ABSTRACT
AKASH JEROME. Visualization of Compressed Natural Gas Injections in a Constant Volume
Chamber using Schlieren Imaging. (Under the direction of Dr. Tiegang Fang).
As the world enters an age where it is more and more important to take care of the
environment, it has become increasingly apparent that human pollution is to be controlled. One of
the greatest producers of greenhouse gases is the exhaust gases from burning fossil fuels, and more
importantly petroleum-based fuels. Transportation is one among the major consumers of fossil
fuels. To cull the effect of these petroleum-based fuels, an alternative is required. Compressed
Natural Gas (CNG), as it is present in copious amounts and produces less harmful gases and
particulate matter than the other petroleum-based fuels, is one such alternative.
The study focuses on the visualization and the interpretation of the flow characteristics of
CNG in a constant volume chamber with predetermined conditions. This allows us to figure out
the effects of various parameters on the flow and mixing of CNG in various engine conditions.
This type of analysis enables us to vary the parameters inside the chamber to suit the requirement
of the vehicle at different conditions. Gas jet development and characterization including jet tip
penetration (JTP), jet cone angle (JCA), jet tip velocity (JTV) and jet area (JA) are investigated
using Schlieren imaging. From these images it was observed the increase in penetration of the jets
in the case of higher injection pressure and higher injection duration, increase in radial penetration
resulting from increase in chamber pressure, and the saturation of jet velocity due to high pressure
difference.
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Chapter 1
INTRODUCTION
The modern world is facing a twin crisis, one of them being the shortage of fossil fuels
(especially crude oil, the source of all petroleum products), and the environmental degradation
caused by the combustion of these fuels to produce energy. Figure 1.1 shows the current sources
of energy. Due to the detrimental effects of the byproducts of these fuels, there has been a lot of
restrictions put in place to reduce its use. The world, therefore, is edging towards alternatives for
the petroleum-based fuels to fulfill its energy needs and at the same time controlling the production
of greenhouse gases which are the major cause of climate change.

Figure 1.1: Primary energy consumption in the US as of 2017 [1].
Although renewable energy is the obvious direction to go towards, it tends to be expensive
to set up, maintain, and is technology heavy. This may be the major factor many regions still rely
heavily on fossil fuels as their energy sources.
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1.1 Natural Gas
One of the major contributors to the release of harmful greenhouse gases into the
environment is the transportation sector as shown in figure 1.2.

Figure 1.2: Consumption of Fossil Fuels as per sectors[2].
There is always the option of using electrical energy to run the automobiles, but this too
affects the environment as the Electric power sector is also a major user of Fossil fuels. Until
renewable sources become a viable option. Hence alternative fuels is required.

Figure 1.3: Natural Gas reserves around the world[3].
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Natural Gas or Methane is an abundantly found fuel that is capable of meeting both the
energy and the environment-friendly needs[4]. Natural Gas is a naturally occurring hydrocarbon
gas mixture with its primary component being methane along with other alkanes. Natural Gas is a
fossil fuel that is being used as a source of energy in heating, cooking, power generation and in the
automotive industry.

1.2 Compressed Natural Gas in Automobile Engines
Natural Gas can be used in automobiles in the form of Compressed Natural Gas (CNG) or
Liquid Natural Gas (LNG). Only, minor changes in the engine set up and the fuel systems are
required to convert an already existing diesel or gasoline engine to run on either of the natural gas
variants.
Octane number is a characteristic of spark ignited fuels. The octane number is the ability of
a given fuel to ignite spontaneously. Therefore, having a higher-octane number is beneficial.
Cetane number also depicts the same spontaneous ignition characteristic for compression ignition
fuels. Therefore, it is advantageous to have fuels with higher cetane numbers in compression
ignition engines. Natural Gas engines generally deliver horsepower that is on par with the diesel
and gasoline engines. Premium gasoline has an octane number of about 91, natural gas having 130,
allows for better compression and a higher combustion efficiency[5] . Therefore, Natural Gas can
be used in high compression environments without the fear of knocking. Due to much cleaner
combustion, the engines running on CNG tend to outlive their counterparts. Natural gas vehicles
are better for the environment as they produce far lower amounts of greenhouse gases. On an
average, they produce 20 -30 % less harmful gases when compared to gasoline and diesel
engine[6]. CNG also has the added advantage of being more economical, as it is more widely
available than crude oil and requires less refining. The major pollutant to be considered in CNG
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combustion are the oxides of nitrogen. But this can be partially solved by using a leaner mixture
to run the engine. The loss in power due to the leaner mixture can be resolved by using a higher
compression ratio as higher the pressure at combustion, higher the power obtained from the power
stroke. The ratio of carbon to hydrogen in the methane molecule also makes it suitable for
transportation purposes[7]. The lesser power from these CNG engines is a byproduct of current
technology of port injection and can be improved by using Direct Injection Method for the input
of fuel[8]. The major properties of CNG are depicted in table 1.1.
Table 1.1: Properties of the transportation fuels being used.[9]
Properties
Octane/Cetane numbers
Molar Mass (kg/mol)
Stoichiometric(A/F) mass
Stoichiometric mixture density (kg/m3)
LHV(MJ/kg)
LHV of stoichiometric mixture (MJ/kg)
Combustion energy (MJ/m3)
Flammability limit in air (vol% in air)
Adiabatic Flame temp (oC)
Auto-ignition temperature (oC)

