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ABSTRACT

The dynamics of flames occurring in a confined space represent a typical combustion
process in an internal combustion engine, as well as the process of flame acceleration
and the transition from deflagration to detonation in the development of detonation
waves. Therefore, these dynamics have significant applications in the areas of
combustion engineering and explosion safety. Due to a global desire for clean energy
resources—and because combustible gases are clean and come from a wide range of
sources—these gases are beginning to play an indispensable role in industrial
modernisation and in people’s daily lives. Hydrogen, especially, can be produced using
renewable electricity such as offshore wind power. This increases the availability of

hydrogen resources and reduces their cost.

This research will major on the hydrogen effects of premixed flame propagation in a
confined space: a tube. It will utilise optical measurement methods to investigate how
the dynamic characteristics of premixed flame propagation change, within a tube. The
experiment provides a safe and controlled way to understand the process of flame
propagation. The originality of this research comes from studying how hydrogen affects
the flame propagation interaction in a classic hydrocarbon mixture of methane/air, in
both horizontal and vertical tubes. Another innovation is that of applying two different

optical measurement methods (flame chemiluminescence and schlieren imaging) at the
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same time, to capture both flame chemistry and flame flow.

First, the interesting interaction between the C>" emissions and pressure, with hydrogen
addition, was found in the horizontal tube. The measured C," emissions had similar
fluctuations with the measured pressure, as the flame traversed down the tube. The
results indicated a coupling interaction between the C," flame chemiluminescence and

the pressure.

Second, hydrogen concentration, affecting flame speed at the second stage of flame
propagation in a vertical tube, was also discussed. The flame propagation speed was
faster, with higher hydrogen concentrations, at the same equivalence ratios in fuel-rich
conditions. The ratio of two oscillation gradient stage (oscillation gradient stage to the

initial gradient stage), decreased linearly as the hydrogen concentration increased.

Finally, to develop the mechanisms of flame formation, schlieren imaging techniques
were applied at flame propagation in a square tube. Following the results of the
schlieren images and pressure signals, periodic propagation characteristics were
observed around the middle length of the tube. Each cycle included a flat or curved
flame front, a cellular or cells flame front, two near-boundary sides of the tulip flame,
a flat or curved flame at the front again, a cellular or cells flame at the front again and

a tulip flame in the middle of the tube.
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1 CHAPTER ONE: INTRODUCTION

1.1 Motivation

The dynamics of flames occurring in a confined space represent a typical combustion
process in an internal combustion engine, as well as the process of flame acceleration
and the transition from deflagration to detonation in the development of detonation
waves. Therefore, these dynamics have significant applications in the areas of
combustion engineering and explosion safety. Due to a global desire for clean energy
resources—and because combustible gases are clean and come from a wide range of
sources—these gases are beginning to play an indispensable role in industrial
modernisation and in people’s daily lives. Hydrogen, especially, can be produced using
renewable electricity such as offshore wind power. This increases the availability of
hydrogen resources and reduces their cost. Hydrogen production also offers the
advantage of low emissions (Benjamin 2019). It is thus increasingly vital to gain a better

understanding of hydrogen.

Hydrogen is one of the typical combustible gases; the others include carbon monoxide,
methane and propane (Airtest 2008). Due to these gases' high risk of leakage,
combustion and explosion, it is necessary to take appropriate measures to prevent
disasters—as well as to mitigate the damage and reduce the loss of life and property

that can be caused by explosions (Xiao et al. 2013). Combustible gases normally travel
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through pipelines in industrial applications. Worldwide, the difficulty of controlling
combustible gases causes major fires and explosions every year. In one of the earliest
studies of premixed flame propagation in a confined space, Mallard and Le Chatelier
(1883) ignited flames in tubes to examine the problem of coal mining explosion

accidents. The images were later captured using photographic techniques (Ellis 1928).

Photographic techniques are important methods for optical diagnostics; they can
provide a non-contact method for continuous monitoring of the flame. During
combustion, high-speed cameras can capture light emissions from the excited species
that are formed during chemical reactions, known as flame chemiluminescence. This
can provide useful information without disturbing the flame. Additional parameters
from the captured images—such as temperature, flame speed and flame dynamics—

can be also be further analysed.

In terms of applications, premixed flame propagation is always one of the main research
topics concerning combustion and explosion. This is due to the complexity of premixed
combustion. Although early research mainly aimed to eradicate coal mine explosions,
it also provided fundamental knowledge of flame propagation (Mallard & Chatelier
1883). The rapid development of the engine and of rocket propulsion greatly
contributed to follow-up studies on flame propagation, from which many new

experimental technologies and types of equipment were developed. A significant
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number of new flame phenomena during propagation, such as the tulip flame, were also
revealed. Tulip flame is a special phenomenon that the finger-shaped flame bulging
towards the unfired gas would suddenly reverse. Dunn-Rankin (1998) proposes that the
tulip flame may be the product of joint actions among different mechanisms, which
means that the tulip flame is actually a combination of flame propagation processes.
Xiao et al. (2013) suggest that the pressure wave, which is induced by the flame, touches
the shell surface and plays a determining role in the process of deformation in the tulip
flame. Clanet and Searby (1996) divided the propagation process of premixed flame in
a half-opened end pipeline into four characteristic stages: 1) semi-spherical (spherical)
expansion that is not affected by the wall, 2) finger-shaped flame with exponential
growth, 3) flame contacting the shell surface and 4) the classic tulip deformation found
in a closed pipe. Xiao et al. (2013) discovered significant deformation of the tulip flame,
in premixed hydrogen/air flames, and defined this as the fifth stage of tulip formation:
after the initial tulip flame formation, the classic tulip flame front will continue to grow,
finally forming the secondary tulip structure. However, a reliable prediction model for
flame propagation—one that includes the mechanism of tulip flame formation—has yet

to be established.

