrate that for stratified operation with
fixed fuel-injection timing, a spark timing later than optimum leads to incomplete combustion
in many cycles, due to fuel/air ratios that are too lean for good ignition and rapid flame
development. In previous research, we examined the spectrally resolved emission spectra of
plasma generated by a spark plug, using the SIBS technique to clarify its potential for
measuring the local fuel concentration in a premixed mixture [34]. We developed a spark-
plug sensor using a 200-um UV-grade quartz fiber, which proved practically applicable for
investigating a laminar premixed flame in a CH4/air mixture. We further improved this sensor
by increasing the core diameter of the UV-grade quartz fiber to 600 um to enhance its light-
collecting capability. This modified spark-plug sensor was used to measure the local fuel-air
concentration in the spark gap at the time of ignition under stratified-charge conditions [35].
The results indicate that the SIBS technique allows the local fuel distribution around a spark
plug to be measured. The SIBS sensor can directly measure the equivalence ratio of the
mixture near the spark plug at the time of spark discharge. However, the capability of the
spark-plug sensor should be enhanced to improve the accuracy of the data it provides. We
made further improvements by increasing the spark-plug gap to 1.5 mm, which increases the
stability of spark-discharge initiation [36,37]. An optical UV-grade quartz fiber with a core
diameter of 1000 um (fiber diameter 1250 pum) was used to further increase the light-
collecting capability. The influence of the hydrogen-injection conditions on the mixture
distribution in a constant-volume vessel was determined by measuring the instantaneous local

equivalence ratio, using the SIBS technique.
1.2 Objectives

The objective of this study is to determine the influence of hydrogen injection
conditions on the mixture distribution in a constant volume chamber by measuring the
instantaneous local equivalence ratio using the spark-induced breakdown spectroscopy (SIBS)
technique. In the present work, we measured the hydrogen concentration at different locations
to investigate the mixing process of a direct-injection hydrogen jet in a constant-volume
vessel. The measurement of the local equivalence ratio was carried out in a hydrogen jet
injection with specific injection period transferred to the constant volume chamber. Mixture
formation and the setting of the equivalence ratio were carried out by injecting hydrogen into
pure nitrogen without combustion. The atomic emission intensity during the breakdown and

arc phases of spark discharge was obtained using the fiber-optic spark-plug sensor.



Spark discharge fluctuations were visualized using a high-speed camera, and hydrogen
jet concentration measurements were conducted simultaneously. Direct visualization of the
spark discharge provided useful information about the influence of spark discharge
characteristics relative to the spark timing. The spark discharge visualization revealed that arc
discharge occurs between the central and ground electrodes, whereas most of the glow
discharge occurs outside the spark plug gap. It also revealed that most of the accumulated
spectrum appears during arc discharge. Additionally, the spark gap plays an important role in

terms of the ability to collect emission spectra between the central and ground electrodes.

Spectrally resolved emission spectra of plasma generated by the spark plug sensor
were detected simultaneously by spectrometer. In this study the ratio of hydrogen-nitrogen
concentration is determined from the spectral peak ratio of IH/IN. Instantaneous local
equivalence ratios were obtained from the atomic emission intensity ratios of nitrogen at 501
nm and hydrogen at 656 nm. The local equivalence ratio of hydrogen/nitrogen mixture was
carried out using spark-induced breakdown spectroscopy. The emission intensity of Hydrogen
and nitrogen spectrum under several equivalence ratio conditions was measured. The
correlation between the hydrogen/nitrogen ratio and atomic emission was determined, and the
post-processing procedure was calibrated. The equivalence ratio of the hydrogen/nitrogen
mixture was varied from 0.3 to 5.0. A systematic increase in the slope (the sensitivity) of the
curves was observed with increasing ambient pressure. As the equivalence ratio increased, the
emission intensity of H and N was increased. Comparing the intensity peaks of atomic
emissions from hydrogen and nitrogen gives local hydrogen concentration in the measured

volume.

The measurements of equivalence ratio of hydrogen jet injection were studied mainly
using four injection timing modes. The Experimental was conducted with different ambient
pressure at 0.5 MPa, 1.0 MPa and 1.5 MPa to investigate the influence of the ambient
pressure. Measurements were taken at different locations in a direct-injection hydrogen jet to
investigate the mixing process. The spatial structure of the hydrogen jet and its arrival time in
the spark plug gap both affect the hydrogen/nitrogen mixing when the spark is discharged.
The ratio of hydrogen/nitrogen concentration was able to be determined from the spectral
peak ratio of H,/N(I) at atomic emission from nitrogen at 501nm and hydrogen at 656nm.The
measurement results demonstrate the local variation in the equivalence ratio throughout the jet

and along its axis. The spectra results showed an increasing trend in background as well as



intensity peak when the ambient pressure increased. As the ambient pressure increased, the
ambient nitrogen densities inside the chamber increased thus it influenced the spatial structure
of the hydrogen jet and slowed down the spray penetration. This resulted the local variation of

equivalence ratio throughout the jet and along its axis.

The results show the hydrogen concentration near the spark plug was constant
although the global equivalence ratio and ignition modes are difference. The result presented
here shows that SIBS method has a potential for measurements of hydrogen concentration in

constant volume chamber.

1.3 Thesis outline

This thesis is divided into 6 chapters.

Chapter 1 describes a previous work and gives motivation for the work performed in this
thesis. The background discuss about the current fossil fuels, which leads to global problem
such as emission of pollutants, greenhouse effect, ozone layer depletion etc. The answer to
these problems is to replace and improve the current technologies with hydrogen fuels that
have good performance and will not emit the carbon dioxide. However, the use of hydrogen
in a direct-injection environment presents challenges and must be overcome before it can be
widely used. The objective of this study is to determine the influence of hydrogen injection
conditions on the mixture distribution in a constant-volume vessel by measuring the
instantaneous local equivalence ratio using the spark-induced breakdown spectroscopy (SIBS)
technique.

Chapter 2 discussed about the hydrogen properties and the benefit when it use in
combustion. The techniques to measure equivalence ratio was describe as many technique
such as Linear Raman scattering, lon current, Laser-Induced fluorescent (LIF), Planar laser
induced fluorescent (PLIF), Laser-induced breakdown spectroscopy and Spark-induced
breakdown spectroscopy (SIBS). The techniques proposed by other researchers require
changing in the engine combustion chamber design for optical access from outside and
difficult to be applied to concentration measurements for practical Sl engines. The main
purpose of this study is to measure the fuel concentration near the spark plug. Therefore, the

use of SIBS technique (developed SIBS sensor) for measuring the hydrogen jet concentration



was proposed as a suitable technique that can directly measure the fuel concentration inside of
the engine cylinder with only changing the spark plug.

Chapter 3 discussed about the apparatus and the methodology used in this study to measure
the local fuel concentration of the hydrogen jet at different ambient pressures of nitrogen. A
constant-volume vessel equipped with a SIBS sensor was used, and a swirl-type direct-
injection (DI) injector with a single orifice was installed at the top of the vessel. The local fuel
concentration of the hydrogen jet was measured at several locations, using a SIBS sensor. The
SIBS sensor, which was developed using a commercially available spark plug with an optical
fiber installed at the centre. A spectrometer was used to analyse the light obtained from the
optical fiber. A high-speed camera was used to visualize spark discharge fluctuations, and
hydrogen jet concentration measurements were conducted simultaneously. Four types of
filters are discussed: 1) moving average, 2) binomial, 3) Gaussian, and 4) windowed
(Hamming method). The quantity test experiment was discussed whereas the results of
injection amount versus hydrogen injection duration, the relation between equivalence ratio

and hydrogen injection duration can be calculated

Chapter 4 describes about the calibration technique with the spark-induced breakdown
spectroscopy (SIBS) sensor to obtain optimum results. The correlation between the
hydrogen/nitrogen mixing ratio and atomic emission, and the post-processing procedure was
discussed. Spectral calibration was carried out with a hydrogen/nitrogen mixture at pressures
of 0.5, 1.0 and 1.5 MPa and at room temperature. The spectra were determined for a range of
the equivalence ratios from 0.3 to 5.0. Two clear emission peaks were observed in the
wavelength range 450-700 nm; the peak at 656 nm corresponds to H, while that at 501 nm to
N(I). The intensity of the H, peak increases as a function of the ambient pressure ,P,,;-
Various methods of data smoothing and filtering were discussed in order to remove noise
from a contaminated signal to help reveal important signal features and components. Moving
average filters with two different numbers of points were applied to the emission spectral data.
The atomic spectral lines were integrated and the background area was subtracted using the
method originally reported by Shirley and later improved by Proctor and Sherwood to
eliminate the effects of elastic scattering. The results show an increase in the background
radiation, as well as of the peaks corresponding to hydrogen and nitrogen atomic emission
lines, as the ambient pressure increased. An empirical formula for deriving the equivalence

ratio for ambient pressure using the SIBS sensor was obtained.



Chapter 5 focuses on the hydrogen jet concentration measurement. The characteristic of the
spark images was discussed. The injection of hydrogen with different ambient pressures
visualized with a high-speed video camera was conducted to study the distribution pattern of
hydrogen jet and to select the appropriate measurement points for the hydrogen concentration
for optimal locations to carry out SIBS measurements. A high-speed camera was used to
visualize spark discharge fluctuations. Direct visualization of the spark discharge provided
useful information about the influence of spark discharge characteristics related to the spark
timing. The images show that the spark discharge began as an arc discharge, followed by
glow discharge. Arc and glow discharge must always be preceded by a breakdown phase. The
spark-plug sensor was capable of collecting the emission spectra between the central and
ground electrodes. Local equivalence ratios for different spark timings were discussed and
based on the results, the mixing process can be classified into three states, (i) initial unsteady
state (HI at P,,,,,=1.0 and 1.5 MPa), (ii) quasi-steady state (HI at P,,,,=0.5 MPa, Cl and TI at
P,.»=0.5, 1.0, 1.5 MPa) and (iii) after-injection unsteady state (ATI in all conditions).

Chapter 6 describes the conclusion arrived in this research work.



2 Hydrogen for fuel and application
2.1 Hydrogen fuel

Hydrogen has unique fuel properties relative to typical gasoline and other popular
fuels. A hydrogen fuel could be an infinite supply potential. It can be generated from non-
fossil energy source and upon combustion it produces water which is goes back to the earth.
From an environmental point of view, it is consider as clean fuel. As far as engine operation is
concerned, a hydrogen fuelled engine will not emit any unburnt hydrocarbons, CO, sulfur

dioxide, smokes etc.
2.1.1 General properties of hydrogen as fuel

While judging the suitability of hydrogen as an engine fuel, it is very important to
compare its various physical and chemical properties with other conventional engine fuels.
Table 2-1 and Table 2-2 shows the chemical and combustion properties of various fuel
compared with hydrogen [1,38,39].

Table 2-1 Physical and chemical properties of various fuels

Properties Gasoline Hydrogen Ammonia Methanol  Ethanol

Molecular Weight 91.4 2.02 17.03 32.04 46.07
Heat of combustion (net) MJ kg™ 43.4 120.1 18.6 20.1 26.9
Stoichiometric mixture
Mas air/Mass fuel 14.5 34.3 6.1 65 9.0
Maximum laminar flame speed ms™ 0.37 2.91 0.010 0.52 -
Adiabatic flame temp., °C 2637 2756 2484 2576 2594
Octane number

Research 91-100 130" 130 110 106

Motor 82-94 87 89




Table 2-2 Combustion properties of hydrogen, methane and gasoline

Properties Gasoline  Hydrogen Ammonia

Limits of flammability in air, vol% 4.0-75.0 5.3-15.0 1.0-7.6
Stoichiometric composition in air, vol% 29.53 9.48 1.76
Minimum energy for ignition in air, mJ 0.02 0.29 0.24
Auto ignition temperature 858 813 501-744
Flame temperature in air, K 2318 2148 2470
Burning velocity in NTP air, cm s 265-325 37-45 37-43
Quenching gap in NTP air, cm 0.064 0.203 0.2

Percentage of thermal energy radiated from
_ 17-25 23-33 30-42
flame to surrounding, %

Diffusivity in air, cm? s 0.63 0.2 0.08
Normalized flame Emissivity 2000 K, 1 atm 1.00 1.7 1.7
Limits of flammability (equivalence ratio) 0.1-7.1 0.53-1.7 0.7-3.8

2.1.1.1 Limits of flammability

The limits of flammability are one of the most important properties of a fuel. The
limits of flammability are measure of the range of fuel/air ratios over which an engine can
operate. Hydrogen has a wide range of flammability (4-75% by volume— stoichiometric: 66%
by volume) in comparison with other fuels. The advantages of this are that hydrogen can run
on a lean mixture. Generally, fuel economy is improved and the combustion reaction is more
complete when engine is run on slightly lean mixtures. However, too lean operation can
significantly reduce the power output of an engine due to a reduction in the volumetric
heating value of the fuel-air mixture. Hydrogen engine can be run on ultra-lean mixtures or
mixture considerably leaner than those used in gasoline engines. In terms of equivalence ratio,

hydrogen is theoretically can be operated at equivalence ratio of 0.1.



2.1.1.2 Minimum ignition energy

The minimum energy of hydrogen required for ignition is about an order of magnitude
less than that required for gasoline. This enables hydrogen engines can run well on lean
mixtures. Unfortunately, since very little energy is necessary to ignite hydrogen due to the
wide limits of flammable of hydrogen, a problem such as premature ignition and flashback
occurs easily. The minimum ignition energy as a function of equivalence ratio is shown in

Figure 2-1 for hydrogen-air and methane-air mixture.
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Figure 2-1 Minimum ignition energy as a function of equivalence ratio for hydrogen-air and

methane-air mixtures [40]
2.1.1.3 Quenching gap

In the combustion chamber, the combustion flame is typically extinguished a certain
distance from the cylinder wall due to heat losses. For hydrogen, the quenching distance is
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less than that of gasoline. Thus, it is more difficult to quench a hydrogen flame than a
gasoline flame. The smaller quenching distance can increase the tendency for backfire since
the flame from hydrogen/air mixture can more readily get past a nearly closed intake valve

than the flame from a hydrocarbon/air mixture.
2.1.1.4 Self-ignition temperature

The self-ignition temperature is the temperature that a combustible mixture must reach
before it will be ignited without external source energy. For hydrogen, the self-ignition
temperature is relatively high. This is important implications when the charge is compressed.
The self-ignition temperature is an important factor in determining what compression ratios
can be used by engine. The high self-ignition temperature of hydrogen allows larger
compression ratios to be used in a hydrogen engine without increasing the final combustion
temperature beyond the self-ignition temperature and causing premature ignition. On the other
word, hydrogen is difficult to ignite in a compression ignition or diesel configuration, because

the temperature needed for this type of ignition are relatively high.
2.1.1.5 Flame speed

The flame speed of hydrogen is nearly an order of magnitude higher than that of
gasoline. For stoichiometric mixtures, hydrogen engine can more closely approach the
thermodynamically ideal engine cycle. However, at leaner mixtures, the flame velocity

decreases significantly.
2.1.1.6 Diffusivity

Compared to other hydrocarbon fuel-air mixtures, it is highest for hydrogen because
of its fast chemical kinetics and high diffusivity. The high diffusivity is advantages for
hydrogen. Hydrogen gas is highly diffusive and highly buoyant; it rapidly mixes with the
ambient air upon release. The diffusion velocity is proportional to the diffusion coefficient
and varies with temperature according to T" with n in the range of 1.72-1.8. Diffusion in
multi-component mixtures is usually described by the Stefan-Maxwell equation.
Corresponding diffusion rates of hydrogen in air are larger by about a factor of 4 compared to
those of air in air. The rising velocity under the influence of (positively) buoyant forces
cannot be determined directly, since they are dependent on the density difference between

hydrogen and air as well as on drag and friction forces. Also shape and size of the rising gas
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volume as well as atmospheric turbulence have an influence on the final velocity of the rising
gas. The positive buoyancy of hydrogen is a favorable safety effect in unconfined areas, but it
can cause a hazardous situation in (partially) confined spaces, where the hydrogen can
accumulate, e.g., underneath a roof. Both diffusion and buoyancy determine the rate at which
the gas mixes with the ambient air. The rapid mixing of hydrogen with the air is a safety
concern, since it leads very soon to flammable mixtures, which on the other hand for the same
reason also will quickly dilute to the non-flammable range. Therefore it is estimated that in a
typical unconfined hydrogen explosion, only a fraction of the gas mixture cloud is involved

releasing in fact not more than a few per cent of the theoretically available energy.
2.1.1.7 Density
The density of hydrogen is extremely low. The low in density can creates a problem as below:

1. Large volume of storage is necessary to store enough hydrogen to give a vehicle an
adequate driving distance.

2. The energy density of hydrogen air charge, and hence the power output reduced.
2.1.1.8 Thermal efficiency

Thermal efficiency of a hydrogen engine is typically greater than gasoline engine. In
hydrogen engines, larger compression ratios than those use in gasoline engines can be used
since the self-ignition temperature of hydrogen is high. This mean the temperature of the
burnt gases can be lowered resulting in higher specific heat ratios. The combined effect of
larger compression ratios and larger specific heat ratios increases the thermal efficiency for
hydrogen fueled engines [41].