CNG
Gasoline
Diesel
120-130 85-95
45-55
17.3
109
204
17.2
14.7
14.6
1.25
1.42
1.46
47.5
43.5
42.7
2.62
2.85
2.75
24.6
42.7
36
4.3-15.2
1.4-7.6
1-6.0
1890
2150
2054
540
258
316

It has become quite certain that CNG is better used in a compression ignition setup as this
will allow the user to exploit the high-octane Number of CNG. As the engine goes to higher
compression ratios, CNG can be used without the fear of knock. This in turn, improves the thermal
efficiency of the entire engine. This system has been put into use by various organizations to reduce
the emission, but in most cases, the CNG follows a pilot diesel injection into the chamber. As the
ignition temperature of diesel is lower than that of CNG, the burning diesel ignites the CNG in the
combustion chamber thereby completing the cycle. Using such a system allows the engine to
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produce significantly lower particulate matter and pollutants but with minimal loss in power from
the compression ignition engine[10].

1.3Studies on Direct Injection of Compressed Natural Gas
Studies on the jet characteristics of compressed natural gas were done for the optimization
of the injection into the chamber [11]. The use of visualization techniques to obtain a vivid image
of the injection is taking root in recent years. Most common types of visualization techniques are
schlieren photography and shadowgraph. The effect of increase in injection pressure on the jet tip
penetration was studied using the schlieren photography technique [11]. It was clear that the
increase in injection pressure did improve the jet tip penetration up to an extent, beyond which it
was found that the jet tip penetration of CNG saturated. This was accounted to the choking that
occurred at the injector nozzle. This result was further solidified by changing the orifice
dimensions and pressure ratios used. Visualization of these jets also allowed for the development
of theoretical functions to calculate the jet tip penetration[12]. The relation between the axial and
radial penetration with time was studied both numerically and experimentally. It was observed that
the jet penetration in the axial direction increases with increase in the injector tip dimensions and
increase in the injection pressure. It was also noted that there was a very gradual increase in the
radial penetration with increase in time which ultimately become constant[13].
Studies on the spark combustion of CNG were also conducted in a very large scale.
Accounting for high self-ignition temperature required to combust CNG, the gas was ignited by
spark plugs. To figure out the flame development and its relation with the injection pressure[14].
It was found out that the flame speed reduces as the pressure increases, as the faster injection cools
down the kernel. When high chamber pressures were considered the penetration of the jet radially
and axially was observed to have slowed. When these jets were ignited with the use of electrodes,
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creating a spark, a smooth flame front for homogenous mixture and a wrinkled flame front for
direct injection was observed[15],[16]. To obtain a more uniform combustion, multiple injectors
were used in the same chamber to study the behavior of the jet and the flame front. Parallel,
opposing and single injectors were studied: it was seen that the jet travelled downstream with no
hindrance in the case of parallel and single injector set-up and the jets travelled radially in the case
of opposing injector positions[16]. To further the endeavor of clean combustion, lean mixture
combustion of CNG was experimented on. It was found out that the ignition of lean mixture was
rather challenging with conventional spark plugs, hence Laser-Plasma were used to ignite the
mixture [17]. It was observed that the use of such ignition technique allowed for the improvement
in the performance of these engines in lean conditions[17]. Another method that was studied for
lean mixture combustion was the Gas-Jet ignition. This used duel ignitions and depended on the
equivalence ratio and timing of each injection to obtain proper combustion of a mixture[18].
Following this, others tried to reproduce the ultra-lean combustion of CNG in a constant volume
combustion chamber through numerical modeling. The numerical model was able to predict the
position of the flame front with great accuracy. The numerical model was also used to analyze the
jet structures and main characteristics of the CNG jets during direct injection[19].
A single cylinder Direct Injection Compressed Natural Gas engine was designed and
fabricated for testing the various ignition parameters. It was found out that moderate loads lead to
more complete combustion and improved the overall performance of the engine with relatively
lower emissions [20]. Advancing the fuel injection times lead to the improvement of engine
performance by lowering the brake specific fuel consumption and engine emissions while
increasing the brake thermal efficiency and the velocity of the flame front during combustion. On
the other hand, retarding the injection had the complete opposite effects on the performance[20].