Therefore, this research will major on the hydrogen effects of premixed flame
propagation in a confined space: a tube. It will utilise optical measurement methods to

investigate how the dynamic characteristics of premixed flame propagation change,
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within a tube. The experiment provides a safe and controlled way to understand the
process of flame propagation. The originality of this research comes from studying how
hydrogen affects the flame propagation interaction in a classic hydrocarbon mixture of
methane/air, in both horizontal and vertical tubes. Another innovation is that of applying
two different optical measurement methods (flame chemiluminescence and schlieren

imaging) at the same time, to capture both flame chemistry and flame flow.

1.2 Aim and Objectives

The aim of this thesis is to investigate how hydrogen concentration changes affect the
methane/air/hydrogen mixture’s flame propagation behaviour in a tube. The experiment
utilises high-speed optical measurements. This was achieved via a set of processes,
including: verification work for the flame chemiluminescence method, applying the
method to establish the connection of flame dynamics, then verifying the established
connection through different tube conditions and, finally, combining the two optical
measurement methods to be further explored. The main objectives of this research are:
1. To verify the flame chemiluminescence method needs, as well as to investigate
the relationship between the camera sensor and flame chemiluminescence. To
develop the connection between camera sensor spectral sensitivity and the

image colour model.

2. To apply the method developed, two typical hydrocarbon fuels, C3Hg and CHa,
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are compared to investigate flame behaviour on a Bunsen burner. The method
used to utilise the intermediate products (which are CH® and C)
chemiluminescence) produced during the combustion process.

To establish the impact of flame chemistry (in this case used C)'
chemiluminescence to present) and pressure through experimenting with flame
propagation in a horizontal tube, adding specific amounts of hydrogen.

To develop the hydrogen concentration effects of flame propagation in a vertical
tube through multi condition experiments, showing how the experimental
evidence of hydrogen concentration influences flame speed and pressure of the
propagated flame.

To compare the flame chemistry of calculated C," chemiluminescence
emissions on oscillating flame, to establish the effects of different hydrogen
concentrations.

To investigate the impact of flame shape on flame oscillation, via the observed

schlieren imaging.

1.3 Thesis outline

This thesis is comprised of eight chapters, including an introduction, a literature review,

the methodology applied, four test cases and conclusions. These are followed by a list

of references and the appendices.
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Chapter ONE introduces the motivation and objectives of this work, and the thesis
outline.

Chapter TWO is a literature review of the most important topics related to this work.
The key subjects are: the conception of combustion and flame, digital imaging
processing, chemiluminescence based on digital imaging processing and flame
propagation in tubes.

Chapter THREE verifies the methodology that was used in this thesis. Includes
schlieren image system and image colour-based flame chemiluminescence
measurement system. In this chapter, the connection between camera sensor spectral
sensitivity and the image colour model has been developed.

Chapter FOUR presents a test case of the flame chemiluminescence technique on two
different typical hydrocarbon fuel (methane and propane) cases. It applies premixed
flames using a Bunsen burner, which provides fundamental knowledge regarding
calculated C>" chemiluminescence and its relation to flame chemistry conditions.
Chapter FIVE presents a test case of flame propagation in a horizontal tube. The
fluctuations between the measured C," emissions with the measured pressure are also
proven.

Chapter SIX presents a second test case of flame propagation, in a vertical tube. The
experimental work regarding the influence of hydrogen concentrations on the flame
speed of propagated flames is discussed. Fluctuations between the measured C°

emissions, with the measured pressure, were also discussed.
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Chapter SEVEN presents a test case of the flame propagation in a horizontally placed
square tube. Two different imaging methods (flame chemiluminescence and the
schlieren imaging method) were applied, the correlation between fluctuations of
measured Cz" emissions and measured pressure was discussed.

Conclusions were drawn in Chapter EIGHT and summaries of the present study. The

recommendations of potential future work are slow present in this chapter.
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2 CHAPTER TWO: LITERATURE
REVIEW

2.1 Conception of Combustion and Flames

2.1.1 History of Combustion

For much of recorded history, people believed that the burning of material depended on
a special substance, referred to as ‘phlogiston’ (Victor 2016). Phlogiston was believed
to be comprised of small flame particles, which were key to combustion. In the mid-
eighteenth century, however, the French chemist Antoine Lavoisier and the Russian
scientist Mikhail Lomonosov carried out combustion experiments that challenged the
prevailing theories. They hypothesised that combustion relied on oxygen, resulting in

the oxygen theory of combustion (Kanury 1975).