2.1.1.9 Emission

The most important advantages of hydrogen as fuel is they emit fewer pollutants than
other fossil fuels. In principle, hydrogen exhausts are water and some nitrogen oxides (NOXx).
There are almost nothing or very low emission of unburned hydrocarbons, carbon monoxide
(CO), carbon dioxide (CO2), oxide of sulfur (SOx), and smoke from hydrogen fueled engine.
If a hydrogen engine burns excess oil, hydrocarbon and CO emission can become significant

but still less than the emission produce from a gasoline engine [42].
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2.1.1.10 Power output

Power output is one of important parameter when evaluating the performance of an
engine. Power output is derived by converting the chemical energy of the fuel into mechanical
energy. Figure 2-2 shows a comparison of the heat output of hydrogen and gasoline engine for
various conditions. A stoichiometric mixture of gasoline and air and gaseous hydrogen and air
pre-mixed externally occupy ~2% and 30% of the cylinder volume. The energy of the
hydrogen mixture is only 85% that of the gasoline mixture, resulting in about 15% reduction
in power. The loss of power using an external mixed hydrogen/air mixture can be
conceptualized in terms of engine displacement. For example, a 2.3 liter gasoline engine has a
power output comparable to a larger 2.7 liter hydrogen engine at stoichiometric conditions or
6 liter hydrogen engine operating at an equivalence ratio of 0.4. The power output of a
hydrogen engine can be improved using more advanced fuel injection techniques as shown in
Figure 1. If liquid hydrogen us premixed rather than gaseous hydrogen, the amount of
hydrogen that can be induced into the combustion cylinder can be increased by approximately
one-third and the power output increased about 37%. The output can be further increased by
directly injecting hydrogen into the cylinder under high pressure. Using this technique, the
maximum amount of both air and hydrogen are introduced into the combustion chamber
resulting in a 20% increase in power compared to a gasoline engine using a carburetor and

42% increase in power compared to a pre-mixed gaseous hydrogen mixture [38].
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Figure 2-2 Comparison of maximum calorific value (output) of a fuel-air mixture in a 1000cc

displacement volume engine [43]
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2.2 Flow and jet

2.2.1 Overview of Flow
2.2.1.1 Steady flow

A steady flow is one in which the conditions (velocity, pressure and cross-section)
may differ from point to point but do not change with time. Mathematically speaking for
steady flows,

oP

= =0 1)

where P represents a fluid property. However, the properties may vary from point to point.
Which means that they could be a function of space (i.e., T = T(X, Yy, 2), p = p(X, ¥, z) and
p = p(X, y, z)).In the study of fluid mechanics it is often to assume that the flow is steady to
simplify the analysis but yet give a realistic representation of the real flow field. On the other

hand, most flows encountered in real world applications are unsteady flows.

It should be noted, steady flow does not mean the velocity and accelerations are constant.
Flow in a curved pipe or through a nozzle may be steady, but the velocity or acceleration are
not constant. This is a common misconception based in part on particle dynamics for rigid

bodies.
2.2.1.2 Unsteady/non-steady flow

If at any point in the fluid, the conditions change with time, this fluid flow will be said
unsteady flow.

opP

— %0 2

- * )
Here P represents a fluid property. The fluid properties are function of time (i.e., T = T(x, Y, z,
t), p=pX, Y,z t)and p = p(x, y, z, t)). Unsteady flows can be further divided into periodic
flow, nonperiodic flow and random flow. For periodic flow, the property change is repeated
in a predictable manner whereas the fluid motion and properties are difficult to predict in

random flow as in turbulent flow.
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2.2.1.3 Laminar flow

Laminar flow is an ordered flow of a liquid or gas, in which the fluid moves in layers
parallel to the direction of flow. Laminar flow is observed in very viscous fluids. It also
occurs when the velocity of flow is sufficiently low and during the slow flow of a liquid
around small objects. Specifically, laminar flow occurs in narrow (capillary) tubes, in the
lubricant layer in bearings, and in the thin boundary layer that forms near the surface of a
body over which a fluid is flowing. If the velocity of flow of a given fluid is increased, the
laminar flow, at a certain instant, may undergo a transition to a disordered turbulent flow. As
this occurs, the resistance to the motion of the fluid is changed drastically. The mode of flow
of a fluid depends on the Reynolds number Re. If the value of Re is smaller than a certain
critical value Ren, then laminar flow occurs. If Re > Recr, then the flow can become
turbulent. The value of Recr depends on the type of flow being considered. For instance, for
flow through circular tubes, Recr =~ 2,200 (if it is assumed that the characteristic velocity is
the velocity averaged across the cross section of the tube and that the characteristic dimension
is that of the tube’s diameter). Consequently, at Recr < 2,200, the flow of the fluid in the tube
will be laminar. The output of liquid from a tube during laminar flow is determined by the

Poiseuille law.
2.2.1.4 Turbulent flow

Turbulent is a type of liquid or gas flow in which the liquid or gas elements move in a
random or unsteady manner along complex trajectories. Such motion results in strong mixing
between the layers of the moving liquid or gas. The turbulent flows that have been studied in
the greatest detail include the following: flows in pipes, in channels, and in boundary layers
around bodies immersed in a liquid or gas flow; free turbulent flows, or jets; the wakes behind
bodies moving relative to a liquid or gas; and mixing zones between flows of differing
velocity that are not separated by any solid walls. Turbulent flows differ from the
corresponding laminar flows in that the turbulent flows have a complex internal structure, a
different distribution of the averaged velocity over a cross section of the flow, and different
overall characteristics, that is, a different dependence on the Reynolds number Re of the flow
rate, the resistance coefficient, and the average mean velocity over a cross section or the
maximum velocity. The averaged velocity profile of a turbulent flow in a pipe or channel
differs from the parabolic profile of the corresponding laminar flow in that the former is
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characterized by a faster increase in velocity at the walls and a smaller curvature in the central

part of the flow.
2.2.2 Overview of jets

Jets is a type of fluid flow either a liquid or gas that passes through a fluid with
properties, such as velocity, temperature, or density, different from those of the jet. The jet
flow is an extremely common phenomenon that exists in many forms, from the stream ejected
through the exhaust nozzle of injector to the ambient atmosphere. Commonly, it was studied
by examining the changes in the velocity, density, temperature, and concentration of the
component fluids both in the jet and in the ambient fluid. Jet flows are classified according to
the main characteristics of interest for simplifying various problems. An important category
of jet flow consists of jets issuing from a nozzle or orifice in the wall of a container. Most of
the jets are classified as round, rectangular, plane, etc., depending on the cross-sectional shape
of the orifice or nozzle. If the streamlines of a jet are parallel at the nozzle exit, the jet is said

to exhibit axial flow.
2.2.2.1 Steady jets

Jets are canonical flows that have been widely studied by many researchers, especially
steady jets. In a direct-injection engine, the fuel will be injected by injector and the fuel jets
then will propagates across the combustion chamber. Understanding the physics of the gas jet
IS necessary to understand the behavior of the fuel jet injected into an engine cylinder.
Although the main concern with automotive injection is the transient behaviour, steady jets
can provide a basis for understanding the structure and scaling of the transient jet. The

behaviours of steady state jets are discussed in this section.
2.2.2.2 Structure of steady jets

The basic structure of a steady jet includes a potential core that has not felt the effects
of viscosity and, therefore, has a velocity equal to that at the nozzle exit. Next, the flow goes
through a transitional development region, and then finally becomes fully developed. Figure

2-3 diagrams the regions of a steady circular jet.
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Figure 2-3 Definition sketch of circular turbulent jets [44]

In the fully developed region the flow becomes self-similar and the radial velocity profile,
U(r,z), normalized by the centreline velocity, UCL, is only a function of the nondimensional
distance, = 2r/dn , where r is the radial position and dn is the diameter of the nozzle exit.

These relations are represented in equations (1) and (2).
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where z is the distance from the exit, un is the flow velocity at the nozzle exit, and kd is a
constant. As seen in equation (2), the centreline velocity scales with the inverse of distance

from the exit plane.
2.2.2.3 Transient jets

The structure and properties of incompressible transient jets or impulsively started jets
have been studied for a wide range of applications. Turner described the structure of plumes
when studying atmospheric mixing in buoyant plumes. A plume was described as consisting

of a spherical cap, called a spherical head vortex, which is supplied with additional buoyancy
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and momentum from a plume below. It was shown that the plume displays self-similarity
characteristics throughout its evolution. Figure 2-4 illustrates this initial description of a jet or
plume. The jet consists of a spherical vortex flow interacting with a steady-state jet. The
vortex of radius R, moves away from the nozzle at a bulk velocity that decays with the
distance z from the nozzle. The size of the vortex grows continuously due to the entrainment
of mass from the steady-state jet which pushes it from behind. The jet behind the vortex is

considered to be in a steady state, which is confirmed by the work of Kuo and Bracco [45].

Potential Core

Steady-State Transient
Region Vortex Head

JetTip
Penetration

Figure 2-4 Turbulent transient jet model [46]

Turner's plume was used as the basic structure of a transient starting jet by many researchers.
Abramovich and Solan [47] used this model to develop analytical expressions for the velocity
of the spherical vortex in the near and far fields of a liquid jet under laminar conditions with
low Reynolds number. It was observed that the velocity of the spherical vortex varies
proportional to the distance similar to the axial velocity of a steady state jet only with
differing constants. The velocity of the spherical vortex was found to be approximately half
that of a fluid element in a steady jet. It showed that the half width and maximum axial

velocity show similarity characteristics, both making the jet appear to start from a virtual
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origin different from the geometric origin. The virtual origin was found to be proportional to
the exit diameter and the square root of the Reynolds number.

2.2.2.4 Incompressible transient jets

The compressibility effects in a flow can be neglected if the maximum Mach number
is below 0.3. Incompressible jets have been studied extensively in the past [47][48]. As one
fluid is injected into another fluid with uniform pressure field, a mixing layer is formed
between the two fluids. Mass from the surrounding fluid is entrained in the injected fluid.
Experimental investigations by Ricou and Spalding [48] concluded that, the rate of
entrainment is proportional to the distance from the nozzle and to the mass injection rate for
incompressible air jets issued from the round nozzle into stagnant air. A steady-state jet can
be divided into three regions [49]. In the initial region the velocity in the potential core of the
jet remains constant and is equal to the initial velocity. The end of the initial region is marked
by the disappearance of the potential core because of the thickening of jet boundary layer. The
transition region may be defined as the region in which the jet viscosity distribution becomes

fully developed. In the fully developed region, the velocity profile is self-similar.
2.2.2.5 Compressible transient jets

When the pressure ratio between the outlet and inlet of an orifice or nozzle is
sufficiently dropped to cause the pressure at the exit to be higher than the ambient
surroundings, the complex flow that results is termed an under expanded jet. At the nozzle
exit the flow is choked and expands upon leaving the nozzle. A complex pattern of expansion
waves result at the outer rim of the exit as shown in Figure 2-5. The expansion waves reflect
from the free boundary of the jet and become compression shocks that form a barrel shaped
structure that is terminated by a normal shock also called the Mach disk. The Mach disk
forms if the nozzle exit to chamber pressure ratio is above 2.1 [50]. Flow immediately after
the Mach disk is subsonic, but these barrel shock structures can be repeated several times
diminishing in strength due to viscous effects. For moderately under expanded flows with a
nozzle to chamber pressure ratio below 2.1, a Mach disk does not form and instead the barrel

shock is able to intersect at the flow axis [50].
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2.2.3 Reynolds and Mach number

Jets are a fluid flow in which a stream of one fluid mixes with a surrounding medium,
at rest or in motion. Such flows occur in a wide variety of situations, and the geometries,
sizes, and flow conditions cover a large range. Jet flows vary greatly, depending on the values

of two numbers which is Reynolds and Mach number.
2.2.3.1 Reynolds number

A central role in determining the state of fluid motion is played by the Reynolds
number. In general, a given flow undergoes a succession of instabilities with increasing
Reynolds number and, at some point, turbulence appears more or less abruptly. It has long
been thought that the origin of turbulence can be understood by sequentially examining the
instabilities. This sequence depends on the particular flow and, in many circumstances, is
sensitive to a number of details. The flow regime depends on three physical parameters
describing the flow conditions. The first parameter is a length scale of the flow field. If the
length scale is sufficiently large, a flow disturbance may increase and the flow may be
turbulent. Second parameter is a velocity scale such as spatial average of the velocity; for a
large enough velocity the flow may be turbulent. The third parameter is the kinematic
viscosity; for a small enough viscosity the flow may be turbulent. The three parameters can be
combined into a single parameter which was named Reynolds number. This Reynolds number

defined as

Re = — (5)

where p is the density, V is a characteristic velocity (for example, the jet exit velocity),
L is a characteristic length (for example, the jet diameter), and p is the viscosity. Fluid flows
are laminar for Reynolds Numbers up to 2000. Beyond a Reynolds Number of 4000, the flow
is completely turbulent. Between 2000 and 4000, the flow is in transition between laminar and

turbulent, and it is possible to find sub regions of both flow types within a given flow field.
2.2.3.2 Mach number

Jets are described as liquid, gas, or plasma flows, depending on the material properties

of the fluid. In a jet composed of compressible gases, the ratio of the exhaust velocity V of the
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gas to the propagation velocity a of sound waves is important. This ratio is called the Mach
number M = V/a. The Mach number is an index that used to define the following flow

regimes:
(1) Subsonic, where M is less than 1 everywhere throughout the flow
(2) Supersonic, where M is greater than 1 everywhere throughout the flow

(3) Transonic, where the flow is composed of mixed regions of locally subsonic and

supersonic flows, all with local Mach numbers near 1, typically between 0.8 and 1.2
(4) Hypersonic, where (by arbitrary definition) M is 5 or greater.

The most important physical aspect of Mach number is in the completely different ways that
disturbances propagate in subsonic flow compared to that in a supersonic flow. Shock waves
are a ubiquitous aspect of supersonic flows. Shock waves is a region characteristic of the
supersonic flow of a gas. In this region, the velocity of the gas abruptly decreases, and a
corresponding increase occurs in the pressure, temperature, density, and entropy. The
thickness of a shock wave in the direction normal to its surface is the distance over which the
change in the gas parameters occurs. The thickness of a shock wave in the direction normal to
its surface is the distance over which the change in the gas parameters occurs. This thickness
is small—of the order of the mean free path of the molecules—and is therefore neglected in
most problems of gas dynamics. When a fluid flows through a jet nozzle, it chokes with
relatively small pressure difference and accelerates to supersonic velocities. If the fluid
pressure at the nozzle exit is still higher than that of the ambient free space, then the fluid jet
assumes the configuration illustrated in Figure 2-5 and is called a supersonic underexpanded
free jet. The jet is expanded radially at the nozzle exit and the jet boundary also forms an
expanded shape. The expansion waves originating at the nozzle exit corner are reflected at the
jet boundary as compression waves, which coalesce to form the so-called barrel shock. The
barrel shock is oblique to the flow and the flow behind it is still supersonic. The flow that
passes through the barrel shock is again compressed by the reflected shock shown in Figure
2-5 and separated from the flow behind the Mach disk by the slip line. Along the jet axis, the
pressure continuously decreases to values below the ambient pressure value. The pressure is

increased to the ambient pressure value by passing through the Mach disk.
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Figure 2-5 Schematic of under expanded jet[51]

2.3 Hydrogen mixture formation

Hydrogen induction techniques play a very dominant and sensitive role in determining
the performance characteristics of the hydrogen fuelled internal combustion engine (H:ICE).
Hydrogen fuel delivery system can be broken down into two main types including the port
injection and the direct injection

2.3.1 External mixing system and backfire

The lean limit of hydrogen for combustion is 0.135, while it is 0.7 for gasoline.
Therefore, that precise control of the air to fuel mixing ratio by means of a carburettor is not

required and an external mixing system of very simple construction as indicated in Figure 2-6
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is widely used. With this system the theoretical output power is as low as 85% of that of
gasoline engine and virtually backfire takes place at around 50% of the level of gasoline
engine and places a limit on the output power. Backfire can be define as a phenomenon where
pre-ignition advances at every cycle and finally it occurs before the intake valve is close
results the flame spreads to the hydrogen mixed with air in the intake manifold through the
gap of the valve and causing the explosion. Pre-ignition is a problem much more serious in
hydrogen engines then in other internal combustion engines because of the lower ignition
energy, the wider range of flammability and the smaller quenching distance of hydrogen. The
appearance of backfire is difficult to predict. Generally, backfire arises at high thermal loads.
A problem with external mixture formation not directly related to combustion is that it causes
an inherently low volumetric efficiency. The low density of hydrogen causes the intake
hydrogen to consume 30% of the aspirated air volume. This causes a reduction in the
maximum mean effective pressure and energy density inside the engine, reducing power
output. The only option is to increase the intake pressure, but pre- ignition limits the possible
amount of boosting [52]. Several studies have investigated the cause or causes of pre-ignition
in hydrogen engines. The precise causes are not known with certainty, but the following are

put forward:

Hot spots like spark plugs, exhaust valves, carbon deposit
Residual gas

Pyrolysis of oil

Back flow of burning gases during intake process (crevices)
Catalytic effects

o B~ w0 D

Possible adaptations to prevent backfire are:

1. The use of cold-rated spark plugs, in order to have low surface temperatures on the
tip. A waste spark ignition system has to be avoided. Using an ignition coil with
grounding will avoid residual voltage on the spark plug.