6

The emissions from a CNG engine although minimal could be further reduced by achieving
consistency in the cyclic variability of the many processes of the engine and using leaner mixtures.
The use of stratified and partially stratified gaseous mixtures can bring about these conditions. It
was discovered that stable combustion can be brought about with an air to fuel ratio of 2 (lean
mixture). These were further enforced by using a numerical model using the k-ƹ model for the
injection. It was found out that the flame kernel stabilization although a very important factor is
not the only factor that influences the propagation of the flame in a lean mixture. For Partially
Stratified Combustion (PSC) the flame kernel travels along with the PSC injections to ignite the
bulk mixture by penetration due to the pressure gradient and also as the injections prevent the
extinction of the flame front by the fuel lean mixture[21]. Hence the penetration of the CNG jet
into the combustion chamber is important.

1.4 The layout of the Thesis
The jet characteristics at high chamber pressure conditions and high-pressure ratios are not
dealt with in significant detail. Therefore, an experimental set-up was designed to study about the
effects of these conditions on the CNG jet. A detailed summary of this experimental set-up will be
dealt with in chapter 2. The visualization technique used in this case was a Z-type Schlieren
photography. Chapter 3 deals with the results of these Schlieren videos and more specifically the
Jet-Tip penetration, Jet cone angle, the Jet velocity and the Jet area. The idea is to find the effects
of injection pressure, ambient pressure and ambient temperature on the CNG gas-jets.
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Chapter 2
Experimental setup

Figure 2.1: Schematic of the visualization system.
The Visualization system for CNG jet imaging was designed based on an already existing
Constant Volume Combustion Chamber shown in figure 2.1 [22]. With the CVCC as the center
of the systems, other subsystems such as the Z-type Schlieren, the injection controller, the gas
input system and the exhaust gas system were built around it. The various sub-systems will be
discussed in detail in Chapter 3.
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2.1 Constant Volume Combustion Chamber
2.1.1 Constant volume chamber in combustion research
The constant volume combustion chamber was initially designed for research in the field
of chemistry. Although, lately the design of such chambers has been modified to endure immense
pressures and temperatures, so that they will be able to endure the extreme conditions during
combustion of fuels such as diesel and gasoline. The constant volume combustion chamber was
mainly built to replace or aide the already existing system of optical engines. The constant volume
combustion chambers were preferred by many due to the ease of conditioning, that is the ability to
obtain the required ambient conditions for any type of experimentation and due to high
repeatability.
In order to replicate the top dead center pressure and temperature conditions, a primary
combustion of a set mixture of gases may be used, after which the experimental fuel is injected
and combusted. The required conditions are obtained by varying the ratios of the premixed gases
used for the primary combustion. In this study, the pressure and temperature of the constant volume
chamber were controlled by the pressure regulators, solenoid valves and the chamber heaters. If
the required pressure of the experiments exceeds the capability of these primary systems, then a
premixed combustion must be used.
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2.1.2 Constant Volume Combustion Chamber design

Figure 2.2: Constant Volume Combustion Chamber.
The constant volume combustion chamber in our case is made up of alloy steel 4340. The
volume of the constant volume combustion chamber is 0.95 liters. There are six access ports for
the installation of optical windows and other systems, like injectors and exhaust ports in the
chamber. These accesses are fitted with plugs, that were designed specifically for each subsystem.
The windows that provided the optical access to the inside of the chamber are made of Dynasil
1100 quartz, which have a transmission allowance of 0.9~0.95 in the ultra-violet to near-infrared
spectrums. The effective observation diameter of the quartz window on the chamber is
approximately 98.5mm. Silicon RTV 60 or room temperature vulcanizing silicone is applied on
the outer periphery to create a high-pressure seal between the plugs, windows and the constant
volume combustion chamber. This when set, provided high pressure and temperature seal for the
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system. It generally took a week to cure the RTV to the required level. In the meantime, the
chamber is heated and cooled repeatedly. To avoid the quartz window from breaking from thermal
expansion, a larger gap of approximately 0.9mm is used only in the optical access ports. After the
plugs and the windows are installed into the ports along with the RTV layer, retainers are used to
keep them in place. These retainers, made of stainless steel 304, have threads that can be mounted
into the chamber body. Multiple heaters are installed on the outer surface of the chamber to
moderate the temperature of the chamber (the silver rods in figure 2.2).