In the early nineteenth century, scientists used thermochemistry and thermodynamics
to discover the features of combustion. These included the heat of combustion, the
temperature of adiabatic combustion and the balance components of combustion
products. In 1842, Joule proved that ‘heat’ is not a product, but an energy state. In 1855,
Robert Bunsen developed an experiment to successfully measure flame temperature
and speed. Ernest-Francgois Mallard and Le Chatelier built the first flame propagation

model and studied flame propagation (1883). In 1900, David Chapman and Emile
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Jouguet identified the difference between deflagration and detonation and calculated
the speed of explosion (Jarosinski, J. and Veyssiere, B. 2009). At the beginning of the
twentieth century, the Soviet chemist Nikolay Nikolayevich Semyonov and the
American chemist Gilbert Newton Lewis found that reaction kinetics are important
factors that influence the burning rate (Ptacek, P. 2018). In the 1920s, scientists Yakov
Borisovich Zeldovich, Frank Kamenetzki and Lewis discovered that the burning
phenomenon is a reaction between chemical kinetics and physical factors, such as heat
and mass transfer. This is true whether it is in the state of being on fire, during flameout,

during propagation or in a slow combustion and detonation state (Kanury 1975).

Due to the development of the aviation and aerospace technology in the 1940s and
1950s, combustion research rapidly expanded from general machinery into jet engines,
rockets and spacecraft head ablation. At that time, Hungarian-American Theodore von
Kérman and Chinese scientist Qian Xuesen proposed studying combustion using
continuum mechanics methods; they developed the terminology ‘chemical fluid
mechanics’. Further quantitative analyses on the problems of laminar and turbulent
combustion, ignition, flame stabilisation and combustion oscillation were conducted,
employing viscous fluid mechanics and the boundary layer theory (Jianfeng, P. et al,
2010). Since the mid-1970s, the application of laser technology has allowed for
measuring speed, temperature and the concentration of gases and particles in the

process of burning. This research has deepened the understanding of combustion
30


https://en.wikipedia.org/wiki/%C3%89mile_Jouguet

phenomena.

2.1.2 Diffusion and Premixed Flame

Diffusive combustion is a process in which fuel and an oxidising agent are added to a
combustion chamber and mixed together during combustion. The chemical reaction is
a quick process in a combustion chamber at a high temperature, yet mixing the two
substances takes longer. Therefore, it is the duration of the mixing that controls the

combustion velocity; this is the basic quality of diffusive combustion.

According to the combustion theory proposed by Forman A. William in 1985, a
diffusion flame can be defined as a flame that is non-premixed, almost isobaric and in
a quasi-steady state (William 1985). The diffusion flame has a wide application in
combustion equipment, such as boilers and turbines. This is due to its inherent
advantages, including advantages on the security side—such as the lack of tempering
(fuel is not premixed with air or oxidant before ignition, hence there is no chance of
tempering happened), steadiness (only flow rate needed to be controlled) or the need to
premix the fuel and oxidising agent—as well as a wide scope of operation (William

1985).

Mixing combustible gas with an oxidising agent before ignition is called "premixed
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combustion'. Premixed combustion is widely used in many industrial applications such
as aero engines, gas turbines and industrial energy supply boilers. The combustible gas
mixes with air or an oxidising agent and is then ignited; the flame will spread quickly
and accelerate to the unburned mixture. The premixed gas propagates from the ignition
source to the unburnt gas. This forms a combustion wave and, after the process of
acceleration, the combustion wave may lead to detonation under certain conditions

(Liberman et al. 2012).

Premixed combustion involves flame propagation, flame acceleration and pressure
wave interactions. The premixed flame in pipelines usually undergoes typical processes
such as ignition, laminar flame, disturbance flame, the transformation from laminar to

turbulent flow and even detonation (Xiao et al. 2013).

2.1.3 Laminar and Turbulent Flame

Premixed flame is the most basic combustion phenomenon. It can be classified as either
laminar flow or turbulent flow, according to the combustion mechanism (Clavin 1985).
Laminar premixed flame is well understood as a premixed combustible mixture ignited
by a light source, which then forms a flame layer that can separate the combustion
products or unburned gas. Combustion in the laminar flame state is steady, due to the

low combustible mixture flow. The surface of the flame is smooth. By means of heat
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conduction, molecular diffusion, and an activation centre, generally, a thin flame layer
between the flame surface and unburned combustible mixture. (The laminar flame layer
is typically smaller than 1 mm). This thin flame layer keeps the flame propagate. The
movement of the flame front in the laminar burning of premixed gas is mainly caused
by two processes: the transfer of heat in the reaction zone to the fresh mixture, and heat
being transferred from the reaction zone—which indicates the outcome of the
interaction between thermal conductivity and diffusion from chemistry reaction zone.

(Wang 2006).

The Reynolds number can also be used to determine whether the flow is laminar or
turbulent. A laminar flame or flow has a small Reynolds number (typically below 2100
in pipeline). A variation in flow state can significantly influence the combustion process.
When the velocity of the combustible mixture or the flow area and the flow increases,
the fluid will produce many fluid vortexes of different sizes. These rotate and move in
random ways. In the process of flow, a vortex will pass through the streamline and
create a disturbance on all sides. The surface of the flame is deformed then flame
surface becomes thicker and shorter, and makes noise. This is called a turbulent flame

(Ashurst 1994).

Due to improved experimental methods and increased computational ability,

combustion researchers have developed the area from laminar combustion to turbulent
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combustion. The combustion process of various combustion devices often occurs under
such turbulent flow conditions in practical engineering, such as in aero engines and gas

turbines, etc.

2.2 Digital imaging processing
2.2.1 Digital Camera Sensor Types

The sensor is a device that converts optical images into electronic signals; it is the heart
of the digital camera. The sensor technology determines the overall development level
of the digital camera. There are currently two types of sensor: the charge-coupled device
(CCD) and the complementary metal-oxide semiconductor (CMOS). Both CCD and
CMOS use light-sensitive elements as the basic means of capturing images, and the
core of each sensor is a photodiode. This diode can generate a current after receiving

light, and the current’s intensity corresponds to the intensity of the light.