2. The use of cooled exhaust valves (e.g. sodium cooled exhaust valves)

3. A cooling system designed to provide uniform coolant flow rates.
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2.3.2 Internal Mixture Formation

There are major challenges of hydrogen in direct injection conditions which is
abnormal burning such as knock, pre-ignition and backfire that occurs at higher engine loads.
The problem prevents a reliable operation and restricts the engine power. A significantly
higher burning velocity leads to lower the thermal efficiency compared with other gaseous
fuels because of an increase in heat loss due to the knock-like explosive combustion [5,53—
55]. To overcome such problems with hydrogen engines, internal mixing of hydrogen has
been examined by some researchers [12,56,57] and many researchers was conducted study on
the effect of hydrogen jet at many condition [15,17,58-70]. Generally, internal mixing of
hydrogen is achieved by high-pressure injection systems. This technique is very effective to
prevent the backfire and knock especially under the high engine loads. Internal mixture
formation, or direct injection, can eliminate many of the combustion abnormality. The

achievement of best combustion can be achieved by controlling the timing of injection.
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Injecting the hydrogen after the intake valve has closed effectively eliminates the possibility
of backfire. As to injection timing there will be two choices as describe below:

1. Low pressure injection: Hydrogen is injected upon closing of the intake valve for rather
a long period at a low pressure of around 1 MPa.
2. High pressure injection: Fuel is injected when the piston is around TDC for a short

period at a pressure higher than 8 MPa, as in the case of diesel engine.

Also, the hot residual gases are more easily mixed with cool air with direct injection, reducing
pre-ignition. At a stoichiometric ratio, 30% more air can be delivered to the cylinder when
hydrogen is injected after the intake valve is closed, resulting in much higher energy density
capabilities and a better volumetric efficiency [52]. Parameters such as start of injection and
injection duration also play an important role in performance and emissions and can be

optimized with direct injection.

To promote proper mixing and to supply sufficient amounts of hydrogen to the cylinder,
high pressure gas injectors are required. Wallner et al. studied the effect of the injector
location and nozzle design on the efficiency and emissions of a direct-injection hydrogen
engine. Researchers at Argonne National Laboratory has been carrying out intensive research
on advance direct injection and mixture formation concepts in single cylinder
engine[13,14,71,72]. Their tested new injector technologies allow performing late injection
(thus reducing the losses for compression work) and delivering higher mass flow rates during
injection, and then extending the operation range to higher engine load and speed, where the
maximum efficiency can be achieved. Koyanagi et al. [15] have shown that using higher
injection pressures in a hydrogen DISI engine results in more stringent conditions for spark
placement. Hydrogen diffusion in the radial direction was diminished near the spark gap point
with increasing injection pressure, resulting in hydrogen concentrations approaching the
upper flammability limit more rapidly. Higher jet penetration also was observed with
increasing injection pressures. Roy et al. [17] was study the structure of the jet in addition to
other physical processes resulting from hydrogen gas injection. The results show that the jet
penetration rate increased with increasing injection pressure, and decreased with increasing
ambient pressure. They also observed that the combustion characteristics of the hydrogen jets
can be controlled by varying the fuel injection timing. The fuel injection timing relative to

ignition timing is an important parameter to control the combustion characteristics in
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hydrogen direction-injection combustion. In conclusion, the mixing characteristic of DI
hydrogen engine in order to optimize the efficiency is a subject of ongoing interest.

2.4 DISI engine

For over a century in the history of internal combustion engines, two concepts of
engine have played a dominant role during the process of development and production. The
spark ignition or gasoline engine shows the good feature of high specific power and large
speed range due to its good level of air utilization while the compression ignition or diesel
engine, offers better thermal efficiency from the use of a higher compression ratio, and the
absence of throttling. Combining the positive aspects of these two engine types has always
been a goal of engine research and development in the automobile industry, and the Direct
Injection Spark Ignition (DISI) engine is seen as one of the most promising ways to achieve
the aim. The concept of DISI engines has gained an interest in recent years as a way of
reducing fuel consumption and emissions under the current strict legislations, due to the
improvements in fuel injection technology as well as advances in the understanding of the

processes involved in mixture preparation and stratified charge combustion.
2.4.1 Fundamental and benefit of DISI engine

The demand for a perceptible lowering of specific fuel consumption in the Sl engine
led to the development of combustion processes with internal mixture formation, i.e. with
direct injection into the combustion chamber. The primary advantage that direct injection
offers as opposed to conventional Sl procedures with external mixture formation is the
possibility to carry out a qualitative load regulation at part load instead of gquantitative load
regulation with the throttle valve. An engine can thereby take in air almost without throttling
losses in the charge changing process. Because of the lean global air ratio (¢ > 1) necessary
for this combustion process a so-called charge stratification must be realized in the
combustion chamber, which secures that sufficient rich and thus ignitable mixture is in the
region of the spark plug at ignition timing. Figure 2-7 shows the homogeneous (early
injection) and the stratified-charge modes. In the wall-guided procedure, the mixture cloud
resulting from the injection jet is led to the spark plug across a corresponding deformation in
the piston. In the air-guided process, this task is taken over by a tumble (an air swirl around a
horizontal axis) directed toward the injection spray. This tumble must be generated across the
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geometry of the intake ports during the inflow process into the combustion chamber. Finally

in the spray-
Wall-guided methods Air-guided methods Spray-guided methods
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Figure 2-7 Combustion process in direct injection spark ignition engines

guided method, the intake valve and the spark plug are located very close to each other and
control of mixture formation and thus the obtainment of an ignitable mixture at the spark plug
can result exclusively across the injection spray itself. It is obvious that this procedure
represents the greatest challenge since flow condition in the combustion chamber varies
significantly with engine speed and load. On the other hand, spray-guided injection offers the
most potential in reference both to the lowering of fuel consumption and raw emissions and to

the extension of the charge stratification area in the engine map.
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Figure 2-8 Modes of operation in the characteristic map of a DISI engine
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Figure 2-8 shows the extension of the charge stratification area for a spray-guided combustion
process. As follows from this, a direct injection spark ignition (DISI) engine cannot be
operated in the entire speed/load map in stratified charge mode. At higher load and the large
fuel quantity to be injected associated with it, the mixture cloud would be too rich and thus
result in unacceptably high particulate emissions. On the other hand, at higher engine speeds,
the absolute available time for mixture formation is too short to secure a sufficient mixture
quality. Besides the higher efficiency, the DISI engine can be operated at higher compression
ratios since the danger of knocking decreases as a result of the direct ignition (evaporation
with heat absorption) of the fuel injected directly into the combustion chamber. Also resulting
from the internal cooling is a greater filling and thus an approximately 3-5 % higher full load
torque as opposed to an engine with multi point injection, since the latter already uses a part

of the injection effect through the intake valve.
2.5 Techniques to measure fuel concentration

Knowledge of the fuel concentration, fuel number density or fuel—air ratio is important
for all types of DISI engines including hydrogen DISI engine. Generally, DISI engines are
operated un-throttled in ultra-lean conditions by stratifying the charge and providing a fuel-
rich mixture around the spark plug [73,74]. The spray-guided system generates a stratified
fuel concentration near the spark plug in a DISI engine due to the direct injection of fuel
toward the point [75,76]. The mixture equivalence ratio near the spark plug at the time of
spark discharge are important for successful of ignition in lean-burn Sl engines. The fuel
concentration around the spark plug together with the fluid motion strongly influence the
duration of combustion initiation. This causes cycle-to-cycle variation, which can become
large in lean-burn engines [77]. Some researcher [5,78-80]performed study Effect of
compression ratio, equivalence ratio and engine speed on the performance and emission
characteristics of a spark ignition engine using hydrogen as fuel. Their report found that
compression ratio and equivalence ratio have a significant effect on both performance and
emission characteristics of the engine and have to be carefully designed to achieve the best
engine performance characteristics. The flow field in the combustion chamber and the fuel
concentration around the spark plugs should be optimized. The fuel concentration or fuel/air
ratio around the spark plug in direct-injection spark ignition engines are particularly important

for better understanding of its contribution on combustion and emissions.
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A variety of techniques have been used previously to measure local fuel concentration
or the fuel air ratio in Sl engines, including infrared (IR) absorption, relationship between the
ion current and air/fuel (A/F) ratio. Laser diagnostic methods has also been developed,
including Raman scattering, Rayleigh scattering, laser-induced fluorescence (LIF) or Planar
laser induced fluorescence (PLIF) methods and Laser-induced breakdown spectroscopy
(LIBS).

2.5.1 Linear Raman scattering

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. Inelastic scattering means that the
frequency of photons in monochromatic light changes upon interaction with a sample.
Photons of the laser light are absorbed by the sample and then reemitted. Frequency of the
reemitted photons is shifted up or down in comparison with original monochromatic
frequency, which is called the Raman Effect. This shift provides information about vibrational,
rotational and other low frequency transitions in molecules. A Raman photon is emitted if a
molecule then undergoes a transition to a higher vibrational energy state than its original state
(Stokes-Raman) to a lower energy vibrational state (Anti-Stokes Raman). Figure 2-9 shows
the difference in energy or wavelength of a scattered light from a material is characteristic for
a particular bond in its molecular structure. The various energy shifts associated with different
molecular vibrations leads to a Raman spectrum which is unique for each molecule and
provides a precise spectral fingerprint. Raman spectroscopy can be used to study solid, liquid
and gaseous samples. In recent years, several papers have been published in which Raman
scattering was used for the investigation of mixture formation processes, exhaust gas
recirculation, and cold start phenomena of conventional [81] or propane fired spark ignition
engines [24,82]. When applying Raman scattering for the investigation of engines with direct
fuel injection, the occurrence of droplets is an additional source of disturbance, because the
elastically scattered light from fuel droplets can generate signal intensities which are up to 20
orders of magnitude larger than the Raman signals. Linear Raman scattering has been used for
the investigation of the mixture formation inside an optically accessible gasoline direct
injection spark ignition engine [25]. The concentrations of O2, N2, H20, and isooctane have
been measured simultaneously and cycle resolved along a line of nearly 1 cm at three
different locations inside the combustion chamber. By means of polarization-resolved

detection optics, it was possible to separate the highly polarized Raman signals from
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unpolarized contributions from light emissions by stray light from surfaces, background
luminescence, or laser-induced fluorescence. However, this measurement technique provides
very small signal intensities, so its careful adaptation to the particularity of the test object is

very important for successful utilization.
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Figure 2-9 Energy-level diagram showing the states involved in Raman signal. The line

thickness is roughly proportional to the signal strength from the different transitions.

2.5.2 lon current and air/fuel (A/F) ratio

Several papers have reported a relationship between the ion current and air/fuel (A/F)
ratio [83-85]. Although it is easy to detect the ion current using a spark plug, the
measurement accuracy is poor because unaccounted disturbances such as fuel deposits, fuel
additives, and air humidity that affect the ion current. Fuel concentrations have been
measured in situ using infrared absorption [18-20,86-92]. In particular, 3.392 Im He—Ne
lasers have been used to obtain fuel concentrations for combustion diagnostics. Some of the

authors developed an infrared (IR) optical spark plug sensor with a double-pass measurement
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length[87,91]. The measurement accuracy was confirmed by measuring the concentration of a
homogeneous methane—air mixture in a compression—expansion engine. The spark plug
sensor was also applied to a practical spark-ignition (SI) reciprocating engine using isooctane
as fuel, and the fuel concentration measured using the sensor agreed with the pre-set
concentrations under firing conditions. Figure 2-10 shows the optical sensor installed in a
spark plug. This sensor was constructed by modifying a commercial instrumented spark plug.
Consequently, it was possible to measure the fuel concentration near the spark plug under
firing conditions by replacing a standard spark plug with this spark-plug sensor. A 3.392-Im
He—Ne laser (8 mW) and an IR detector (MCT: Mercury Cadmium Tellurium; HdCdTe) were
used for this sensor system. This technique can also be used to measure the gasoline
concentration. Since the molar absorption coefficient of gasoline is required for such
measurements, the pressure and temperature dependence of this coefficient have been
investigated. Kawahara et al.[20,87] applied a 3.392 um infrared absorption technique to
quantify the instantaneous gasoline concentration near the spark plug by developed an in situ
laser infrared absorption method using a spark plug sensor and a 3.392 um He—Ne laser as the
light source. The results show that during the compression stroke, the characteristics of the
mixture formation near the spark plug differed according to the injection timing. They also
was among the first to investigate the possibility of obtaining fuel concentration
measurements near the spark plug in a test engine[92]. Subsequently, Tomita et al. used an
optical sensor with a pair of sapphire rods, the tips of which were cut at an angle of n/4
radians, to pass laser light through the combustion chamber of a practical engine and
discussed some of the factors that affected measurement accuracy[19,89]. Laser infrared
absorption technique indicates higher measurement uncertainty even in lean mixture
conditions. However, the mixture is ignited near the spray plume or the vapour mixture
around the spray in a spray-guided DISI engine, so it is important to measure the equivalence
ratio at the spark point. It is very difficult to measure the fuel/air ratio inside an engine
cylinder, even using the absorption technique, due to the lack of absorption bands at visible

and infrared wavelengths.
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Figure 2-10 Schematic diagram and photograph of an IR spark-plug sensor [20]

2.5.3 Laser-induced fluorescence (LIF) and Planar laser induced fluorescence
(PLIF)

Laser diagnostics are widely used in fundamental combustion science, research, and
development to investigate transient phenomena without influencing the system under study
by inserting probes and surfaces. LIF technique is frequently used for remote detection of
concentration and temperature. LIF technique measurements have been widely used because
the LIF signal is strong and provides two-dimensional fuel concentration data at specific time.
Some researchers was study the method for identifying fuel/tracer mixtures suitable for LIF
measurements of in-cylinder equivalence ratios[76,93-99]. Volker et al.[76,94] reported in his
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paper potentially adverse effects that added tracers might have on mixture formation,
combustion, and the faithful representation of the base fuel and describes alternative
techniques to tracer-based measurements that allow studies of fuel/air mixing processes in
practical devices. His results shown that quantitative equivalence ratio maps are shown for the
fuel injection event within a single cycle in a spark-ignition direct-injected engine, showing
the ability of the technique to not only reveal static fuel concentration maps, but also the
motion of the fuel cloud along with very steep gradients. Spray velocities determined from the
moving fuel cloud are in agreement with previous particle image velocimetry measurements.
Tomita et al. [21]applied the PLIF method in order to study the fuel concentration distribution
in the transient hydrogen jet. The results from the study show that each transient hydrogen jet
had different configurations and concentrations distribution. Kaiser et al. [23] performed an
optical study of mixture preparation in a hydrogen-fueled engine using PLIF technique. Their
report shows the increasing of injection pressure related with nozzle design. Figure 2-11
shows the simplified PLIF experimental facility. In particular, LIF measurements have been
widely used because the LIF signal is relatively strong and provides two-dimensional fuel
concentration information at a specified time. However, these optical methods require
changes in the engine combustion chamber design because of the need for optical windows.
Therefore, these methods are difficult to apply to commercial engines.
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Figure 2-11 simplified PLIF experimental facility
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2.5.4 Laser-induced breakdown spectroscopy (LIBS)