2.1.2.1 Stainless steel plugs
The plug and the windows have dimensions of 100mm and 130mm as the inner and outer
diameters respectively. The height of the plugs is approximately 60mm, but it can be customized
for the sub-system being installed. The plugs are made of stainless steel 304. The plug specifically
designed for the visualization of the CNG jets in the current study is shown in the figure. 2.3. The
plug was designed with the above-mentioned dimensions, but the inner part of the plug is
optimized specifically for the low-impedance injector that is to be mounted into the chamber.
Therefore, the design included an injector clamp and an injector holder. The injector holder holds
the gas supply line onto the injectors inlet and provides sealing to it. A copper ring is placed inbetween the plug and the injector to provide pressure sealing, which prevents leakage through the
injector hole.
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Figure 2.3: SolidWorks exploded view.

Figure 2.4: Assembled view of the plug.

The injector holder is designed with a National Pipe Thread (NPT) to improve the sealing
between the CNG line and the injector. The connector used has a male NPT on one end and a male
high-pressure connector on the other.

2.1.3 Gas supply and exhaust ports
The constant volume chamber is fitted with multiple solenoid valves, that are used to control
the ratios of gasses that are required in the current experiment. The valves are placed in the upper
access port along with the pressure sensors and thermocouples. This port allowed the gases to enter
the chamber to obtain the required conditions for the experiment. The injector occupied one of the
other ports of the chamber. At the start and end of the experiment, the chamber is evacuated. The
gas is exhausted into the vents with the help of a vacuum pump.
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2.2 CNG gas supply system/ Air supply system
Compressed methane is used instead of CNG, as CNG constitutes of 90%-97% by volume of
methane, which is stored in a high-pressure cylinder at about 3000 psi. The gas from the cylinders
passes through a pressure regulator that is used to control the outlet pressure from the cylinders.
Then, the gas passes through a set of valves before it reaches the pressure gauge, placed along the
line to obtain a better measure of the pressure; ultimately this gas reaches the injector. The methane
gas lines are evacuated before and after each experiment using a vacuum pump that is attached to
a branch in the line. The vacuum line is opened and closed manually through a gate valve.

Figure 2.5: Gas supply system for methane supply.
The Mitsubishi injector is lubricated after every few runs to prevent its malfunction due to
the drying caused by the gas. The gasoline supply system is a rudimentary one, that is designed
only for the supply of gasoline with the help of compressed air to lubricate it. The injector generally
required lubrication after around 30-50 gas injections. After a few injections the injector returns to
normal, and then the injector is flushed off the remaining gasoline in the system.
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2.2.1 Injector and Injection Controller
The injector used is a Model E7T5071 DIM1000G, Mitsubishi Gasoline Direct Injection
low impedance injector, which means that it is operated on a peak and a hold current. The peak
current lifts the pintle from its seat and the hold current keeps the pintle in position for the rest of
the injection duration. For this injector, the value of the peak and hold current is approximately 45 A and 1 A respectively. The magnitude of the hold current Ihold is determined by the equation.

I hold =

Figure 2.6: The low impedance injector.

0.094V
.
Rs

Figure 2.7: Peak and hold a current illustration.
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An injector controller circuit is designed and built to control the operation of the solenoids
in the injector. The controller circuit uses a Texas instruments LM1949 integrated circuit. The
injector driver circuit is powered by a 12 V power supply and is triggered by a 5 V TTL pulse from
a pulse generator. The circuit at the start of the injection pulse actuates the solenoid, thereby,
opening the injector with the peak current and then switches to the hold current for the rest of the
injection duration. The LM1949 integrated circuit is used to power an external NPN Darlington
transistor. The choice of the NPN Darlington transistor depends on the ability of the transistor to
supply enough current for the operation of the injector. The product of the value of resistance and
capacitance near the timer pin of the IC gives the approximate time the circuit supplies the peak
current before switching to the hold current. The capacitor near the signal pin provides
compensation for the errors in the amplified signal. The positive prong of the injector is
continuously supplied with 12 volts while the negative prong is the one that is operated by the
controller circuit. The TTL signal from the pulse generator operates the Darlington transistor
which now acts like a relay switch.