Willard Sterling Boyle and George E. Smith first invented the CCD sensor in 1969, at
Bell Laboratories in the United States—an invention for which they won the Nobel
Prize in Physics in 2009. CCD replaces traditional film with sensors made from high-
sensitivity semiconductor material. This converts light into an electric charge; converts

this charge into a digital signal, via an analogue-to-digital converter chip; and then
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sends the electric charge signal to a storage medium. The basic working principle of a
CCD sensor is that light illuminates each pixel to generate a charge, which accumulates.
Since the CCD has only one signal output port, the charge of each pixel needs to be
transferred serially from pixel to output port. Finally, the charge is converted into a
voltage, and the voltage is amplified and then converted to obtain an image. Compared
with traditional filming methods, CCDs are closer to how the human eye works. It
differs, however, in that the retina of the human eye is composed of rod cells responsible
for light intensity sensing and cone cells for colour sensing. There are many indicators
for evaluating the quality of a CCD sensor, such as the number of pixels, the CCD size
and the signal-to-noise ratio. The number of pixels and the size of the CCD are the most
important indicators. The number of pixels refers to the number of photosensitive
elements on the CCD. Pictures can be understood as consisting of many small dots,
with each dot a pixel. The greater the number of pixels, the sharper the picture. However,
increasing the number of CCD pixels to obtain better image quality will inevitably lead
to an increase in the manufacturing cost of the CCD and a decrease in the rate of

qualified products.
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Figure 2-1 CCD sensor (left); CMOS sensor (right) (Sinisa Kekez 2018).
To tackle problems such as cost, a CMOS sensor with lower power consumption and
high integration has been developed. The core of the CMOS sensor is a photodiode and
the photoelectric information conversion function of CMOS is similar to that of CCD.
However, the other components lead to a difference in information transmission after
photoelectric conversion. As shown in Figure 2-1, CMOS image sensors are a class of
active pixel sensors that use CMOS semiconductors. There are corresponding circuits
near each photoelectric sensor to directly convert light energy into voltage signals.
Unlike CCD, it does not involve a digital signal charge. Due to the continuous
improvement of CMOS technology, CMOS has the advantages of a faster output
information rate, of lower power consumption, of a small size and light weight, of a
low cost and of being a simpler way to read information. As the cost of industrial

production is lower than CCD, digital cameras using CMOS as sensors are currently
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flooding the market. Sony, a major digital camera manufacturer, discontinued its

production of CCD digital cameras in 2017.

2.2.2 Colour Filter Array

Each pixel on a digital camera has a light sensor that measures the brightness of light.
Since the photodiode is a device that supports just one single colour, it cannot
distinguish between different wavelengths of light. Digital camera engineers thus
installed a set of mosaic colour filters called colour filter arrays (CFA), to allow the
sensor to distinguish the three basic colours of red, green and blue that make up visible
light. The CFA filters light according to the wavelength range, so that the individual

filtering intensity includes information about the colour of the light.

Light

Color Filker Array Sensar

Figure 2-2 Colour filter array sensor.

There are many kinds of colour filter arrays. The most widely used is the Bayer format

filter array, which meets the GRBG rule stating that the number of green pixels is twice
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the number of red or blue pixels. This is because the peak of the human eye’s sensitivity
to the visible light spectrum lies in the middle—the band that corresponds to the green
spectral component. The other types of colour filter arrays, such as the RGBE filter,

RYYB filter and RGBW Bayer, have different purposes.

2.2.3 Colour Model

Figure 2-3 shows the RGB colour space that represents colours by using a unit of length
of the cube. Black, blue, green, cyan, red, yellow and magenta are located in the eight
vertices of the cube respectively. Black is usually regarded as the origin point of the
three-dimensional rectangular coordinate system, and red, green and blue are located in
the three axes respectively. The value scope for each parameter of R, G or B is 0 - 255.
The parameter value is also known as the three-colour coefficient, base colour
coefficient or colour value. It can be calculated by being divided by 255 and then being

normalised between 0 and 1.
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Figure 2-3. 3D representation of the RGB colour model (Gonzalez 2008).
RGB and HSV (hue, value, saturation) are two different representational approaches to
colour space. The values of R, G and B have no direct relation to the three attributes of
colours. HSV uses these three attributes—hue, saturation and value—to represent
colours, and this colour model faces visual perception. HSV is more suitable for image

processing.

Figure 2-4 shows that the HSV colour space model corresponds to a conical subset in
the cylindrical-coordinate system. The top surface of the cone corresponds to V=I. It
contains three surfaces of R=1, G=1 and B=1 in the RGB model. Hue is decided by the
rotation angle around the value axis. The red colour corresponds to 0°, the green colour
corresponds to 120° and the blue colour 240°. In the HSV colour model, each colour

has a gap of 180° to its complementary colour. The saturation is valued from 0 to 1. At
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the top point of the cone (the origin point), V=0, yet H and S have no definitions, so
they represent the colour black. At the central point of the top surface of the cone, S=0,
V=1, yet H has no definition, so it represents the colour white. It also represents the
colour grey that becomes dimmer from the point to the origin point; that is to say, the

grey colour is at different grey levels.

Figure 2-4. The HSV model (Gonzalez 2008).