Laser-induced breakdown spectroscopy (LIBS) (or laser-induced plasma spectroscopy,
LIPS) has advanced dramatically due to the availability of online real-time information on a
surrogate material with no sample preparation[100]. Many researchers was conduct the study
by using LIBS technique[26-28,100-110]. LIBS of gases are possible using high power laser
pulses. When a short-pulse laser is focused into air or other gases, the laser beam creates
localized plasma. The collection and spectral analysis of the plasma emissions allows the
qualitative identification of atomic species. Figure 2-12 shows the Schematic diagram of
experimental apparatus for Laser Induced Breakdown Spectroscopy (LIBS). Kawahara et
al.[109] was conducted measurement the equivalence ratio using LIBS and discussed the
accuracy of spatially, temporally, and spectrally resolved measurements. Tran et al. [26] have
investigated the use of laserinduced gas breakdown for measuring the fuel-to-air ratio of
CH4-air mixtures. He examined the response of the radiation intensity ratio of the Ha-lines at
656.3 nm and the Ol triplet near 777.5 nm as a function of the equivalence ratio and the laser
energy. They found that LIBS has a potential for in situ and non-intrusive measurements of
the fuel-to-air ratio of a combustible environment for the equivalence ratio from 0.1 to 5.0, the
radiation intensity ratio of the Ha-lines to the OI triplet increased linearly with the
equivalence ratio. Phuoc et al.[27] used a laser induced spark to measure the ignition and fuel-
to-air ratio of CH4-air and H2-air combustible mixtures simultinously using the measured
spectral peak ratio Ha (656 nm)/O (777 nm). Ferioli et al. [103,106] performed study using
LIBS technique on engine exhaust gas to illustrate the ability of LIBS technique to measure
the equivalence ratio of Sl engine using the ratio of C/O and C/N atomic peaks derived from
the spectra measurement. Shudo et al.[28] applied LIBS technique as a method to measure the
hydrogen concentration distribution in the direct injection stratified charge. Measurement of
instantaneous local equivalence ratio by the method clears the characteristics of mixture
formation in hydrogen direct injection stratified charge. Sturm and Noll [105]have examined
the averaged LIBS emission of various C, H, O, and N, ratios in mixtures of air, CO2, N2,
and C3H8 to determine the calibration curves for various elements, and elemental ratios as a
function of mixture composition. They applied doublepulse laser breakdown of 8-ns pulse
width and 250-ns interpulse separation generated at 10 Hz repetition rate by polarization
coupling of orthogonally polarized output beams, to increase the plasma signal. They
concluded that, the plasma emission signals increased as a result of irradiation with closely

spaced double laser pulses. Windom et al.[110] investigated double-pulse LIBS effects of an

34



orthogonal configuration on the atomic emission response for purely gaseous of nitrogen and
oxygen, analyzing the spectral emission lines of them. They observed that, measurements for
the gaseous system resulted in no notable improvements with double-pulse configuration as
compared to the single-pulse LIBS. The rather poor response of double-pulse LIBS for
analysis of strictly gas-phase species provides additional insight into the physics of the
plasma—analyte interaction, and further supports the concept of preferential analyte depletion
within the expanding plasma for pure gas-phase analysis, compared with liquid and solid
responses. Although the LIBS technique has a potential in engine measurements, it is difficult
to apply a LIBS method to equivalence ratio measurements around a spark plug due to the
difficulty with laser access in a practical SI engine. Spark plugs must be used in spark-ignition

engines to initiate flame ignition.
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Figure 2-12 Schematic diagram of experimental apparatus for Laser Induced Breakdown
Spectroscopy (LIBS) [109]
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2.5.5 Spark induced break down spectroscopic (SIBS)

Quantitative measurements of cycle-to-cycle variations in the mixture strength around the
ignition site are comparatively rare for practical hydrogen Sl engine. Merer et al. [111]
observed the light emissions from a spark discharge by inserting a fiber optic cable through
the centre electrode of a spark plug, to investigate the possibility of determining the fuel-air
ratio in the spark gap at ignition with spectroscopy. He observed the total broadband light
emission from the spark and the light emission centred at 385 nm from the cyanogen radical
(chemical formula CN) for varied f and residual gas concentrations. Fansler et al. [33]
conducted measurement of local fuel concentration in internal combustion engines using
spark-emission spectroscopy. The results show that for stratified operation with fixed fuel-
injection timing, a spark timing that is later than optimum leads to incomplete combustion in
many cycles due to fuel-air ratios that are too lean for good ignition and rapid flame
development. Letty et al. [101] analyzed emission spectra from electrical and laser sparks in
flowing methane—air mixtures of various compositions and discussed the differences and
similarities between the electrical and laser sparks in the context of their emission. The
emission spectra from the laser spark were characterized by a weak continuum, onto which
several strong atomic lines and some molecular bands were superimposed, in contrast to the
spectra of electrical spark where a strong continuum, few atomic lines and several strong
molecular bands were evident, making thus the laser spark spectroscopy a more accurate
technique to measure hydrocarbon concentration. Kawahara et al. [34] was investigated the
spectrally resolved emission spectra of plasma generated by a spark plug using spark-induced
breakdown spectroscopy (SIBS) technique for its potential to measure local fuel
concentrations in a premixed mixture. In their work they noted that their newly developed
spark-plug sensor had the applicability and feasibility to investigate laminar premixed flame
in a CH4/air mixture. It shows that the Spark-induced breakdown spectroscopy (SIBS) can
directly measure the mixture of equivalence ratio near the spark plug at the time of spark
discharge. SIBS techniques is a best technique that can directly measure the fuel
concentration inside a combustion chamber due to the usage of conventional spark plug.
Figure 2-13 shows the conventional spark plug used as a SIBS sensor. The spark-plug sensor
was developed from a commercial spark plug used in mass-produced real-world Sl engines.
The electrical spark which generated between two electrodes ablated a sample material, which
is vaporized, atomized, and excited. The emission characteristics can be determined from the

elemental composition of the sample. Figure 2-14 shows the light collecting area of optical
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fiber and the emission intensity results. The UV-grade quartz fiber optic was inserted in the
spark plug to collect the light emission produced from spark discharge. For current research,
the development was made on the spark plug sensor by using the spark plug gap to 1.5 mm to
increase the stability of spark-discharge initiation, and optical UV-grade quartz fiber with a
core diameter of 1000 pum (fiber diameter 1250 um) was used to increase the light-collecting
capability of the device.

Ground
electrode

Figure 2-13 Photograph of conventional spark plug use as SIBS sensor
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Figure 2-14 Diagram of light collecting area of optical fiber and the emission intensity results
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2.6 Summary

Chapter 2 discussed about the hydrogen properties and the benefit when it use in
combustion. The basic flow was discussed in order to understand the concept of fluid during
combustion process. The techniques to measure equivalence ratio was describe as many
technique such as Linear Raman scattering, lon current, Laser-Induced fluorescent (LIF),
Planar laser induced fluorescent (PLIF), Laser-induced breakdown spectroscopy and Spark-
induced breakdown spectroscopy (SIBS) was used to study the fuel concentration. The
techniques proposed by other researchers require changing in the engine combustion chamber
design for optical access from outside and difficult to be applied to concentration
measurements for practical SI engines. The main purpose of this study is to measure the fuel
concentration near the spark plug. Therefore, the use of SIBS technique (developed SIBS
sensor) for measuring the hydrogen jet concentration was proposed as a suitable technique
that can directly measure the fuel concentration inside of the engine cylinder with only

changing the spark plug.
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3 Apparatus and method of present study

3.1 Constant volume vessel

Figure 3-1 shows the assembly design of constant volume chamber (CVV) with spark
plug sensor. The constant volume chamber (CVV) used in the experiment consist of several

main parts as below:

1) Body part

2) Chamber head

3) Window collar

4) Optical window

5) Spark plug port

6) Spark plug stopper
7) Spark plug sensor

(6)
-

i

=

A

227

I

3

Figure 3-1 Assembly design of constant volume chamber. 1.Body part; 2.Chamber head,;
3.Window collar; 4.Glass window; 5.Spark plug port; 6.Spark plug stopper; 7.Spark plug

sensor



3.1.1 Body part
Figure 3-2 shows the body part of constant volume chamber. The constant volume
vessel made from stainless steel (SUS303) has a cylindrical shape and a volume of 675cm?
(diameter: 80mm, Length: 125mm). Many researchers used a cylindrical chamber due to the
following advantages:
1) Itis possible to achieve total line-of-sight optical access of the entire chamber.
2) Itis not too far different from the geometry in an engine cylinder.
3) Can use with standard injector nozzles in the following respects.
a. Both fuel impingement and flame quenching on chamber walls can be easily
avoided.
b. The optical access attainable for a relatively small chamber volume is
favorable.
4) Temperature homogeneity is easy to achieve by means of forced turbulence.

3.1.2 Chamber head

Another important part in constant volume chamber is Chamber head. The injector
was installed on the top of the chamber so that the direction of the jet was perpendicular
downward into the cylinder. The design of chamber head is shown in Figure 3-3 Design of

chamber head.

3.1.3 Window collar

When researching fuels and their combustion characteristics, it is of particular benefit
to have optical access to the chamber in which the combustion or spray occurs. For this
experiment, the three walls of the chamber designed to locate circular quartz windows to
allow optical access to the chamber whereas window collar was designed to hold the circular
windows to the CVV. The benefit derived from this optical access is a much greater scope for
accurate measurement and for knowledge attainment of spark characteristics. The design of

circular quartz window and window collar are shown at Figure 3-4 Design of window collar.

3.1.4 Optical window
The design of optical window is shown at Figure 3-5. To obtain optical access to a
combustion vessel, a transparent material that satisfies the temperature requirement and has

sufficient strength properties to suit the application must be found. The material used for the
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current experiment for optical windows was made from silica windows. The tensile strength
of silica is about 50 MPa; however, according to General Electric Quartz, it is common

practice to use below 6.8 MPa for safety and fatigue reasons.

3.1.5 Spark plug port and stopper

The other side of wall, spark plug port was designed to locate the SIBS sensor. Figure
3-6 shows the design of spark plug port with stopper which is designed by consider the
leakage problems that always occurred when the experiment was conducted in high ambient
pressure. Here, O-ring with internal diameter 15.8mm and 2.4 of thickness (Model no. P-15 —
Kayo Corporation) was used together with spacer to avoid leakage. The details calculation of

making the design of spark plug port was shown in Table 3-1 and Figure 3-7.

3.1.6 Spark plug sensor

Figure 3-8 shows a design of spark-plug sensor for measurement of local equivalence
ratio of hydrogen jet. The spark-plug sensor developed for this experiment is a commercial
spark plug use in practical SI engines. The details about spark plug sensor will be explained in
next sub-chapter.
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Figure 3-5 Design of optical window
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Sugested O-ring size (mm)

Design Dimension (mm)

O-ring calculation (%)

O-ring part Groove | Groove Squeeze Groove Fill Elongation inside | Elongation outside
No. number Cross Inner Outer inside Outside Groove *(15%-30%) *(Max 85%) *(Max 3%) *(Max 3%)
section | diameter | diameter (d1) (d2) Depth (h)
Min Max Min Max Min Max Min Max
KN15 (for
1 5.0 15.0 25.0 14.0 27.0 4.0 16.84 | 23.00 | 66.54 | 80.13 0.00 0.00 0.00 0.00
vacuum purpose)
2 4.5 14.0 23.0 14.0 26.0 3.5 19.32 | 25.00 | 63.60 | 75.76 | 0.00 1.60 0.00 0.00
Custom made
3 O-ring 4.0 14.5 22.5 14.0 25.0 3.0 21.79 | 28.05 | 64.97 | 78.83 | 0.00 0.00 0.00 0.00
3.5 14.6 21.6 14.0 24.0 2.7 19.12 | 26.39 | 60.35 | 74.83 | 0.00 0.00 0.00 0.00
Table 3-1 O-ring size with the design calculation
h
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Figure 3-7 Design of groove based on the O-ring size
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3.2 Injector

Figure 3-9 shows the injector used in the experiment. The injection was achieved with
an electromagnetic fuel injector with a swirl nozzle (nozzle hole diameter: 1 mm). A solenoid-
driven gasoline direct injection (GDI) injector used as a fuel injector developed by Mitsubishi
Electric Co. Ltd. The fuel injector was a swirl-type DI injector and the H, was introduced
through a single orifice. The injector had a nominal cone angle of 60° and an orifice diameter
of 1.0 mm. The injection signal was controlled by an electric injector driver requiring a high-
voltage power source and external trigger input to control the pulse width. The injector with

the jet directed toward the spark plug was used to develop the stratified combustion concept.

Figure 3-9 Mitsubishi DI injector
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3.3 Spark plug sensor

As mentioned earlier, a SIBS technique is a best technique that can directly measure
the fuel concentration inside a combustion chamber due to the usage of conventional spark
plug. The spark-plug sensor developed for this experiment used a commercial spark plug used
in mass-produced real-world SI engines. The electrical spark which generated between two
electrodes ablated a sample material, which is vaporized, atomized, and excited. The emission
characteristics can be determined from the elemental composition of the sample. Figure 3-10
shows the spark plug sensor with optical fiber for measuring the local equivalence ratio. The
developed spark plug sensor was continuous improvement from previous experiment which
using a 200-um UV-grade quartz fiber, which proved practically applicable for investigating a
laminar premixed flame in a CH4/air mixture[34]. Then, further improved was made by
increasing the core diameter of the UV-grade quartz fiber to 600 um to enhance its light-
collecting capability. [35]. However, the capability of the spark-plug sensor should be
enhanced to improve the accuracy of the data it provides. For current research, further
development was made on the spark plug sensor by increasing the spark plug gap to 1.5 mm
to increase the stability of spark-discharge initiation, and optical UV-grade quartz fiber with a
core diameter of 1000 pum (fiber diameter 1250 um) was used to increase the light-collecting
capability of the device. The optical fiber had a numerical aperture (NA) of 0.20, which
covered the area around the ground electrode. The spark-charging duration was 10 ms. The
ground electrode had a small projection pointing toward the centre electrode to allow stable
initiation of spark discharge. This small projection was the starting point of the ionic streamer

during the breakdown and arc phases.

Takemoto performed a direct imaging of the discharge using a high-speed video
camera. It was confirmed that the plasma emission is entering the light-collecting area of the
fiber optics. Figure 3-11 shows time-series images of three different spark discharges with
same input voltage 12 V. A fiber-optic spark plug (shown in detail in Figure 3-10) was used
for the measurement. These images indicate the cycle-to-cycle fluctuations of spark images.
In the first images, the ionic streamer from the ground electrode to the center electrode can be
seen. These ionic streamers follow a different path in each discharge. The ground electrode of
the spark-plug sensor was modified with a sharp-edged electrode for stable ionic initiation.
The center electrode was a commercial electrode, which caused the ionic streamers to

fluctuate in each cycle. After the breakdown and arc discharge phases, glow discharge can be
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seen around the position where the ionic streamer arrives at the center electrode. The emission
intensity from the glow discharge is weaker than the ionic streamer during the breakdown and

arc phases.
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Figure 3-10 Spark plug sensor with optical fiber

Frame rate: 7kfps

Case 1

Case 2

Case 3

---- 140ps --=-= ==--=- 280us ----

Figure 3-11 Time-series of images of spark discharges [34]
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3.4 Optical access

Optical fiber consists of several elements which is core, cladding, coating buffer,
strength member and outer jacket. The optic core is the light carrying element at the center.
The optical fiber used to collect spectra in this research was Sl type fiber which uses pure
silica core. A step index is a cylindrical dielectric wave guide specified by its core and
cladding refractive indices of n; and ny, and the radius a (refer Figure 3-12). The product
name is PV95P (STU1000H) with core size 1000 um and core diameter 1250 um. Details
specification was shown in Table 3-2. This pure silica core fibers feature high light
transmission efficiency and is suitable for a wide range of applications. The optical fiber had a
numerical aperture (NA) of 0.20, which covered the area around the ground electrode.
Numerical aperture (NA) of fiber optic is the measurement of the acceptance angle of an
optical fiber, which is the maximum angle at which the core of the fiber will take in light that

will be contained within the core. In fiber optics, numerical aperture was described as below:

NA = n,sin® = sin® = (n2 — n2) 72 (6)
Where; n;= refractive index of core,
n, = refractive index of cladding
N, = refractive index of air (1.00).

cladding n2
air core  nq
/
F claddingn?