Figure 2.8: 5V TTL Pulse generator.
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Thus, the Darlington transistor grounds the negative coil of the injector completing the circuit
and allowing the current to flow through it, thereby opening the injector. The circuit is modified
to avoid using two power supplies by using a 5 V voltage regulator.

2.2.2 CNG gas supply line
The supply of methane to the injector was explained in Section 2.2. The required pressure
of methane is obtained by adjusting the pressure regulator. High-pressure flexible metal conduits
are used; these can take pressures as high as 6000 psi (415 bar). The maximum injection pressure
in the visualization experiments is not higher than 115 psi (8 bar), thereby, making the conduits
more than safe for use. High pressure fittings are used to attach the various gauges and valves. A
stand-alone type pressure gauge is used to get an accurate measure of the gas pressure in the CNG
supply line. It is powered by a 9V battery and had a range of 0-500 psi. At the end of each case,
the entire fuel line is vacuumed with the help of a vacuum pump and kept in vacuum condition for
safety purposes.

Figure 2.9: Pressure gauge used to measure pressure in methane line.
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2.2.3 Air inlet and outlet lines

Figure 2.10: Air supply system for the constant volume combustion chamber.
The various chamber pressure conditions are obtained by controlling the air flow into the
chamber from the high-pressure cylinders. The required pressure is first set on the pressure
regulator which is mounted on the cylinder. The accurate pressure in the line is measured using a
pressure transducer. This reading is used to adjust the pressure regulator to obtain the required
value. Air is then pushed into the accumulator which approximately has the same volume as the
chamber.
For high back pressure cases, an in-line piston inside the accumulator is used to push the gas
into the chamber. The pressure inside the chamber is measured using a pressure gauge mounted
on it. The experiment is done when the required pressure is obtained. In low chamber pressure
cases, the vacuum pump is used to get the pressure to the required values by opening the
appropriate solenoid valves. All these valves were controlled by NI LabVIEW 8.5 program to
provide high repeatability and ease of operation.
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2.3 Schlieren imaging system
2.3.1 Background
Schlieren photography has been in use in various applications to obtain the gradients in the
fluid flow through the variation in the refracted light [23]. In the automotive industry, Schlieren
photography has been used to obtain images of gas-jets and liquid sprays from optical engines and
constant volume chambers. Especially in cases of fuel sprays and jets, the Schlieren method proves
to be a great asset as it manages to capture the gradients occurring in such jets/sprays. This allows
to obtain information about the jet tip penetration, jet cone angle, jet area and the jet velocity. The
main advantage of Schlieren imaging is that it allows us to visualize the gas-phase fluid flow
structures, without the extensive costs of using a laser-based optical diagnostics system.
Generally, there are three types of schlieren configurations that are used in automotive
research: the lens system, the double pass mirror system and the z-type mirror system. The first
two types are shown in Figure 2.11. The z-type schlieren that was used in the current study is
depicted in Figure 2.1.
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Figure 2.11: Lens type and double-pass single-mirror system schlieren set-ups.

2.3.2 Z-Type Schlieren set up
The z-type two-mirror system provides the largest test section region among all the set-ups
without compromising the size of mirrors used, making it the most preferred type. This system
works by focusing light from a point source onto a parabolic mirror which collimates the light.
This parallel beam of light then travels through the test section. After passing through the test
section, the light is reflected by another parabolic mirror to concentrate the light beam. The focus
point of the beam impinges on the knife edge and then travels to the screen or image capturing
device. The knife edge is used to bring greater contrast in the images as it stops parts of the light
incident on it.
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2.3.3 Optical equipment used
The parabolic mirror used in the current set up has a focal length of 150 cm. The mirrors
have a red circle in the center for alignment. They are mounted on Thorlabs mounts which allows
movement in multiple axes. During the adjusting of the mirrors a white paper is used to obtain the
collimated image, so that the second mirror and the knife edge can be adjusted accordingly.