2.2.4 Exposure Control

An aperture is the part of a camera lens that is used to control the amount of light
accessible to the camera sensor. When taking a picture, the first threshold for light to

enter the camera sensor is through the lens aperture. The larger the opening in the
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aperture, the greater the amount of light is available to the camera sensor. The aperture
is represented as an F+ number, and the smaller the F number, the larger the aperture

opening—as illustrated in Figure 2-5.

F1.8

F11

Figure 2-5. Example of Aperture.
Shutter speed is also an important parameter for digital cameras. The shutter speed in
the camera indicates how long the shutter remains open, which controls the exposure
time. In addition to changing the exposure, the shutter speed can also change the form
of motion. High-speed shutters can be used to freeze fast-moving objects, such as when
shooting sports. Slow shutters can blur objects and are often used to produce artistic
effects. A high-speed shutter means a short exposure time, while a slow shutter means
a long exposure time. For shooting flames, the high speed of flame propagation in a

tube requires a much shorter exposure time than a stable burning Bunsen flame, to
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ensure all details can be tracked.

2.2.5 Camera Noise

Camera noise generally refers to tiny dots created when light passes into the camera
sensor and is then converted into signal. Noise can be generated by several causes. For
example, noise from electrical signals is caused by the sensor generating more noise as
the sensitivity of the image sensor (ISO) increases. This kind of noise is coloured and

will affect the picture details.

During long exposures, the sensor will heat up due to poor heat dissipation and cause
thermal noise. This kind of noise generally takes the form of bright dots and will be
amplified during post-processing. For CMOS sensors, the impact of high ISO noise is
far greater than the long-term exposure. Thermal noise can be eliminated by giving the

sensor a short break to allow for heat dissipation.

Image noise is also generated by compressing images using the JPEG format. Images
in this format still look natural after reducing their size, and special methods can be
used to reduce the image data. Units of 8 x 8 pixels are resized and noise occurs at the
edge of the 8 x 8 pixel blocks; this type of noise generated by JPEG compression is

called block noise as a result. The image noise is more obvious, the greater the
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compression ratio. Although the noise is invisible when the image size is reduced, it
becomes apparent as soon as colour compensation is performed. Block noise can be
solved by using the highest possible image quality or recording the image using

methods other than the JPEG format.

There are three common storage formats for digital cameras, each of which has different
characteristics. The RAW format is the raw data that is directly obtained by the camera
sensor and is unique to digital cameras. RAW files require the largest storage space but
offer more shades of colour and the highest level of image detail. However, the RAW
format requires special software to access the files. JPEG is a lossy compression format,
with the amount of the image quality lost depending on the compression ratio. The TIFF
format is a non-compression format, with a similar file size to RAW, and it also
maintains the maximum amount of colour and image details. TIFF can be used for
publishing and printing, and is suitable for large-format printers to produce high-quality

images.

2.2.6 Applications Based on Digital Image Processing

More information about flame can be obtained through digital flame images, which
reveal more than can be seen by the human eye. The main advantages of digital images

are that they can show the shape, brightness, and colour of the flame—as well as obtain
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information for each pixel by using powerful computer processing abilities to provide

quantitative analyses.

2.2.6.1 Flame Shape

Research on flame shape primarily includes obtaining the flame edge and geometric
parameters of contour extraction through edge detection technology. By combining the
separated flame layer technology with robust estimation, Marques, J.S. & Jorge, P.M.
(2000) extracted the edge of the flame and obtained the flame shape. This technology
was tested in a power plant boiler. Zheng (2018) used digital image processing
technology and the optical radiation theory to detect the edge of the flame and
successfully extracted the flame contour. The flame edge extraction separates flame
from the digital image, focusing the subsequent extraction and processing of flame
information on just the flame itself—rather than extraneous information. As a

consequence, it improves the processing efficiency and relevance.

Hernandez, R. & Ballester, J. (2008) has also measured the geometric parameters of
flame. Based on judging the flame range by means of the strength function, he achieved
the extraction of the flame edge and the measurement of the geometric parameters.
These include the flame length, the maximum width, the centre of mass, the geometric

centre, the direction and the extension angle.
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2.2.6.2 Flame Brightness

Research on flame brightness refers to the study of overall average brightness and of a
single pixel of brightness in the flame image. As an important characteristic of the flame,
flame brightness plays a vital role in flame detection because it can determine the

presence of flame and evaluate the stability of combustion.

A number of studies have explored how imaging technology can enhance flame
research. For example, Intajag, S. et al. (2009) used the characteristics of colour images
to adopt the method of multi-channel brightness threshold value and combined it with
a neural network to judge the presence of flame. Marbach et al. (2006) developed the
system of automatic time-domain flame detection, using the principle of luminance
threshold. Wei et al. (2003) extracted the mean value and variance of the flame
brightness from the flame image. Wei also evaluated combustion stability by judging

the brightness of the flame front and combining the figure with the neural network.

2.2.6.3 Flame Colour

Through colour analysis of the flame image, Huang et al. (1999) suggest that the colour
distribution of the diffusion combustion flame and the premixed combustion flame are

different. The flame image can be used to indicate the production of carbon soot and
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free radicals in the flame, which is caused by the RGB channel value (Huang, H. W., et
al. 2012). As for the ratio of channel B to G, it correlates with the combustion

equivalence ratio (Huang, H. W., & Zhang, Y. 2011).