Figure 3-12 Acceptance angle of an optical fiber

Table 3-2 Specification of optical fiber

) Core diameter | Fiber diameter | Optical transmission loss
Type Size NA
(um) (um) (dB/km)
SI | STU1000H | 0.2 1000 1250 Below 600
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3.5 High-Speed camera

Figure 3-13 shows a high-speed CMOS (complimentary metal-oxide semiconductor)
video camera (NAC Image Technology, GX8) that used in the experiment. NAC Memrecam
GX-8 meets the imaging requirements of the most demanding applications in research and
development due to its unrivalled sensitivity, speed and resolution. The NAC Memrecam GX-
8 uses the latest CMOS sensor to achieve sensitivity and speeds previously unattainable. NAC
Memrecam GX-8 camera system can possibly captures brilliant images at 1280 x 1024 pixels
at speeds up to 2,900 fps and frame rates in excess of 600,000 fps at reduced resolutions. The
camera was used to visualize the spark discharge in the constant-volume vessel when
hydrogen jet was injected from top of the chamber directly to the spark plug sensor. The
frame resolution was set to 208x156 pixels, and the frame rate was 60,000 frames per second.
The onset of high-speed camera recording was synchronized with the spark system. Figure
3-14 shows the viewable area through the constant volume chamber window. Distance,
height, position and stability of the camera are very important when adjusting the position of
the camera and spark plug gap to be taken. Signs should be placed to ensure that the position
of the camera and constant volume chamber is the same at all times. This is to ensure that the

position of the picture to be taken is always the same for each experiment.
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Figure 3-13 High-speed CMOS (complimentary metal-oxide semiconductor) video camera
(NAC Image Technology, GX8)

Center electrode
H

Ground electrode

Figure 3-14 Viewable area through the constant volume chamber window
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3.6 Spectrometer

A spectrometer is a devise used to measure properties of light over a specific portion
of the electromagnetic spectrum. It is typically used in spectroscopic analysis to identify
materials. The variable measured is most often the light's intensity but could also, for
instance, be the polarization state. The independent variable is usually the wavelength of the
light or a unit directly proportional to the photon energy, such as wavenumber or electron
volts, which has a reciprocal relationship to wavelength. The output of a spectrophotometer is
usually a graph of light intensity versus wavelength. A spectrometer is used in spectroscopy
for producing spectral lines and measuring their wavelengths and intensities. There are four
main parts of a spectrometer: the light source, subject, detector, and interpreter. Spectrometer
IS a term that is applied to instruments that operate over a very wide range of wavelengths,
from gamma rays and X-rays into the far infrared. If the instrument is designed to measure the
spectrum in absolute units rather than relative units, then it is typically called a
spectrophotometer. The majority of spectrophotometry is used in spectral regions near the

visible spectrum.

In this experiment, Ocean Optics USB2000+ spectrometer was used to measure the
SIBS spectra. The spectrometer is shown in Figure 3-15. The spectrometer measured the
optical emission spectrum over a range from 250 and 800 nm with a resolution of 0.3 nm and
a minimum integration time of 1 ms. The spectrometer converted incoming light into voltage
across a charge-coupled device (CCD), wherein each pixel of the CCD represented a pre-
calibrated wavelength. Data analysis was performed using the Ocean Optics Spectra Suite
software package. The USB 2000 spectrometer is a simple optical instrument based on a
diffraction grating and a one-dimensional CCD detector array. The CCD array has 1 x 2048

pixels so the spectrum reads out as a list of 2048 data numbers.

Figure 3-16 shows a schematic of the USB 2000+ spectrometer from the Ocean Optics
web pagel. Light from a fiber enters the optical bench through the SMA connector (1). Light
from the fiber passes through a slit (2), which acts as the entrance aperture. An optical filter
(3) is installed between the slit and the aperture in the SMA connector. This filter blocks light
that would be diffracted in the second- and third-orders by the grating. A collimating mirror
(4) matches to the 0.22 numerical aperture (F/2.3) of the optical fiber. Light reflects from this

mirror, as a collimated beam, toward the grating. The grating (5) is installed on a rotating
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platform that selects wavelength range. After assembly, the grating platform is fixed to
eliminate mechanical shifts or drift. A mirror (6) focuses the first-order spectra on the detector
plane. A cylindrical lens (7) is fixed to the detector to focus the light from the tall slit onto the
shorter detector element (14 um x 200 pum pixels), increasing light-collection efficiency. A
2048-element Sony ILX511 linear CCD array detector (8) pixel responds to the wavelength of
light that strikes it.

The linear CCD detector corresponds to the range of wavelengths on a hand held
spectrophotometer. Each pixel on the CCD represents a specific wavelength of light, and the
more photons absorbed, the more electrical signal generated. Therefore, the electrical signal
output by the CCD at each pixel is proportional to the light intensity at each corresponding

wavelength.
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Figure 3-15 The Ocean Optics USB2000+ spectrometer

Figure 3-16 Interior of USB 2000+ spectrometer
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3.7 Spark discharge

Generally In spark-ignition (SI) engines, the electrical discharge produced between the
spark plug electrodes by the ignition system starts the combustion process close to the end of
the compression stroke. The high-temperature plasma kernel created by the spark develops
into a self-sustaining and propagating flame front-a thin reaction sheet where the exothermic
combustion chemical reactions occur. The function of the ignition system is to initiate this
flame propagation process, in a repeatable manner cycle-by-cycle, over the full load and
speed range of the engine at the appropriate point in the engine cycle. A spark can arc from
one electrode to another when a sufficiently high voltage is applied. Ignition systems
commonly used to provide this spark are: battery ignition systems where the high voltage is
obtained with an ignition coil (coil ignition systems); battery systems where the spark energy
is stored in a capacitor and transferred as a high-voltage pulse to the spark plug by means of a
special transformer (capacitive-discharge ignition systems); and magneto ignition systems
where the magneto-a rotating magnet or armature--generates the current used to produce a
high-voltage pulse.

3.7.1 The stages of spark discharge

The ignition process is an important key to the operation of internal combustion
engines. As a Sl engines require external combustion, this is accomplished by discharging
electrical energy through a spark gap. Heat transfer and gas ionization (splitting apart of gas
molecules) caused by the spark discharge initiate a flame kernel. The flame kernel then grows
into a flame front that spreads through the combustion chamber. A spark can arc from one
plug electrode to the other only if a sufficiently high voltage is applied. In a typical spark
discharge, the electrical potential across the electrode gap is increased until breakdown of the
intervening mixture occurs. lonizing streamers then propagate from one electrode to the other.
The impedance of the gap decreases drastically when a streamer reaches the opposite
electrode and the current through the gap increases rapidly. This stage of the discharge is
called the breakdown phase. It is followed by the arc phase, where the thin cylindrical plasma
expands largely due to heat conduction and diffusion and, with inflammable mixtures. The
exothermic reactions which lead to a propagating flame develop. This may be followed by a
glow discharge phase where, depending on the details of the ignition system, the energy

storage device (e.g., the ignition coil) will dump its energy into the discharge circuit. Figure
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3-17 shows a schematic diagram of the voltage and current of ignition sparks as function of
time[112]. The actual values depend on the electrical components of the discharge circuits as
indicated. The breakdown phase is characterized by very high peak values of voltage (~-10
kV) and current (=200 A), an extremely short duration (~10ns) and a cold cathode. The
breakdown phase starts from the moment the gap is bridged up to the moment where thermal
equilibrium between the electron temperature and the gas temperature can be assumed in the
plasma channel. Naidis [113] mentioned that once the streamer has closed the gap, there are
two mechanisms that have been proposed. Thermal is the first which is responsible for
lowering the gas number density because of the spark channel expansion due to heating.
Chemical is the other mechanism that involves the accumulation of radicals and excited
molecules, which change the balance between the rates of generation and loss of electrons.
For streamer-to-spark transition the chemical mechanism is dominant. The electron and gas
temperatures could reach 60000 K during the breakdown phase and that the gas is highly
ionized [114]. The gas molecules inside the channel are fully dissociated and ionized. The
energy supplied is transferred almost without loss to the plasma, where it is stored by

dissociation and ionization.

A breakdown phase always precedes arc and glow discharges: it creates the
electrically conductive path between the electrodes. The arc phase voltage is low « 100 V),
though the current can be as high as the external circuit permits. In contrast to the breakdown
phase where the gas in the channel is fully dissociated and ionized, in the arc phase the degree
of dissociation may still be high at the center of the discharge, but the degree of ionization is
much lower (about 1 percent). Voltage drops at the cathode and anode electrodes are a
significant fraction of the arc voltage, and the energy deposited in these electrode sheath
regions, which is conducted away by the metal electrodes, is a substantial fraction of the total
arc energy in Table 3-3. The arc requires a hot cathode spot, so evaporation of the cathode
material occurs. The arc increases in size due primarily to heat conduction and mass diffusion.
Due to these energy transfers the gas temperature in the arc is limited to about 6000 K: the
temperature and degree of dissociation decrease rapidly with increasing distance from the arc
axis. Currents less than 200 mA, a large electrode voltage drop at the cathode (300 to 500 V),
a cold cathode, and less than 0.01 percent ionization are typical for the glow discharge.
Energy losses are higher than in the arc phase, and peak equilibrium gas temperatures are
about 3000 K [114]. About 0.2 mJ of energy is required to ignite a quiescent stoichiometric

fuel air mixture at normal engine conditions by means of a spark. For substantially leaner and
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richer mixtures, and where the mixture flows past the electrodes, an order of magnitude
greater energy (~3 mJ) may be required. Conventional ignition systems deliver 30 to 50 mJ of
electrical energy to the spark. Due to the physical characteristics of the discharge modes
discussed above, only a fraction of the energy supplied to the spark gap is transmitted to the
gas mixture. The energy balance for the breakdown, arc, and glow phases of the discharge is
given in Table 3-3. Radiation losses are small throughout. The end of the breakdown phase
occurs when a hot cathode spot develops, turning the discharge into an arc; heat losses to the
electrodes then become substantial. The breakdown phase reaches the highest power level (~1
MW), but the energy supplied is small (0.3 to 1 mJ). The glow discharge has the lowest power
level (~10 W) but the highest energy (30 to 100 mJ), due to its long discharge time.

Table 3-3 Energy distribution for breakdown, arc, and glow discharges [114]

Breakdown, % Arc, % Glow, %
Radiation loss <1 5 <1
Heat loss to electrode 5 45 70
Total losses 6 50 70
Plasma energy 94 50 30
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Figure 3-17 Schematic of voltage and current variation with time for conventional coil spark-
ignition system. Typical values for energy and voltage in the three phases-breakdown, arc,

and glow discharge [112]
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3.8 Data smoothing and filtering

Smoothing and filtering are two most commonly used techniques for removing noise
from a contaminated signal to help reveal important signal features and components. Typical
experimental data include noise to varying degree. Noise can obscure important features like
peaks, valleys, or peak widths. Noise can make it difficult to calculate signal features such as
slopes, area, and peak widths. For the case of spectral data, the estimated spectrum of a time
series gives the distribution of variance as a function of frequency. Depending on the purpose
of analysis, some frequencies may be of greater interest than others, and it may be helpful to
reduce the amplitude of variations at other frequencies by statistically filtering them out
before viewing and analyzing the series. Smoothing is a form of filtering which produces a
time series in which the importance of the spectral components at high frequencies is reduced.
Four types of filters are discussed here: 1) moving average, 2) binomial, 3) Gaussian, and 4)
windowed (Hamming method). Considerations in choosing a type of low-pass filter are the

filter length and desired frequency response of the filter.
3.8.1 Moving average

An example of a symmetrical low-pass filter is the simple moving average filter of
length N, where N is an odd integer. The individual weights of the moving average are equal
to, so that the sum of the weights is N(1/1) = 1. The simple moving-average filter is
therefore also called the running mean. The running mean has the practical advantage of
simplicity over some other types of filter. The frequency response of the running mean of
length N is 1.0 at the lowest frequency = 0, corresponding to infinite wavelength, and

decreasesto O at f = 1/N , corresponding to a wavelength the same as the filter length.
3.8.2 Binomial filter

For the binomial filter, the weights are set proportional to the binomial coefficients
[115]. The binomial filter can be computed by repeated convolution of the sequence of
weights [0.5 0.5], corresponding to equal probabilities of success or failure for a binomial
distribution. If we let by = [0.5 0.5], the three-weight binomial filter is given by the

convolution of

b,=conv(b, by) =[0.25 0.50 0.25] (7)
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The four-weight binomial filter, say b, is formed by convoluting by with bo. The five
weight binomial is formed by convoluting b, with by, and so forth. The weights of an

N+1weight binomial filter can be computed conveniently as follows

N!

k= k'(N—Fk)! k=0,1,.....N @
N
bk = Ck/z Ck (9)
k=0

The appropriate value of filter length, N + 1, can be computed for any desired period of 50%
frequency response. The standard deviation of the binomial distribution is o5 = vVN/2 , and
the 50% response period occurs approximately at six standard deviations. Thus, considering
an annual time series, if the 50% response period is p, the relationship

605 = 3VN = p (10)
N = (g)z (1)

As N becomes large, the weights for the binomial filter approximate the ordinates of the
Gaussian, or normal, distribution. An alternative to the binomial filter is to set the weights

proportional to the probability points of a normal distribution.

3.8.3 Gaussian filter

The Gaussian filter is arrived at by setting the weights equal to the ordinates of an
appropriate Gaussian, or normal, probability density function. The Gaussian filter is
particularly convenient because the standard deviation of the appropriate Gaussian
distribution can be specified in terms of the 50% frequency response of the filter. The

appropriate Gaussian distribution therefore has standard deviation

A
op = % (12)
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where A, < is the desired wavelength at which the amplitude of frequency response is 0.5. The

filter weights are obtained by sampling the pdf of the standard normal distribution at
t - values 0, il/O'G, iZ/O'G, iS/O'G,

These weights are truncated to exclude values less than 5 percent of the maximum weight,

and then scaled so that the weights sum to 1.0.
3.8.4 Hamming-window filter

The binomial filter approaches a “bell shape” as filter length, N, increases, and the
Gaussian filter is by definition bell shaped. Other ‘bell-shaped’ filters have the desired trait
for low-pass filtering of a frequency response that drops steadily from 1.0 at low frequencies
to zero at some frequency and remains at zero at higher frequencies. A different approach to
filter design consists of applying a smoothing window, or smoothing filter, to a
mathematically derived ideal digital filter. The ideal filter is specified by a cutoff frequency,
fo,, defined such that the amplitude of frequency response is 1 for all frequencies less than f,
and 0 for all frequencies greater than or equal to fy . Such a frequency response is called a
brick-wall response. Recall that the frequency response of a filter is the Fourier transform of
the impulse response of the filter, and that the impulse response of a symmetrical digital filter
is proportional to the filter itself. The ideal filter is accordingly computed as the inverse
Fourier transform of the brick-wall frequency response. The ideal filter as so defined is not
implementable because its impulse response is infinite and non-causal. To create a finite-

duration impulse response, the ideal filter is truncated by applying a “window.”

A useful window for this purpose is the Hamming window, or raised cosine window

[116]. The Hamming window weights are

N-1
w; = (0.54 — 0.46 cos[2mi /(N — 1)]/ Z w, 0<i<(N—1) (13)

i=0

where N is the length of the window, or filter. N includes the central weight and the weights
on either side of it. For example, a 5-weight Hamming-window filterl, with N =5 and
central weight w,, has weights [0.0357 0.2411 0.4464 0.2411 0.0357]. The Hamming window

65



applied to the ideal low-pass filter yields an implementable filter that in a sense is ideal given
the specified constraint on the filter length.

The filter design problem in the windowed method is reduced to 1) specifying a
desired cutoff frequency, and 2) specifying a desired filter length. As the filter length is
increased, the algorithm comes closer to the objective of an “ideal” filter in terms of
frequency response, but more data is lost off the ends of the series because of the large
number of weights. The filter weights sum to 1, but for longer filter lengths some weights can
be negative. This is a necessary consequence of the mathematics, but can be disturbing for
practical interpretation.

3.9 Injection quantity test

The injection quantity test was performed using constant volume chamber by consider
atmosphere pressure and injection pressure as a parameter. Figure 3-18 shows a schematic of
the setup used for injection quantity test. The test was conducted in a constant volume vessel.
The constant volume vessel has a cylindrical shape and a volume of 675cm3 (diameter:
80mm, Length: 125mm). The injector was installed on the top of the chamber using
Mitsubishi swirl injector as mentioned in section 3.2. The injection was achieved with an
electromagnetic fuel injector with a swirl nozzle (nozzle hole diameter: 1 mm). The injector
had a nominal cone angle of 60° and an orifice diameter of 1.0 mm. The injection signal was
controlled by an electric injector driver requiring a high-voltage power source and external
trigger input to control the pulse width. Bourdon tube pressure gauge was used to measure the
pressure inside the constant volume chamber for each time of hydrogen injection timing. As
of next experiment is to measure the hydrogen fuel concentration at different ambient pressure,
for injection quantity test, we conduct the experiment in three different ambient pressure
which is 0.5 MPa, 1.0 MPa and 1.5 MPa. For injection quantity test for the ambient pressure
of 0.5 MPa, nitrogen was transferred in the constant volume chamber until the bourdon tube
pressure gauge shows 0.5MPa. The Hydrogen with feed pressure of 5MPa was then injected
inside the constant volume chamber. The injection duration of hydrogen jet was set from 2ms
to 36ms for each injection time. The injection was set 3 times for each injection condition.
The experiment was conducted one at a time to make sure the stable result can be obtained.
The same step was repeated for ambient pressure 1.0 MPa and 1.5 MPa. From this experiment,

the graph for amount of injection versus hydrogen injection duration can be drawn as shown
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in Figure 3-19. From the results of injection amount versus hydrogen injection duration, the
relation between equivalence ratio and hydrogen injection duration can be calculated and the

graph can be seen at Figure 3-20.
3.9.1 Injection quantity test calculation

The experiments above were conducted by transferring the hydrogen and nitrogen to
the constant volume chamber while considering nitrogen gas instead of air: non combustion
condition. When calculation the hydrogen injection quantity with the relation of injection
amount and equivalence ratio, we consider the oxygen should be include so that the right
calculation for the equivalence ratio can be made. The ideal gas law was used to calculate the
amount of mass injected into the chamber. The mass injected into the chamber, Am in a single

injection is given by:

(P, =PV

o (14)

Am

Where P, is the pressure after injection and P; is the initial pressure. The approximated
average mass flow rate is then calculated by dividing the injected mass, Am, by the injection

duration.