Figure 2.12: Parabolic mirror.
The light source used is a Thorlabs M505L2 (point source LED) and is mounted on slip
rings for adjustment. The intensity of the light can also be controlled with a modulator. The knife
edge used is a blade that was mounted on Thorlabs mounts, so it could be finely adjusted to obtain
the best contrast possible.
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Figure 2.13: Light source and modulator.
The Phantom V4.3 is used to capture the videos of the CNG jets inside the constant volume
chamber. A Nikon 50 mm lens with an aperture setting of F/8 is used. The camera captures around
8113 images per second. A clear image is obtained by adjusting the camera and the knife edge.

Figure 2.14: Camera and knife edge set-up.
The trigger for the camera is connected in parallel with that of the injector controller circuit.
The camera is set to record 4 images before the start of trigger, as these images are used as a
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reference during the image processing phase of the experiment. The camera captures a total of
16064 images, but only the required images with the flow are saved for processing.

2.4 Data acquisition and control systems
The videos captured by the Phantom V4.3 camera is viewed and saved on the PC through
the Phantom V675 software as cine files. This could be modified with various filters that are
present in the software itself, but the image processing is done using a MATLAB code. The refined
images, thus obtained, helps in identifying the edges of the jets to measure the penetration, angle,
area, and velocity. The Sobel edge detection function in MATLAB is used to obtain the edges of
the jets.
The pressure in the air supply line is measured and viewed with a Kistler 6041A transducer
connected to a Kistler 5004 charge amplifier. The pressures are displayed through the LabVIEW
program. which also controls the solenoid valves to maintain pressure in the chamber.
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Chapter 3
Results and Discussions
3.1. The flow of the Experiment
The experiments are designed to visualize the compressed natural gas jet structures in
various conditions of chamber pressure and injection pressures. The various conditions that are
used are shown in Table.2.
Table 2.1: Experimental design.
Chamber pressure(psi) Density (kg/m^3)
4.35
10.15
14.5
44
88

0.347
0.811
1.159
3.516
7.033

injection pressure(psi)
55
55
55
55
55

70
70
70
70
70

85
85
85
85
85

100
100
100
100
100

115
115
115
115
115

The colors on the table depict the viability of the experiment in those conditions. Consider
the chamber pressure of 88 psi, it would not be a good idea to use the injection pressures of 55 psi,
70 psi and 85 psi as the chamber pressure is higher than that of the injection pressure. Therefore,
the injections may not be able to penetrate the high-density gas. Hence these are marked in red.
The viable conditions are marked in green.
In addition to these parameters, the experiment is also conducted by varying the injection
duration. The injection durations used are 1ms, 2ms, 3ms, 5ms, and 7ms. The injection durations
are varied to observe their effect on the flow of the jet. The temperature during the experiments is
maintained at a constant 298 K. The images are captured using a slow-motion camera and are
processed using a code written on MATLAB. The other parameters are calculated using MATLAB
and Microsoft Excel.
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3.2. Definitions of jet characteristic parameters
The characteristic parameters that are dealt with in this study are the Jet Tip Penetration,
Jet Cone Angle, Jet Cone Area and the Jet Tip Velocity.

Figure 3.1: Jet characteristic parameters.
The Jet tip penetration is defined as the distance from the place of origin of the jet to the gas
jet front edge.
The jet cone angle is defined as the maximum radial expand angle to the jet front.
The jet area is calculated by using the area of sector equation. The radius was taken as the
highest penetration of the jet, that is the penetration at the end of the injection duration and the
angle of the jet at that point.
The jet velocity is the ratio of the highest penetration to the time it took for the jet to reach
that particular penetration value.
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In this study, all the images are of the scale of 256×256 pixels. The calculations of the jet
cone area and the jet velocity are based on the results from the jet tip penetration and the jet cone
angle. All measurements were taken with the time of start of the trigger as the reference time.

3.3. Schlieren Images and Results by case
The figures from 3.2 to 3.45 show the CNG jets in various injection and chamber pressures
along with their plots. The columns are used to depict the injection duration, (a)1ms, (b)2ms,
(c)3ms, (d)5ms and (e) 7ms. The rows are used to shoe the time after the start of trigger (ASOT).
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Figure3.2: Schlieren images Po=4.35 psi Pi=55 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.3: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet velocity
at Po=4.35 psi and Pi=55 psi.
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Figure 3.4: Schlieren images Po=4.35 psi Pi=70 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.5: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet velocity
at Po=4.35 psi and Pi=70 psi.
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Figure 3.6: Schlieren images Po=4.35 psi Pi=85 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
30