In the principal component analysis of the flame image, Sbarbaro et al. (2003) show
that the first principal component of the flame image’s channel values correlates with
the combustion equivalence ratio. Louér, D. & Langford, J.I., (1988) uses
monochromatic and decomposed images of R, G and B from the flame colour image to
measure the particles’ radiation parameters—including emissivity, absorption

coefficient and scattering coefficient—in the coal-fired boiler flame.

2.2.6.4 Flame Temperature

For flame which produced soot, the most important achievement in image colour
research is the measurement of the spatial distribution of flame temperature via the two-
colour method. Huang et al. (2000) achieved continuous measurement of the flame
temperature distribution by adopting the two-colour method and presenting temperature
distribution with the colour map. Their research was compared to thermocouple
measurements, to demonstrate accuracy and applicability. Ma (2016) detected the local
temperature of flame propagation in a tube utilising a single fibre; this proved the

possibility of detecting the whole flame temperature using a single fibre. The details of
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Ma’s method are shown in Appendix 10.1 which was applied but not succussed to this

thesis due to technical reason.

2.3 Chemiluminescence Based on Digital Image Processing

2.3.1 Introduction to Chemiluminescence

Pre-combustion reactants are a mixture of fuel and air or oxidant, and the combustion
products are carbon dioxide and water for hydrocarbon fuels. Combustible mixture can
be ignited then generated the flame, then produced combustion products. There are,
however, other small yet critical intermediate products in the flame, and these
intermediate products are what allow the existence of the perceived flame to be seen.
This combustion phenomenon is related to free radicals during combustion and is called
chemiluminescence. During the combustion process, the energy levels of various free
radicals will generate chemiluminescence. The information contained in flame
chemiluminescence is closely related to the flame temperature, mixture concentration,
and heat release parameters (Yang et al. 2015). Based on the characteristics of flame
chemiluminescence, flame dynamics can be studied in depth, the combustion

characteristics can be understood and the understanding of combustion can be improved.

47



2.3.2 Electron Transition

Electron transition is when the electron on the outermost layer of a particle can absorb
energy while transitioning from a lower level to a high-energy level, and it emits energy
when transitioning from a high level to a lower one. In the process, energy is the
absolute value between the two levels. Energy is absorbed and emitted in various forms.
When the form has no relation to radiation, it is called non-radiative transition; the

opposite is called radiative transition (Yang et al. 2015).

Radiative transition can be divided into three categories—stimulated absorption,
spontaneous emission, and stimulated radiation—as first proposed by Albert Einstein
(Masters, B.R., 2012). The radiation light shines into a substance, and the electron
absorbs photon energy. The transition from a low level to a high level is called

stimulated absorption.

The process of electrons transitioning from high to lower levels and emitting photons
under the excitation of the external radiation light is called 'excited radiation' (Mitchell,
A.C. and Zemansky, M.W., 2009). The incident light shining on photon can caused
radiation excited, so photons generated from electron transition are relevant to the
incident photon. Planck (1913) thought photon energy was isolated, so that the

transition absorption or the emitted photon energy can be described as follows:
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Ephoton =hv=E,—E; (2.1)
where h means Planck constant 6.626196x10* J-s and v is the frequency of the

generated photon.

2.3.3 Hydrocarbon Flame Chemiluminescence

There are generally two types of flame colours: blue flames and yellow flames. The
flame of a gas stove is a blue flame. This is the radiation emitted by the CH radicals
and OH radicals excited by the high temperature in the flame. The characteristic
wavelength of the CH radical is blue-green and the OH radical is blue-purple; blue
flames are the result. Yellow flame is due to excessive fuel, insufficient oxidation, and
the radiation of carbon particles produced by the cracking of hydrocarbon fuel (Huang,

H.W. and Zhang, Y., 2011).

Excited molecules in the flame are formed by thermal excitation and chemical reactions.

There are typically two steps to this. First, two species react to form excited molecules:

A+ B — R + other (2.2)

where R* is an excited radical. The spontaneous loss of excess energy then reaches
their ground state through the release of a photon.

R* >R+ hv (2.3)

The wavelength of electromagnetic radiation depends on the molecule R and its specific

49



step. Each radical R is characterised by one or more emission lines, which can be
divided into specific spectral bands. Combined with various free radicals, the

chemiluminescence spectrum of a specific flame is generated (Adamovich, I.V. et al.

2015).
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Figure 2-6. Flame spectra measured at different equivalence ratios (Hardalupas, Y. & Orain, M,
2004); typical flame spectra in syngas and methane fuels (Nori, V. and Seitzman, J., 2007).
Flame chemiluminescence radiation characteristics have been widely used as
combustion diagnostic methods, as illustrated in Figure 2-6 (left). This shows the
measured chemiluminescence emissions at different equivalence ratios. As
demonstrated, OH" radicals are excited between 300 to 320 nm, CH" radicals are
excited at around 430 nm and C" radicals are excited at around 430 and 516 nm for all
equivalence ratios. The work shown in Figure 2-6 (right) illustrates the peak of OH"
radicals excited at 309 nm, and the peak of CH" radicals excited at 430 nm. Many
researchers (Hardalupas, Y. & Orain, M, 2004 & Nori, V. and Seitzman, J., 2007) have
used the radiation properties of excited molecules at specific wavelengths to

characterise the flame and the combustion heat release rate, or have used flame
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chemiluminescence to relate to the equivalence ratio (Yang, J. et al. 2015). The potential
for using flame chemiluminescence as a flame characteristic is well established

(Jiansheng, Yang. 2015).