Consider the structure of gas used in this experiment as below box.

N2 + 02

In most application, oxygen comes from surrounding air that contains 20.95% O, and 79.05%
N.. Therefore, the volume ratio for N, and O is 79.05: 20.95. From the ratio of N2: O,

volume of H; can be found.
O, that need to burn the H; is when the equivalence ratio is 1 (¢ = 1).

2H; + O, — 2H,0
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from above chemical reaction equation, two H, need to burn one O,. Therefore, volume for
H, is 2 times of O, which is 41.9. The volume ratio for H,, N2 and O, can be simplified as

below:
H,:N,:0,=41.9:79.05:20.95

# The values are based on the condition of gas at 20°C and atmospheric pressure of 101.325
kPa. When calculate the equivalence ratio based on the AP, the atmospheric pressure should

be change related to measured ambient pressure.

Example:

Consider the total air inside the constant volume chamber is N, + O, = 79.05 + 20.95 = 100,
Ratio of pressure in the constant volume chamber for H, and N3 is 41.9 kPa : 100 kPa,

In case of the ambient pressure of N in constant volume chamber is 500 kPa, the ambient
pressure need to consider when calculating the equivalence ratio is 209.5kPa. The relation
between equivalence ratio and hydrogen injection duration can be calculated and the graph

can be seen at Figure 3-20.
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Figure 3-18 Schematic of the experimental apparatus for the hydrogen injection quantity test
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Figure 3-20 Relation between injection duration and equivalence ratio
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3.10 Calibration curve

In analytical chemistry, a calibration curve is a general method for determining the
concentration of a substance in an unknown sample by comparing the unknown to a set of
standard samples of known concentration. It is a graph generated by experimental means,
with the concentration of solution plotted on the x-axis and the observable variable for
example, the solution’s absorbance plotted on the y-axis. The curve is constructed by
measuring the concentration and absorbance of several prepared solutions, called calibration
standards. Once the curve has been plotted, the concentration of the unknown solution can be

determined by placing it on the curve based on its absorbance or other observable variable.

Chemical solutions absorb different amounts of light based on their concentration.
This fact is quantified in an equation known as Beer’s law, which shows a linear relation
between a solution’s light absorbance and its concentration. Researchers can measure the
absorbance of a solution using a laboratory instrument called a spectrophotometer whereas in
this research the USB2000+ was used. This process as a whole is called spectrophotometry.
Spectrophotometry can be useful in determining the concentration of an unknown solution. In
this experiment, hydrogen/nitrogen mixture was made in various equivalence ratios and was

determined by using a spectrometer to plot a calibration curve.

The experimentally determined absorbance values are plotted on a graph against the
known concentration of each calibration standard. A set of points is created, which in the case
of absorbance should be roughly linear due to Beer’s law. A line is drawn to connect these
data points, forming the calibration curve. In almost every case, the data points will not be
mathematically exact, so the line should be drawn to intercept the maximum number of points
it is a line of best fit. Although the relationship of absorbance to concentration is linear, this is
not always true for other experimentally determined variables, and occasionally curves must
be employed to describe the relationship. At this stage, the unknown solution can be analyzed.
The absorbance of the sample is measured by spectrometer. Since this sample is being
measured against several standards that containing the same compound, its absorbance and
concentration must fall somewhere along the calibration curve for that compound. This means
that once the solution's absorbance is known, its concentration can be deduced mathematically

or graphically.
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A horizontal line can be drawn from the unknown solution’s y-value which is its
absorbance, which has just been measured. The point at which the line crosses the calibration
curve will indicate the x-value which is the concentration. A vertical line, drawn downwards
from this point, gives the concentration of the unknown solution. The equation for the line of
the calibration curve can also be used to mathematically determine the solution's

concentration.
3.11 Calibration standards preparation

The SIBS method, as any other analytical technique, requires calibration to obtain
optimum results in quantitative analysis. Calibration standards with different concentrations
should be prepared. Here, the standard concentrations should cover the range of
concentrations encountered during the analysis of test samples and be evenly spaced across
the range. The plot of the data should be inspected for possible outliers and points of
influence. In general, an outlier is a result which is significantly different from the rest of the
data set. In the case of calibration, an outlier would appear as a point which is well removed
from the other calibrations points. A point of influence is a calibration point which has a
disproportionate effect on the position of the regression line. A point of influence may be an
outlier, but may also be caused by poor experimental design. Ideally, the calibration range
should be established so that the majority of the test sample concentrations fall towards the
center of the range. This is the area of the calibration range where the uncertainty associated
with predicted concentrations is at its minimum. It is also useful to make at least duplicate
measurements at each concentration level, particularly at the method validation stage, as it
allows the precision of the calibration process to be evaluated at each concentration level. The
replicates should ideally be independent. Making replicate measurements on the same
calibration standard gives only partial information about the calibration variability, as it only
covers the precision of the instrument used to make the measurements, and does not include

the preparation of the standards.
3.12 Fuel-Air Mixture Calculation Method

As with other quantitative analytical techniques, the SIBS technique requires
calibration to obtain optimum results. The correlation between the fuel/air mixing
(hydrogen/nitrogen) ratio and atomic emission was determined, and the post-processing

procedure was calibrated. Nitrogen dilution was utilized to ensure safe use of hydrogen,
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which has a higher burning velocity. Hydrogen/nitrogen gas mixtures were made for a range
of equivalence ratios ($=0.3 to 5.0) via nitrogen dilution (32% to 89%). The experiments
were conducted by transferring the hydrogen/nitrogen mixture to the constant-volume
chamber without combustion, with the nitrogen gas serving in place of air. The mixtures were
transferred under a pressure of 0.5 MPa at room temperature. The SIBS sensor then initiated
the spark, and the local concentration was measured. The experiment was performed 100

times under each set of conditions, and the resulting data were averaged.

In order to calculate the mixture amount of the fuel, oxygen and nitrogen
conveniently, the following method is used:

Assuming the formula of the fuel is CmHn and the ratio of nitrogen to oxygen is 79/21. The
equivalent ratio @ of CyH, when the mixed and burning with N2/O2 occurred is shown as

below equation:

b CuH +(E+m)(0 +E1v)

15
5§ mCO;, + b D H0 + (1~ ) (5 +m)0 +(E+m)7—N "
2 22 4 27 \4 2172
From equation (12), the molar fraction of the fuel and the N,/O, mixture can be shown as

follows:

(CnHal : 10,1 = ¢+ (5+m)

cut:lo 79N 100 mn

[CrnHy] : [ 2t57 2]— ¢ : H(Z-l_m)

The total relative pressure of the mixture can be set as P(kgf/cm?) and the atmospheric
pressure can be recorded as PO(kPa). Assumed the total pressure is 98.0665P(kgf/cm2) +
PO(kPa). Therefore, the partial pressure of the fuel Pf and relative pressure P is shown as

below equation. The temperature change when the gas is filled is not considered.
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»
o+5(G+m)

Py = (98.0665P + Py) X

. (16)
= (98.0665P + Py) X - b [kPa]
4¢ +— (n+ 4m)
4¢ + % (n + 4m) 5
P=1{F P —Po( 5a0aes K9f /em?] a7

To decrease the effect of temperature change, gradually fill in the gas into mixture cylinder.

3.13 Summary

This chapter discussed about the apparatus and the methodology used in this study to
measure the local fuel concentration of the hydrogen jet at different ambient pressures of
nitrogen. A constant-volume vessel equipped with a SIBS sensor was used, and a swirl-type
direct-injection (DI) injector with a single orifice was installed at the top of the vessel. The
local fuel concentration of the hydrogen jet was measured at several locations, using a SIBS
sensor. The SIBS sensor, which was developed using a commercially available spark plug
with an optical fiber installed at the centre. An Ocean Optics USB2000+ spectrometer was
used to analyse the light obtained from the optical fiber. A high-speed camera was used to
visualize spark discharge fluctuations, and hydrogen jet concentration measurements were
conducted simultaneously. Four types of filters are discussed: 1) moving average, 2)
binomial, 3) Gaussian, and 4) windowed (Hamming method). The quantity test experiment
was discussed whereas the results of injection amount versus hydrogen injection duration, the

relation between equivalence ratio and hydrogen injection duration can be calculated
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4 Calibration of Spark Induced Breakdown Spectroscopy (SIBS)

4.1 Experimental setup

Delay generator

Spectrometer

Power source

Constant
Volume vessel

Figure 4-1 Schematic of the setup for the calibration experiment with the spark-induced

breakdown spectroscopy sensor

Figure 4-1 shows a schematic of the setup used for the calibration experiment with the
spark-induced breakdown spectroscopy (SIBS) sensor. The experimental apparatus consisted
of three main parts: 1) the spark system with the spark plug and igniter, 2) the acquisition
equipment, and 3) the synchronization system. The experimental was conducted using
constant volume chamber equipped with SIBS sensor. The constant volume chamber had a
volume of 675 cm® with rectangular shape. One wall of the chamber was designed to hold the
spark plug sensor, and others walls of the chamber were fitted with circular quartz windows to
allow optical access. The spark plug sensor developed for this experiment used a commercial
spark plug used in mass-produced real-world SI engines. The spark-plug gap was 1.5 mm to
increase the stability of spark-discharge initiation, and optical UV-grade quartz fiber with a
core diameter of 1000 pum (fiber diameter 1250 um) was used to increase the light-collecting
capability of the device. The optical fiber had a numerical aperture (NA) of 0.20, which
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covered the area around the ground electrode. The spark-charging duration was 10 ms. The
ground electrode had a small projection pointing toward the centre electrode to allow stable
initiation of spark discharge. This small projection was the starting point of the ionic streamer

during the breakdown and arc phases.
4.2 Experimental condition and procedure

As with other quantitative analytical techniques, the SIBS technique requires calibration
to obtain optimum results. The correlation between the fuel/air mixing (hydrogen/nitrogen)
ratio and atomic emission was determined, and the post-processing procedure was calibrated.
Nitrogen dilution was utilized to ensure safe use of hydrogen, which has a higher burning
velocity. Hydrogen/nitrogen gas mixtures were made for a range of equivalence ratios (¢=0.3
to 5.0) via nitrogen dilution (32% to 89%) as shown in Table 4-1. The experiments were
conducted by transferring the hydrogen/nitrogen mixture to the constant-volume chamber
without combustion, with the nitrogen gas serving in place of air. The mixtures were
transferred under a pressure of 0.5 MPa at room temperature. The SIBS sensor then initiated
the spark, and the local concentration was measured. The experiment was performed 100

times under each set of conditions, and the resulting data were averaged.

Table 4-1 Calibration standards of hydrogen and nitrogen with equivalence ratio

G H2-N2 amount (%) Equivalence ratio
H, N, ()
1 10.8 89.2000 0.289
2 16.7000 83.3000 0.478
3 23.8000 76.2000 0.745
4 30.1000 69.9000 1.028
5 46.6000 53.4000 2.083
6 55.7000 44.3000 3.001
7 68.1000 31.9000 5.095
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4.3 Background correction method

When measuring the emission intensity ratio using the two elements and pure
emission in a certain element, it is necessary to accurately determine the peak intensity for
each element. In order to calculate the element density of integrated peak intensities, the
processing method of the background is important for an accurate quantification quantitative
analysis of the measured emission spectra. Pure emission in a certain elements has a spread of
specific elements, called distributed spectrum at a particular wavelength. The emission of
each overlap near the boundary is clarified the elements together with similar wavelengths,
and is detected as a continuous spectrum as shown in Figure 4-2 and the emission is
duplicated as shown as Figure 4-3. The background processing means that, when determining
the peak intensity at a particular element from the continuous spectrum, it is necessary to
consider the effect of overlapping of the emission. It is caused by the emission energy
generated in the element during before the escape from the surface and loses energy to receive

the inelastic scattering by another atom.

Intensity per unit wavenumber

Wave length, nm

Figure 4-2 Overlapping distribution of spectrum in each element
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Intensity per unit wavenumber

Wave length, nm

Figure 4-3 Duplicated spectrum

Quantifying the intensity of peaks in emission intensity data requires the proper modeling of
the background signal. There are various background types as below list that are employed on
a case-by-case basis.

linear,
Tougaard,
Shirley-Sherwood,

exponential

o B~ WD e

polynomial,

The traditional (or static) peak-fitting methodology has the following distinguishable
characteristics:

1. One of the background types is chosen depending on the shape of the spectrum.
2. The background is forced to pass through two user-defined points, one at each side of
the peaks.
3. The background is first subtracted from the original data and then the modified
background less spectrum is peak-fitted.
In this study, we decided to perform background processing using the improved version

Shirley method. The features in the analysis of each method are shown as below.
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4.3.1 Linear technique

Figure 4-4 shows the example of analysis by liner method. For analyzing the
wavelength, two specific wavelengths was selected by consider the influence of the spectral
distribution. Draw a straight line between the emission intensity that was selected and remove
background region below the line. Since this method is not necessary to use such formulas,
the method is a method which can perform background processing most easily. However, the
error is high because it does not consider almost duplication of the emission in the analysis of

two elements with similar wavelength.
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Figure 4-4 Example of the analysis using liner method
4.3.2 Tougaard method

Figure 4-5 shows the example of analysis by Tougaard method. For analyzing the
wavelength, two specific wavelengths was selected by consider the influence of the spectral
distribution. In this method, the effects of removal the background consider the multiple
scattering effects and three-dimensional structural model of the elements. The analysis
method is based on the physical basis and has been considered the probability that electrons
(spatial distribution of atoms) generated the distribution of light and electron energy loss of
the element-specific loses some of the energy. In this method, both ends of the peak values
are found natural three-dimensional structure model and energy loss probability of the

element. However, obtaining an energy loss probability of all elements of the measurement
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target is not easy. It is not possible to know in advance the three-dimensional structure

element more details.
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Figure 4-5 Example of the analysis using Tougaard method
4.3.3 Shirley method

Figure 4-6 shows the example of analysis by Shirley method. Similar with another
method, for analyzing the wavelength, two specific wavelengths was selected by consider the
influence of the spectral distribution. In Shirley method, selected points between emission

intensity use below equation

(a—b)Q

PO=G% )

+b (18)

The background curve based on the Shirley method is calculated by the following way: For
the calculation of the background curve shown in Figure 4-7, we assume that there are n
points between the end points of (q:,B:1) and (g2, B2), and let the background and net peak at
the i-th point in the j-th approximation be BG;(i) and N; (i), respectively. Then

Nj(i)=y; —BG; (i) . By using the Shirley's formula,

(B; — B;)Q;()

Be) =507 0,0

+B, (19)
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where P;(i) and Q;(i) are the left and right side of the net peak areas at i-th point in the j-th

approximation, and they are expected as follows(assuming the step width being 1):

P,(i) = Z N, (D) = 0.5(N;(1) + N; (D)) (20)
=1
and,
Q0 = ) N(D) = 05(N; () + Ny(m)) (1)
=i

For the 0-th approximation, the initial background curve BGy (i) is taken as the straight line
connecting the 2 points (g;, B1) and (gz, B). This iterative calculation continues until the

following convergence condition is satisfied:
ISJ—S_G—1)|/Sj <0.001 where, Sj=P;({)+Q;(i) (22)

10

10
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470 460
Binding Energy (eV)

Figure 4-6 Example of the analysis using Shirley method
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4.4 Data analysis

As mentioned in chapter 3, when determining the emission intensity ratio between two
elements and pure emission of a particular element, it is necessary to find the exact peak
intensity for each element. When calculating the element concentrations in integrated peak
intensities, the background processing method is very important to ensure accurate
quantification of emission spectrum measurements. In this research, the original signal was
smoothed using a moving average filter and the background were then subtracted using the
background subtraction method. Figure 4-8 illustrates the spectral data smoothing via the

moving average filter.
4.4.1 Effect of number for moving average

Depending on the number of points used in the moving average, a moving average
filter decreases the amplitude of the random noise, but also reduces the sharpness of the edge,
which can affect the emission spectrum peak results. Figure 4-8 shows the nitrogen and
hydrogen intensity with various moving average filter. Here, it’s clearly shows that when

more number of points used in the moving average, the peak of graph decreased.
4.4.2 Moving average filters with two different numbers of points