(a)

(b)

(c)

(d)

Figure 3.7: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet velocity
at Po=4.35 psi and Pi=70 psi.
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Figure 3.8: Schlieren images Po=4.35 psi Pi=100 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.9: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet velocity
at Po=4.35 psi and Pi=100 psi.
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Figure 3.10: Schlieren images Po=4.35 psi Pi=115 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.11: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=4.35 psi and Pi=115 psi.
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Figure 3.12: Schlieren images Po=10.15psi Pi=55psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.13: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=10.15 psi and Pi=55 psi.
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Figure 3.14: Schlieren images Po=10.15 psi Pi=70 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.15: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=10.15 psi and Pi=70 psi.
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Figure.3.16: Schlieren images Po=10.15 psi Pi=85 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.17: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=10.15 psi and Pi=85 psi.
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Figure.3.18: Schlieren images Po=10.15psi Pi=100psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.19: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=10.15 psi and Pi=100 psi.
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Figure.3.20: Schlieren images Po=10.15psi Pi=115psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.21: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=10.15 psi and Pi=115 psi.
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Figure.3.22: Schlieren images Po=14.5 psi Pi=55 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.23: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=14.5 psi and Pi=55 psi.
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Figure.3.24: Schlieren images Po=14.5 psi Pi=70 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.25: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=14.5 psi and Pi=70 psi.
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Figure.3.26: Schlieren images Po=14.5 psi Pi=85 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.27: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=14.5 psi and Pi=85 psi.
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Figure 3.28: Schlieren images Po=14.5 psi Pi=100 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.29: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=14.5 psi and Pi=100 psi.
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Figure.3.30: Schlieren images Po=14.5 psi Pi=115 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.31: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=14.5 psi and Pi=115 psi.
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Figure.3.32: Schlieren images Po=44 psi Pi=55 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.33: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=44 psi and Pi=55 psi.
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Figure 3.34: Schlieren images Po=44 psi Pi=70 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
58

(a)

(b)

(c)

(d)

Figure 3.35: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=44 psi and Pi=70 psi.
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Figure 3.36: Schlieren images Po=44 psi Pi=85 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.37: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=44 psi and Pi=85 psi.
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Figure 3.38: Schlieren images Po=44 psi Pi=100 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
62

(a)

(b)

(c)

(d)

Figure 3.39: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=44 psi and Pi=100 psi.
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Figure 3.40: Schlieren images Po=44 psi Pi=115 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.41: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=44 psi and Pi=115 psi.
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Figure 3.42: Schlieren images Po=88 psi Pi=100 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.43: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=88 psi and Pi=100 psi.
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Figure 3.44: Schlieren images Po=88 psi Pi=115 psi (a)1ms, (b)2ms, (c)3ms, (d)5ms and (e)7ms.
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Figure 3.45: CNG jet plots (a)Jet tip penetration, (b)Jet cone angle, (c)Jet area and (d) Jet
velocity at Po=88 psi and Pi=115 psi.
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3.4 Plots depending on injection and chamber pressures
The variations of the jets with the various injection pressures and chamber pressures were
also plotted. The velocity of the jets for the lowest chamber pressure of 4.35 psi were also plotted
to find out the choking effect.

Figure 3.46: Effect of injection pressures on the penetration of the CNG jet with Po=4.35 psi.

Figure 3.47: Effect of injection pressures on the penetration of the CNG jet with Po=10.15 psi.
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Figure 3.48: Effect of injection pressures on the penetration of the CNG jet with Po=14.5 psi.

Figure 3.49: Effect of injection pressures on the penetration of the CNG jet with Po=44 psi.
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Figure 3.50: Effect of injection pressures on the penetration of the CNG jet with Po=88 psi.
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Figure 3.51: Effect of chamber pressures on the radial penetration of the CNG jet with Pi=55 psi.

Figure 3.52: Effect of chamber pressures on the radial penetration of the CNG jet with Pi=70 psi.
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Figure 3.53: Effect of chamber pressures on the radial penetration of the CNG jet with Pi=85 psi.

Figure 3.54: Effect of chamber pressures on the radial penetration of the CNG jet with Pi=100 psi.
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Figure 3.55: Effect of chamber pressures on the radial penetration of the CNG jet with Pi=115 psi.

Figure: 3.56: Area of jets at chamber pressure Po=4.35 psi, and injection pressures of 55 psi, 70
psi, 85 psi, 100 psi and 115 psi.
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.