2.4 Flame Propagation in Tubes

2.4.1 Background of Flame Propagation

When a hot object or an electric spark lights the combustible mixed gas, a thin layer of
flame will form (Phillips, H., 1965 & De Goey, et al., 2011). When the combustion rate
is small, the combustion products can freely expand in any direction. This means that
flame propagation can completely rely on the heat transfer from the flame surface, and
it will heat the unburned mixed combustible gas in the adjacent layer and increase its
temperature to the burning point. The phenomenon of a flame propagating, layer by
layer, to the unburned mixed combustible gas and gradually extending to the whole

mixture of combustible gas is called flame propagation (Zeldowitsch et al. 1988).

Combustible gases normally refer to various gases that can be ignited in an oxygen-rich
environment. Combustible gases have a wide range of applications in industrial areas
and are important resources (Baukal Jr, C.E., 2000). Examples of combustible gases

include hydrogen, methane and propane. All of these will be used in this thesis, to
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investigate the hydrogen concentration effect of flame propagation in a tube at different

fuel mixture conditions.

Hydrogen is an extremely flammable gas, under normal temperature and at room
pressure (Xiao, H., Duan, Q. and Sun, J., 2018). At only 1/14 the density of air,
hydrogen is the least dense combustible gas. Therefore, hydrogen was previously used
as a gas to fill airships and children’s balloons. This usage was later changed to helium
gas, because hydrogen is extremely flammable. Methane is the simplest organic
molecule and can be extracted from many resources, including natural gas, oil field gas
and biogas (Noorollahi, Y., et al., 2015). Methane can be used as a fuel directly, due to
its flammability, or hydrogen can be extracted from methane as a raw material (Olah,
G.A., 2005). There are many advantages to the study of methane. These include its ease
of storage, allowing it to provide energy for decades, as well as the fact that methane is
a strong greenhouse gas which burning it can help reduce air pollution. Propane is one
of the most common fuels used by the general population, and can be found in
applications ranging from fuel for heaters to barbeque fuel tanks. All these combustible
gases share common characteristics, such as being colourless, tasteless and difficult to

dissolve in water.

In combustion science, flame can be classified into static flame and propagating flame.

The explosion flame of mixed gas in pipelines comprises not only premixed flame, but
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also propagating flame. The theoretical research about static flame is relatively mature.
Yet research into flame propagation, which requires special testing and analysis
methods, is insufficient. In the propagation process of flame acceleration, flame
frequently becomes instable (Dorofeev 2011). Although research exists regarding the
steady state of premixed flame instability, few studies have been carried out about the
change of the flame structure and the instability mechanism in the process of flame
propagation (Dorofeev 2011; Ciccarelli, et al. 2008; Xiao, et al. 2012). There is also no
in-depth research into the nature of turbulence formation, the influence of combustible
gas, or gas interface instability on flame acceleration in the flame propagation process

(Ebieto, C.E. et al. 2015 & Yang, et al. 2015).

2.4.2 Characteristics of Flame Propagation in Tubes

Early combustion researchers began studying flame propagation in a tube more than a
hundred years ago (Mallard E. F. & Le Chatelier, H. 1883). Yet its mechanics have yet
to be fully explained, due to the multiple characteristics involved. The propagation of
flame is mainly influenced by ignition energy, wall constraints, instability, and the effect
of radiant heat (Dune et al. 1988). The propagation of premixed laminar flame in a
closed pipeline is more complex, as it is influenced by the both effect of the shell and
boundary layer, pressure wave effect and flame instability, as well as changes in the

flow field (Xiao et al. 2013). In the initial stage of development, flame cannot maintain
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its spherical expansion. When propagation occurs in the pipeline, it is difficult for the
flame shape to retain smooth surface movement. It folds and deforms easily, and then
it develops into turbulent flame or even deformed flame (out of normal curved flame).
The flame propagation dynamics and flow field structure (including the flow and vortex
induced by flame, and the overpressure dynamic) of laminar flame and turbulent flame

are obviously different (Akkerman et al. 2016; Searby, G. & Rochwerger, D. 1991).

The effect of turbulence on flame propagation was discovered through experiments
with a long tube. Flow increases with the size of the pipe diameter. As a result, the
turbulent combustion rate is not within the characteristic parameters of the reaction
mixture, but is instead closely related to the pipe size. The transfer of heat and mass in
turbulent flame is associated with the distribution of the geometric size of the vortex.
The laminar burning velocity is the characteristic parameter of the fuel mixture, and is

not affected by pipe diameter (Lipatnikov 2012).

In most cases, the chemical reaction occurs in the location of the laminar flame, yet the
overall flame is a turbulence combustion. The turbulence mainly works on the disturbed
laminar flame and causes the flame front to wrinkle. Fristrom and Westenberg (1965)
provided a comprehensive report on the structure of laminar flame. They stated that the
chemical reaction kinetics, thermophysical properties and transport properties of the

components within the flame are the key effects for the internal structure of the flame
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and for the combustion rate of laminar flames. Since then—with the growth of
computational power—the structure and combustion rate of laminar flames have been
primarily studied through numerical methods, because all thermochemical and

transport properties of the components are saved in the software database.