To preserve the emission spectrum peaks, moving average filters with two different
numbers of points were applied to the emission spectral data. Figure 4-9 shows the hydrogen
and nitrogen intensity with 3 points moving average filter at inner range (Nitrogen: 497.6 nm
to 505.6 nm, Hydrogen: 650 nm to 662 nm) and various points of moving average filter at
outer range of wavelength (remaining wave length). This data analysis was done to select the
best way of calculation method for the next step of data analysis. As mentioned previously, a
moving average filter decreases the amplitude of the random noise, but also reduces the
sharpness of the edge, which can affect the emission spectrum peak results. 3 points moving
average filter for inner range was selected because the peak height can be maintained. The
remaining average filter was selected based on the lowest random noise but not affected the
final peak of intensity. Figure 4-10 and Figure 4-11 shows the effected of peak for nitrogen
and hydrogen intensity with 3 points moving average filter and various points of moving
average filter. In the nitrogen emission spectrum, a 3-point moving average filter was applied

from 497.6 nm to 505.6 nm, and a 7-point moving average filter was applied to the remaining
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wavelengths. In the hydrogen emission spectrum, a 3-point moving average filter was applied
from 650 nm to 662 nm, and a 7-point moving average filter was applied to the remaining
wavelengths. The atomic emission spectra were integrated, and the background area was
subtracted by putting the background into relation with the measured spectra—a technique

that was first suggested by Shirley [117], and later improved by Proctor and Sherwood [118].
4.4.3 Background correction

By referring to Figure 4-7 (a) and (b), background estimation was carried out using the
following steps: 1) calculate the smoothing curve of the spectrum; 2) regard the smoothing
curve as the background curve in the region outside the peak; 3) select g; and g, as the start
and end points of the background for a peak on the energy axis; and 4) connect points (g, B1)
and (g2, By) on the spectrum with a line, using the background correction method. The

following formula was used to estimate the background [118]:

(B1 + B,)Q;(1)

Ba =Fmrem 5

(23)

where B; is the average starting point and B; is the average end point, and P;(i) and Q; (i) are
the left- and right-hand sides of the net peak area at the i-th point in the j-th approximation.
Employing the trapezoidal rule, the 0-th approximation of the initial background curve BGq
(i) is taken to be the straight line connecting the two points (q:, B1) and (g2, Bz), and the

calculations are iterated until P;(i) + Q;(i) remains essentially unchanged.
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4.5 Spectral and calibration results

Figure 4-12 shows the emission spectrum of nitrogen, measured by the SIBS sensor.
The purpose of the test was to make a confirmation on the capability of spark plug sensor to
detect an element inside the constant volume chamber. Pure nitrogen was transferred into the
constant-volume chamber at 0.5 MPa. A spark was initiated by the SIBS sensor, and the
emission spectrum was detected by the spectrometer. An emission peak from N(I) was

observed, but almost no emission peak from Ho was detected.

Figure 4-13 shows the emission spectra of hydrogen/nitrogen mixture measured with
SIBS sensor at three ambient pressure of 0.5 MPa, 1.0 MPa and 1.5 MPa. The results were
averaged from 100 times data from each set of condition. The spectrum was before implement
the background correction method. This spectrum was obtained from 1.0ms integration timing
of spectrometer and 10ms duration timing of spark. Two strong atomic emission peaks was
observed in spectra wavelength range from 450nm to 700nm. The peak at 656nm is from H,
while 501nm is from N(I). The intensity peaks of atomic emissions from H, and N(I) gives
the global hydrogen concentration in the measured volume. The spectrums were determined
for a range of the equivalence ratio from 0.3 to 5.0. Figure 4-14 shows the intensity peak of
hydrogen and nitrogen for (b) and (c) are getting higher compared with (a) due to the higher
ambient pressure. The intensity peak of hydrogen shows increasing trend as the ambient
pressure are increased. The hydrogen molecule is easy to be excited when the ambient
pressure increase as the concentration increases. The pressure of ambient gas is directly
related to the plasma density so that the absorption coefficients increase with an increase in
ambient pressure. The results also show the variation of spectra in background and intensity
peak for each equivalence ratio. These variation implies that there is existed a larger plasma
variation during the spark discharge. The presence of the hydrogen/nitrogen in the spark
region and the spark channel behavior between the electrodes gap during spark discharge
might be affecting the plasma generated.
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Figure 4-14 shows the relation between the equivalence ratio and the atomic emission
intensity ratio of hydrogen and nitrogen obtained at three different pressures. Each curve
shows an increasing trend in the slope of Iy/ly intensity ratio according to the equivalence
ratio. In the other word, the spectral intensity ratio of Ha/N(I) is proportional to the ambient

pressure from 0.5 to 1.5 MPa as shown in Figure 4-15.

(WY
N
1

<O Pamb = 0.5MPa
(@) 1.0MPa

(WY
o
T

A 1.5MPa

(0 -]
T

,,/1 Intensity ratio
) (o))

N
T

1 1 1 1 1 J

0 1 2 3 4 5 6
Equivalence ratio, ¢

Figure 4-14 Correlation of the atomic line intensity ratio of /Iy with the equivalence ratio

(room temperature)
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An equation of In/ly intensity ratio with equivalence ratio derived from the calibration
curve shown in Figure 4-5 was used for the estimation of local equivalence ratio in hydrogen

jet concentration measurement. These data were fitted using a second-order polynomial; i.e.,

Iy/Iy = Clcl)z +cp +c3 (24)

Where, Iy /1y is intensity ratio of hydrogen and nitrogen, ¢ is equivalence ratio and c,, show
the coefficients, which demonstrates the effect of ambient pressure. The coefficients of c,, can
be defined with Equation (25) and Table 4-2 Coefficients according to equivalence ratio
conditions, in which, P,,,; is the ambient pressure of hydrogen/nitrogen mixture in constant-

volume chamber.

Cn = Cnlpambz + Cn2Pamp +Cnz (n=1,2,3) (25)
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Table 4-2 Coefficients according to equivalence ratio conditions

c11 = 0.4874 c12 = —0.4603 c13 = —0.8451
o<1 c;1 = —0.6374 Cyy = 0.9651 Cy3 = 3.6407

cz3 =0 Cz2 =0 c33=0

c11 = 0.111 c1, = —0.1441 c13 = —0.1566
o> 1 c;1 = —1.0036 Cpp = 2.368 cy3 = 1.4161

c31 = 0.8082 c3, = —1.7981 c33 = 1.5567

4.6 Summary

The correlation between the hydrogen/nitrogen mixing ratio and atomic emission, and
the post-processing procedure was discussed. Spectral calibration was carried out with a
hydrogen/nitrogen mixture at pressures of 0.5, 1.0 and 1.5 MPa and at room temperature. Two
clear emission peaks were observed in the wavelength range 450700 nm; the peak at 656 nm
corresponds to H,, while that at 501 nm to N(I). The intensities of these peaks are related to
the global hydrogen concentration in the measured volume. The spectra were determined for a
range of the equivalence ratios from 0.3 to 5.0, and the intensity of the H, peak increases as a
function of the ambient pressure, P,,,,. Moving average filters with two different numbers of
points were applied to the emission spectral data. The background correction method was
used to eliminate the effects of elastic scattering. The atomic spectral lines were integrated
and the background area was subtracted using the method originally reported by Shirley and
later improved by Proctor and Sherwood. The results show an increase in the background
radiation, as well as of the peaks corresponding to hydrogen and nitrogen atomic emission
lines, as the ambient pressure increased. From the results, it is able to obtain an empirical

formula for deriving the equivalence ratio for ambient pressure using the SIBS sensor.
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5 Hydrogen jet concentration measurement

5.1 Experimental setup

Figure 5-1 shows the experimental apparatus used for hydrogen jet concentration
measurement. The experimental apparatus consisted of three main parts: 1) the spark system
with the spark plug and igniter, 2) the acquisition equipment, and 3) the synchronization
system. The local fuel concentrations of the hydrogen jet were measured using the SIBS
sensor in a constant-volume vessel. The gap between the ground electrode and the centre
electrode was perpendicular to the injector hole. The experimental was conducted using
constant volume chamber equipped with SIBS sensor. The constant volume chamber had a
volume of 675 cm® with rectangular shape. One wall of the chamber was designed to hold the
spark plug sensor, and others walls of the chamber were fitted with circular quartz windows to
allow optical access. The spark plug sensor developed for this experiment used a commercial
spark plug used in mass-produced real-world Sl engines. The spark-plug gap was 1.5 mm to
increase the stability of spark-discharge initiation, and optical UV-grade quartz fiber with a
core diameter of 1000 pum (fiber diameter 1250 um) was used to increase the light-collecting
capability of the device. The optical fiber had a numerical aperture (NA) of 0.20, which
covered the area around the ground electrode. The spark-charging duration was 10 ms. The
ground electrode had a small projection pointing toward the centre electrode to allow stable
initiation of spark discharge. This small projection was the starting point of the ionic streamer
during the breakdown and arc phases. The injector was installed on the top of the chamber, so
that the jet was directed perpendicularly downward into the cylinder. The hydrogen was
injected using an electromagnetic fuel injector with a swirl nozzle (nozzle hole diameter: 1
mm). The jet was directed toward the spark plug to achieve stratified combustion. A high-
speed CMOS (complimentary metal-oxide semiconductor) video camera (NAC Image
Technology, GX8) was used to visualize the spark discharge in the constant-volume vessel.
The frame resolution was set to 208x156 pixels, and the frame rate was 60,000 frames per
second. The injection signal was controlled by an electric injector driver, which required a
high-voltage power source and an external triggering input to control the pulse width. The

onset of high-speed camera recording was synchronized with the spark system.
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Figure 5-1 Schematic of the experimental apparatus for the hydrogen jet concentration
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5.2 Experimental condition and procedure

Table 5-1 summarizes the characteristics and operating conditions of the constant-
volume chamber and the injector used in the hydrogen jet injection experiment. Hydrogen
was supplied from a cylinder. A fuel accumulator was used to maintain a constant fuel-feed
pressure to the injector. The discharge voltage and current were supplied to the SIBS sensor
through a spark igniter connected to a power source. The experiment was conducted by
directly injecting hydrogen at 5 MPa toward the SIBS sensor installed inside the constant-
volume chamber, which was filled with nitrogen gas at a pressure of 0.5 MPa at room
temperature. Local concentrations were measured at five spark locations, the coordinates of
which are listed in Table 5-1. Figure 5-2 shows a schematic diagram showing the location of
the electrodes and the measurement locations. The SIBS sensor emitted a spark at a specific
time during the injection period, and the local concentrations of hydrogen were measured
using the atomic emissions. Spark discharge fluctuations were visualized using a high-speed
camera, and hydrogen jet concentration measurements were conducted simultaneously. The
tests were performed for a single spark discharge to avoid perturbations produced by previous
spark events. The experiment was performed 10 times for each spark mode, and the resulting
data were averaged. The emission spectra of the spark obtained from the UV-grade optical
fiber were detected using a spectrometer (Ocean Optics Spectrometer, USB2000+). The delay
between the spark, data acquisition, and visualization was controlled by a digital delay/pulse
generator (Stanford Research System DG 645).

Table 5-1 Operating conditions for the constant-volume vessel experiments

Fuel Hydrogen
Ambient gas Nitrogen
Injection pressure, MPa 5.0
Injection period, ms 33.6
Ambient pressure, MPa 05,10,15
Spark location (x, y), mm (0, 16.5), (3, 16.5), (5, 16.5),
(0, 26.5), (0, 36.5)
Spark timing HI, CI, TI,

0.4, 0.8, 1.4ms after T1I

Chamber volume, cm’ 675
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Figure 5-2 A schematic diagram showing the location of the electrodes and the measurement

locations
5.3 Operating conditions

Six spark modes initiated by the spark were used and the local concentration was
measured. Experiments were conducted in a single-cylinder SI engine. The fuel injector was a
GDI swirl injector and the injection pressure was maintained at 5 MPa. Nitrogen was
introduced into the constant volume chamber initial pressure of 0.5 MPa, 1.0 MPa and 1.5
MPa. The operating condition was set based on the setting condition for the experiments in a
single-cylinder Sl engine (single-cylinder compression-expansion engine). The fuel-air
mixture was ignited at TDC by the centrally-offset spark electrode. The four ignition modes at
an overall equivalence ratio of 0.22 were categorized as shown in Figure 5-3 and can be

summarized as follows:

1. Tail Ignition (TI): Hydrogen is injected during the compression stroke and ignites at
the end of the injection (EOI) period. Start of injection (SOI) is at a 332° CA
(variable) and the EOIl is at TDC.
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2. After Tail Ignition (ATI): Hydrogen is injected during the compression stroke, and the
EOIl is at a 5° CA before TDC. Ignition occurs at TDC. The SOl is at a 327° CA
(variable) and the EOI is at a 355° CA.

3. Centre Ignition (CI): Hydrogen is injected during the latter portion of the compression
stroke and ignites at TDC so that combustion occurs between the SOI and EOI. The
SOl is at a 343° CA (variable) and the EOI is at a 382.5° CA.

4. Head Ignition (HI): Hydrogen is injected during the latter part of the compression
stroke and ignites at TDC, close to the start of injection. The SOI is at a 355° CA and
the EOI is at a 394.5° CA.

Figure 5-4 shows the temporal relation of the hydrogen injection to the spark timing
conducted in current experiment. Experiments were conducted with hydrogen injection at the
injection pressure of 5 MPa into the constant-volume vessel filled with nitrogen gas at the
pressures of 0.5, 1.0 and 1.5 MPa. Local concentration was measured with six spark modes
initiated by the spark in order to understand the effect of spark timing. The definition of the

spark modes is summarized as follows:

1. Head spark (HI): spark occurs 1.4ms after the start of the hydrogen injection period.

2. Center spark (CI): spark occurs between the start of injection (SOI) and the end of
injection (EOI).

Tail spark (TI): spark occurs at the end of the injection period (EOI).

0.4ms after TI: spark occurs 0.4ms after the end of the injection period (EOI).

0.8ms after TI: spark occurs 0.8ms after the end of the injection period (EOI).

o o k~ w

1.4ms after TI: spark occurs 1.4ms after the end of the injection period (EOI).
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Figure 5-3 Fuel-injection timing relative to the ignition timing for the experiments conducted

in a single-cylinder S| engine (single-cylinder compression-expansion engine).
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Figure 5-4 Fuel injection duration relative to the spark timing
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5.4 Hydrogen jet evolution

Figure 5-5 shows the development of 5MPa injection pressure of hydrogen jet into 0.5
MPa, 1.0MPa and 1.5MPa ambient pressure of nitrogen[17]. The injection was achieved with
an electromagnetic fuel injector with a swirl nozzle. The hydrogen jet injection distribution
was visualized with a high-speed video camera (NAC Image Technology, GX-1) at 25000
frames per second. The visualization region was set approximately 20x20 mm? near the
nozzle tip. An Argon-ion laser beam (Spectra-physics, Stabilite 2017) with an output power
of 6W was used as a light source. The thickness of the laser light sheet was approximately 2
mm. A fine particle of spherical porous silica (God Ball B-6C, Suzuki Yushi Co. Ltd.) with a
nominal diameter of 2.5um was laid on the surface of injector hole so that the particle could
be mixed and flowing down together with hydrogen when injection jet occurred. Choosing the
appropriate size of the flow field visualization tracer was very important to accurately track
the airflow. 33.6 ms injection duration of hydrogen with a feed pressure of 5MPa was directly
injected into the chamber filled with 0.5 MPa, 1.0 MPa and 1.5 MPa of nitrogen. The ambient
density was varied from 5.76 kg/m® to 17.322 kg/m>. The images show that the hydrogen jet
expands rapidly downstream from the injector hole. Based on the visualization images, the
hydrogen jet was conically spread slightly more in low density compared with in high density.
The direct visualization of the hydrogen jet provides useful information, because the jet
pushes the quiescent nitrogen away, so that a vortex structure is formed by the interaction
between the jet and the nitrogen. Although the individual images of the jet penetration appear
similar, the patterns and local concentrations varied significantly. The injection of hydrogen
with different ambient pressures may affect the momentum injected into the cylinder, the
turbulence of the mixture, and the amount of fuel-air mixture. Compared with shadowgraph
or Schlieren imaging techniques, direct visualization using tracer particles and a laser sheet
beam provides a more detailed description of the cross-section of the hydrogen jet. This
method was used to select the appropriate measurement points for the hydrogen concentration,

based on an analysis of the optimal locations to carry out SIBS measurements.
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Figure 5-5 High-speed direct images of a 5MPa injection pressure hydrogen jet into nitrogen filled chamber[17]
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5.5 Results and discussion

5.5.1 Spark discharge characteristics

Figure 5-6 shows an evolving time series of high-speed direct images of a spark
discharge at an ambient pressure of 0.5 MPa at the location (0 mm, 16.5 mm) for each spark
mode. This spark location was selected from the hydrogen jet images shown in Figure 5-5
based on the probability of where spark ignition could be obtained. A spark location near the
jet is preferable for application in an actual engine. The images show that the spark discharge
began as an arc discharge, followed by glow discharge. Arc and glow discharge must always
be preceded by a breakdown phase, which could not be captured by the high-speed camera in
this case. The breakdown phase provides a conductive path between the electrodes to start the
discharge. Here, it was important that the spark-plug sensor was capable of collecting the
emission spectra between the central and ground electrodes. In this experiment, the hydrogen
jet was injected toward the open space between the centre and ground electrodes of the spark
plug. Because of the direction of the hydrogen jet, the glow discharge channel for the HI, CI
and Tl modes tended to form downward toward the ground electrode of the spark plug. The
first frame (at 0.017 ms) shows an arc discharge between the central and ground electrodes.
Evidently, most of the glow discharge occurred outside the spark-plug gap, and most of the
accumulated spectrum appeared during arc discharge. Spark discharge characteristics play an
important role in producing the plasma, so the excitation of emissions varies according to
these characteristics. Spark discharge behaviour might affect the generated plasma, due to the
presence of hydrogen in the electrode gap and variation of the spark channel itself. The
images reveal an increasing trend in the brightness of the arc discharge (first frame of each
series) from HI to 1.4 ms after TI. This finding indicates that the proportion of spark is high at

1.4 ms after TI, as a result of the mixing rate of hydrogen and nitrogen.