Figure 3.57: Area of jets at chamber pressure Po=10.15 psi, and injection pressures of 55 psi, 70
psi, 85 psi, 100 psi and 115 psi.

Figure 3.58: Area of jets at chamber pressure Po=14.5 psi, and injection pressures of 55 psi, 70
psi, 85 psi, 100 psi and 115 psi.
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Figure 3.59: Area of jets at chamber pressure Po=44 psi, and injection pressures of 55 psi, 70 psi,
85 psi, 100 psi and 115 psi.

Figure 3.60: Area of jets at chamber pressure Po=88 psi, and injection pressures of 55 psi, 70 psi,
85 psi, 100 psi and 115 psi.
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Figure 3.61: Velocities of jets at chamber pressure Po=4.35 psi, and injection pressures
of 55 psi,70 psi, 85 psi, 100 psi and 115 psi.

Figure 3.62: Velocities of jets at chamber pressure Po=10.15 psi, and injection pressures
of 55 psi,70 psi, 85 psi, 100 psi and 115 psi.
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Figure 3.63: Velocities of jets at chamber pressure Po=14.5 psi, and injection pressures
of 55 psi,70 psi, 85 psi, 100 psi and 115 psi.

Figure 3.64: Velocities of jets at chamber pressure Po=44 psi, and injection pressures
of 55 psi,70 psi, 85 psi, 100 psi and 115 psi.
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Figure 3.65: Velocities of jets at chamber pressure Po=88 psi, and injection pressures
of 55 psi,70 psi, 85 psi, 100 psi and 115 psi.

From the plots, it is observed that the penetration of the jets increases with an increase in
the injection pressure for all the cases.
The radial penetration and the angle of the jets also increase uniformly with the increase in
chamber pressure for a given injection pressure for all the cases.
The area during low chamber pressure cases behave erratically when the injection pressure
is increased, but they tend to show an overall increase when the chamber pressure is increased
beyond atmospheric conditions.
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Chapter 4
Conclusion
The visualization of compressed natural gas injection in a constant volume combustion
chamber was done using the schlieren imaging technique. Various parameters such as the Jet Tip
Penetration, Jet Cone Angle, Jet area and Jet tip velocity were measured by varying the injection
and chamber pressures of the CNG. The following conclusions can be made from the various
images and plots.
•

The penetration of the CNG jets is seen to increase proportionally with the increase in
injection pressure when the chamber pressure is kept constant. As the injection pressure
increases the pressure gradient between the jet and the surrounding gas increases, thereby
increasing the ability of the jet to penetrate the surrounding gas.

•

The ratio of radial penetration to axial penetration of the CNG jets was seen to increase
with the increase in the chamber pressure. This is accounted to the resistance caused by the
high-density air inside the chamber, which does not allow the jet to flow freely.

•

In certain cases, especially the high chamber pressure cases, it can be seen the increase in
the injection duration tends to increase the penetration of the jet. This is due to the increase
in time in which the pressure gradient between the jet and the surroundings is present.

•

In the lowest chamber pressure case, it could be seen that the velocity of the jet increase to
a certain value and saturates. This could be an indication of choking in the injector. Hence
there is no change in the velocity of the jet despite an increase in injection pressure and
duration.
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Chapter 5
Future Work
The study shows the consequences of each parameter change, in various conditions of the
CNG jet and chamber. In terms of short-term work, the injection pressures that are used can be
increased to match that of the injection pressures used in commercial internal combustion engines.
And, the chamber should be upgraded to reach similar engine conditions in terms of pressure. The
injector in use can be redesigned to obtain a better gas injector which could avoid the repetitive
lubrication.
The main objective of the upcoming works should be to research on compression ignition
of CNG. The existing systems either uses sparks created by spark plugs and electrodes or laserplasma to combust the CNG in the chamber (in case of spark ignited engines), and a pilot diesel
injection is used to combust the CNG (compression ignition engines). Complete compression
ignition of CNG has been rarely studied in detail. This could help in further reduction in our
dependencies in Petroleum-based fuels and in a further reduction in exhaust pollutants. This might
prove difficult as the conditions required for self-ignition of CNG is quite high when compared to
diesel, But it will bring about a new path for the development of the internal combustion engine.
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Appendix A
User interface of Phantom 675.2 camera controller, and LabView valve control interface.

Figure A1: User interface of the camera control software Phantom 675.2.
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Figure A2: User interface of LabView valve control panel.
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