Figure 5-7 shows the time-series evolution of high-speed direct images of spark
discharge at TI spark modes during break down phase for different pressures. This experiment
concerns about the spark discharge characteristic during injection of 5SMPa of Hydrogen at
various ambient pressures of Nitrogen and spark modes. The ambient pressure was varied
from 0.2MPa to 1.5MPa, changing the ambient density from 2.24 to 16.83 kg/m3. The
experiment was conducted by directly injected the hydrogen jet towards the spark plug

installed inside the chamber filled with nitrogen gas. The figures show the maximum
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expansion of the plasma channel increases as the gas pressure increases. The spark seems to
be stable as the ambient pressure is increasing. For the ambient pressure over 1.0 and 1.5MPa,
the formation time was shorter than at the ambient pressure 0.2 and 0.5MPa. At ambient
pressure below than 0.5MPa, the channel of spark discharge separated in several paths. This

phenomenon was almost not being observed for high pressure higher than 1.0MPa.
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Figure 5-6 High-speed direct images of a spark discharge at location (0, 16.5) for the HI, CI, Tl and 1.4 ms after Tl modes
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Figure 5-7 High-speed direct images of a spark discharge at location (0, 16.5) for the ambient pressure of 0.2 MPa, 0.5 MPa, 1.0 MPa, and 1.5
MPa at TI mode
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5.5.2 Local equivalence ratio in hydrogen jet

Figure 5-8, Figure 5-9, Figure 5-10, Figure 5-11, and Figure 5-12 shows the emission
spectra from SIBS sensor for the 450—700nm regions for all spark modes at all measurement
locations. The experiment was conducted by feeding 5 MPa of hydrogen jet at 33.6ms
injection duration into 0.5, 1.0 and 1.5 MPa ambient pressure of nitrogen. Different pressure
of ambient nitrogen gives a different density of nitrogen for each condition. Substantially
similar to Figure 4-13, two strong atomic emission peaks from Ha at 656nm and N(I) at
501nm were observed. The spectrometer integration time was used of 1ms. The spectrometer
was gated shortly after spark breakdown. Each spectrum corresponded to the average of 10
times of data. The spectra results showed an increasing trend in background when the ambient
pressure increased as shown at all the figures. The background trend was also varied at all
ambient pressure. The spectra variation in background implies that the variation of plasma
atomic emission during spark discharge due to the flow of hydrogen between the electrode
gap and the variation of spark discharge channel behaviour. The spectra results also show the
decreasing trend in intensity and background when the distance of measurement locations

increased.
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Figure 5-13, Figure 5-14, and Figure 5-15 shows the measured equivalence ratio at x =
0,3 and 5 mm, and y = 16.5 mm, as well as at x = 0 and y = 16.5, 26.5 and 36.5 mm, with
various spark timings and ambient pressures. The equivalence ratios for the different spark
timings were obtained using the calibration data shown in Figure 4-13. The error bars show
the standard deviation of the local equivalence ratios. When a hydrogen jet penetrated into the
quiescent nitrogen environment, the jet expanded. As the pressure increased (and so also the
density), the penetration of hydrogen jet reduced. The mixing of hydrogen and nitrogen
depends on the velocity of the hydrogen jet; higher densities slowed the jet and hence altered
the mixing of the two gases. The structure of the hydrogen jet resulted in different
hydrogen/nitrogen mixing characteristics at the different measurement locations at the times

corresponding to the spark discharge.

Figure 5-13 (a) shows the equivalence ratios at an ambient pressure of 0.5 MPa at x =
0, 3and 5 mm, and y = 16.5 mm. The equivalence ratios for the spark timing HI, Cl and TI
were a maximum at the center of the jet, and decreased with increasing radial distance from
the center of the jet. For spark timings in the range 0.4-1.4 ms after TI, the spatial variation of
the jet was weaker, because the jet had already passed through the measurement location. A
similar trend was observed for the pressures of 1.0 and 1.5 MPa, as shown in Figure 5-14 (a)
and Figure 5-15(a). The equivalence ratios with the HI spark timing at pressures of 1.0 and
1.5 MPa were lower than for 0.5 MPa, because the higher density slowed the penetration of
the jet. With higher pressures, the behavior of the mixture of gases with the HI spark timing
was not quasi-steady state, but rather exhibited initial unsteady behavior.

Figure 5-13 (b) shows that, with HI, Cl and TI spark timings, the equivalence ratio
decreased along the axis of the jet at a pressure of 0.5 MPa. The concentration of hydrogen
concentration was higher with earlier spark timings because the hydrogen jet passed through
the gap between the electrodes earlier. However, this sequential trend was not detected when
hydrogen was injected with higher ambient pressures, shown in Figure 5-14 (b) and Figure
5-15(b), and the equivalence ratios for HI were lower at a spark location of x =0 mmand y =
16.5 mm compared with an ambient pressure of 0.5 MPa. Furthermore, no hydrogen was
detected at the points x = 0 mm and y = 26.5 mm or y = 36.5 mm, because the hydrogen jet
did not completely arrive at the location of the spark due to the increased density of nitrogen

at higher pressures. During injection period, as the ambient pressure increased, the local
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equivalence ratio generally decreased, especially for CI and TI, which follow a quasi-steady

state description.

With spark timings of 0.4 and 0.8 ms after Tl and a pressure of 0.5 MPa, the
equivalence ratio increased with increasing measurement distance, as shown in Figure 5-13
(b); however, with ambient pressures of 1.0 and 1.5 MPa, the equivalence ratio decreased, as
shown in Figure 5-14 (b) and Figure 5-15 (b). With an ambient pressure of 0.5 MPa, the rich
region of the hydrogen jet was at the location y = 16.5 mm and moving toward the
measurement locations at y = 26.5 mm and y = 36.5 mm. However, with pressures of 1.0 and
1.5 MPa, the equivalence ratio was slightly lower at y = 36.5mm due to the slower motion of
the hydrogen jet, and the corresponding slower mixing of hydrogen and nitrogen. For a spark
timing of 1.4 ms after TI, at a pressure of 0.5 MPa, the equivalence ratio of the mixture for
hydrogen and nitrogen was almost homogeneous along the jet axis. However, for the higher
ambient pressures, the equivalence ratio of the mixture for hydrogen and nitrogen varied due

to the slower motion of the hydrogen jet and the corresponding slower mixing.
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Based on the results, the observed mixing processes could be classified into three
states, (i) an initial unsteady state (HI with P,,,;, = 1.0 and 1.5 MPa), (ii) a quasi-steady state
(HI with P,,,, = 0.5 MPa, and Cl and TI with P,,,,;,= 0.5, 1.0 and 1.5 MPa) and (iii) an after-
injection unsteady state (after EOI with all conditions). The quasi-steady state occurred during
the injection of hydrogen into the nitrogen ambient. Following hydrogen injection, an
unsteady state occurred and the hydrogen/nitrogen mixing process was active, leading to a
homogeneous mixture. Figure 5-16 shows the dimensionless radial distribution of the local
equivalence ratio for HI, Cl and TI conditions (except for 0.4, 0.8 and 1.4 ms after TI); after
injection an unsteady state occurred. The equivalence ratio may be calculated as follows
[119]:

b/du = C/Cy = exp{—0.693 (x/xy )?} (26)

where, ¢,, and C,, are the maxima of the local equivalence ratio and the fuel concentration,
respectively, and x,, is the radial distance from axis of the jet, as shown by the solid line in
the Figure 5-16. Note that the instantaneous local equivalence ratio ¢ was half of the
maximum concentration at the jet axis. This graph was obtained using the data plotted in
Figure 5-13 (a), Figure 5-14 (a) and Figure 5-15 (a). Although with Hl and P,,,,,= 1.0 and 1.5
MPa, an initial unsteady state was observed, with HI, Cl and TI, the behavior was consistent

with a quasi-steady state.
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Figure 5-16 Dimensionless radial distribution of local equivalence ratio

5.6 Summary

The injection of hydrogen with different ambient pressures visualized with a high-
speed video camera was conducted to study the distribution pattern of hydrogen jet and to
select the appropriate measurement points for the hydrogen concentration for optimal
locations to carry out SIBS measurements. A high-speed camera was used to visualize spark
discharge fluctuations, and hydrogen jet concentration measurements were conducted
simultaneously. Direct visualization of the spark discharge provided useful information about
the influence of spark discharge characteristics related to the spark timing. The images show
that the spark discharge began as an arc discharge, followed by glow discharge. Arc and glow
discharge must always be preceded by a breakdown phase. The spark-plug sensor was capable
of collecting the emission spectra between the central and ground electrodes. Based on the

visualization images, the maximum expansion of the plasma channel increases as the gas
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pressure increases. The spark seems to be stable as the ambient pressure is increasing. For the
ambient pressure over 1.0 and 1.5MPa, the formation time was shorter than at the ambient
pressure 0.2 and 0.5MPa. At ambient pressure below than 0.5MPa, the channel of spark
discharge separated in several paths. This phenomenon was almost not being observed for
high pressure higher than 1.0MPa. Spectrally resolved atomic emissions from the plasma
generated by the spark plug were examined to determine the local equivalence ratio. Using the
developed SIBS sensor, atomic emission spectra were obtained from hydrogen H, at 656 nm
and nitrogen N (I) at 501 nm. Comparison of the intensity peaks of atomic emissions from
hydrogen and nitrogen allows the local hydrogen concentration in a measured volume to be
determined, and hence also the local equivalence ratio. The measurement results demonstrate
the local variation in the equivalence ratio throughout the jet and along its axis. Based on the
study, the mixing process can be classified into three states, (i) initial unsteady state (HI at
P,»=1.0 and 1.5 MPa), (ii) quasi-steady state (HI at P,,,,=0.5 MPa, Cl and Tl at P,,,;,= 0.5,
1.0, 1.5 MPa) and (iii) after-injection unsteady state (ATI in all conditions). From the results,
the spatial structure of the hydrogen jet affects the hydrogen/nitrogen mixing and could be
clarified with SIBS technique when the spark is discharged.

120



6 Conclusions

The objective of this research was to determine the concentration of a direct-injection
hydrogen jet in a constant-volume vessel to investigate the mixing process. To this end, the
atomic spark light emissions were observed. Direct visualization of the spark discharge
provided useful information about the influence of spark discharge characteristics relative to
the spark timing. Based on the results, the following conclusions can be drawn:

1. The correlation between the hydrogen/nitrogen ratio and atomic emission was
determined, and the post-processing procedure was calibrated. Two clear emission
peaks were observed in the wavelength range 450-700 nm; the peak at 656 nm
corresponds to H, while that at 501 nm to N(I). The intensities of these peaks are related
to the global hydrogen concentration in the measured volume. The spectra were
determined for a range of the equivalence ratios from 0.3 to 5.0. The relation between
the equivalence ratio and the atomic emission intensity ratio of hydrogen and nitrogen
was obtained at three different pressures of 0.5 MPa, 1.0 MPa and 1.5 MPa at room
temperature. Each curve of graph shows an increasing trend in the slope of I/l
intensity ratio according to the equivalence ratio. In the other word, the spectral
intensity ratio of Ha/N(I) is proportional to the ambient pressure from 0.5 to 1.5 MPa.
From the results, it is able to obtain an empirical formula for deriving the equivalence

ratio for ambient pressure using the SIBS sensor.

2. The background processing method was used for the calculation of element
concentrations in integrated peak. The method is very important to ensure accurate
quantification of emission spectrum measurements. In this research, the original signal
was smoothed using a moving average filter and the background were then subtracted
using the background subtraction method. A moving average filter decreases the
amplitude of the random noise, but also reduces the sharpness of the edge, which can
affect the emission spectrum peak results. To preserve the emission spectrum peaks,
moving average filters with two different numbers of points were applied to the
emission spectral data. In the nitrogen emission spectrum, a 3-point moving average
filter was applied from 497.6 nm to 505.6 nm, and a 7-point moving average filter was

applied to the remaining wavelengths. In the hydrogen emission spectrum, a 3-point
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moving average filter was applied from 650 nm to 662 nm, and a 7-point moving
average filter was applied to the remaining wavelengths.

. A high-speed camera was used to visualize spark discharge fluctuations. Direct
visualization of the spark discharge provided useful information about the influence of
spark discharge characteristics related to the spark timing during the injection of
hydrogen jet. The images show that the spark discharge began as an arc discharge,
followed by glow discharge. Arc and glow discharge must always be preceded by a
breakdown phase. The spark discharge visualization revealed that arc discharge occurs
between the central and ground electrodes, whereas most of the glow discharge occurs
outside the spark plug gap. It also revealed that most of the accumulated spectrum
appears during arc discharge. Additionally, the spark gap plays an important role in
terms of the ability to collect emission spectra between the central and ground
electrodes. Based on the visualization images at different pressures, the maximum
expansion of the plasma channel increases as the gas pressure increases. The spark
seems to be stable as the ambient pressure is increasing. The SIBS sensor was capable

of collecting the emission spectra between the central and ground electrodes.

Spectrally resolved atomic emissions from the plasma generated by the spark plug were
examined to determine the local equivalence ratio. Measurements were taken at
different locations in a direct-injection hydrogen jet to investigate the mixing process.
Instantaneous local equivalence ratios were obtained from the atomic emission intensity
ratios of nitrogen at 501 nm and hydrogen at 656 nm. Using the developed SIBS sensor,
the spatial distribution of a hydrogen jet in a direct-injection environment can be
measured via spark-induced breakdown spectroscopy. The spatial structure of the
hydrogen jet and its arrival time in the spark plug gap both affect the hydrogen/nitrogen
mixing when the spark is discharged. The measurement results demonstrate the local

variation in the equivalence ratio throughout the jet and along its axis.

Experimental study using SIBS with different ambient pressure at 0.5 MPa, 1.0 MPa
and 1.5 MPa was conducted to investigate the influence of the ambient pressure. The
spatial distribution of hydrogen jet in the different pressure of ambient pressure
environment can be measured using the spark induced breakdown spectroscopy. The

spectra results showed an increasing trend in background as well as intensity peak when
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the ambient pressure increased. As the ambient pressure increased, the ambient nitrogen
densities inside the chamber increased thus it influenced the spatial structure of the
hydrogen jet and slowed down the spray penetration. This resulted the local variation of
equivalence ratio throughout the jet and along its axis. Based on the study, the mixing
process can be classified into three states, (i) initial unsteady state (HI at P,,,,,=1.0 and
1.5 MPa), (ii) quasi-steady state (HI at P,,,;,=0.5 MPa, Cl and Tl at Pg,,,;,= 0.5, 1.0, 1.5
MPa) and (iii) after-injection unsteady state (ATI in all conditions). From the results,
the spatial structure of the hydrogen jet affects the hydrogen/nitrogen mixing and could
be clarified with SIBS technique when the spark is discharged.

It can be concluded that SIBS technique could be a useful tool to determine the local

equivalence ratio with a range of ambient conditions.
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