2.4.3 Flame Instabilities

The instability of premixed flame refers to the deformation and fold amplitude of the
ideal flat flame, which results from tiny, injected disturbances (Matalon, M., 2007). In
the propagation process of premixed flame, unstable propagation will frequently appear
(Yang et al. 2015). Flame instability will trigger the mutation of the flame speed and
pressure. Although the combustion process is complex, the basic theory of flame
instability is simple. If the combustion process takes place in a free space, the sound
wave will vanish through radiation and dissipation. However, if is in a confined space—
such as in a pipeline—the sound wave may be reflected by the pipeline shell and then
interact with the combustion process (Morgan, M.D., et al. 2004) . At the root of flame
instability is the fact that chemical reactions and flow are in unstable equilibrium states,
and these equilibrium states will be broken even by tiny disturbances. They are also
sensitive to flow field changes and combustion instabilities may occur as a consequence.
Factors such as gas expansion in the flame flow field, diffusion-thermal effect, gravity

and buoyancy may all cause instability (Fleifil et al. 1996).

55



A considerable number of factors can affect flame propagation and stability. Among
these factors, the mutual interference effect between the pressure wave and combustion
flame is the most common; it will induce turbulence combustion and growth (Xiao, et
al. 2018). In industrial disasters such as the Hydro Agri explosion (Pande et al. 2000),
the pressure wave acts on the flame and further quickens the burning speed of the flame.
At the same time, the flame becomes unsteady and induces turbulence. As a result, the

phenomenon of burning that turns into detonation may occur.

There are several different types of flame instability that may be affected during flame
propagation in a tube, such as hydraulic instability, thermal diffusion instability and
Rayleigh-Taylor instability (Matalon, M., 2007). Studying how these instabilities affect
the flame is always a key area of research. Hydraulic instability was proposed by
Georges Jean Marie Darrieus in 1938 and by Lev Davidovich Landau in 1944. Thus,
hydraulic instability is also called Darrieus-Landau (DL) instability. Hydraulic
instability is the result of the thermal expansion of a gas. In hydraulic instability, it is
assumed that the flame front is infinitely thin and that the flame propagates at a constant
speed to the unburned areas, which are not affected by hydraulic instability in this
process. For a slightly curved flame surface, as Figure 2-7 shows, the flow lines of the
flammable gas behind the convex portion of the flame surface converge with each other,

and the flammability of the flammable gas behind the flame surface depression portion
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is divergent. The perturbed flame surface is equivalent to a flat gyroplane, which makes
the curvature of the curved portion of the flame surface larger and causes a pressure
gradient. This makes the flame deformation more obvious (Matalon 2009). It is worth
noting that this conclusion is based on the assumption that the flame surface is infinitely
thin. The diffusion process of various substances in the flame usually inhibits or

strengthens the effect of hydraulic instability.

a burned Y

unburned

b

{ J

Figure 2-7 Schematic showing the physical origin of the DL instability (Matalon, 2009)
Thermal diffusion instability is caused by the difference between the molecular thermal
conductivity of the gas mixture and the molecular diffusivity of the reactants with a
small volume fraction (Elperin et al. 1997). It is mainly caused by the thermal diffusion
and mass diffusion imbalance inside the flame front, which makes the flame front
disturbed and wrinkled. It is usually indicated by the Lewis number:

Le = (2.4)

a
D
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where a is thermal diffusivity and D is mass diffusivity.

Figure 2-8. Cellular flame affected by thermal diffusivity (Matalon 2009)

When the Lewis number is smaller than one, the thermal diffusivity instability also
makes the flame unstable and the flame front disturbed and wrinkled. When the Lewis
number is equal to one, the thermal diffusivity and mass diffusivity will be balanced
inside the flame, which means there will be no thermal diffusivity instability effect.
With a Lewis number larger than one, thermal diffusivity instability makes the flame
front wrinkled and more stable (Sivashinsky 1979). Figure 2-8 shows how the cellular

flame is affected by thermal diffusivity.

The flame propagating in a confined space will generate a pressure or sound wave,
which can be reflected by the wall or other obstacles; the reflected wave can interact
with the flame front, disturbing the resulting flame front. To summarise, the interaction
between the flame and the pressure wave creates a vortex, and this causes changes to
the flame shape and increases the flame area. In confined flame propagation, Rayleigh-

Taylor instability has a large impact on the flame (Keenan et al. 2014). Rayleigh-Taylor

58



instability is usually produced when a low-density fluid is accelerated to a high-density
fluid. As for the simulation of large pipelines, research findings show that pressure
waves exist in front of the flame; the flame pursues the pressure wave, and it then stacks
to enhance the impact effect. Experiments indicate that, for small pipelines, there is no

significant spatial difference (Lieuwen 2003).

2.4.4 Deflagration and Detonation

The slow combustion of flame (i.e., normal flame propagation) is propagation caused
by the flame front transferring heat to the combustible mixture in the form of heat
conduction and convection. The speed is low (from 1 to 3 m/s) in slow combustion
flame propagation (Bradley, D., et al. 2007), which is much slower than the speed of
sound. The flame propagation process is steady. General engineering combustion is

classified as slow combustion.

Deflagration is a type of flame propagation that is caused by adiabatic compression.
Deflagration is also a chemical reaction, which arises owing to the increased
temperature of the unburned mixed gas resulting from the compression effect of the
shock wave (Zhang, Q., et al. 2020). As the combustion waves approach the unburned
gas and the propagation speed exceeds 1000 m/s, the velocity is greater than the speed

of sound. Explosions and the flame propagation of compression ignition engines are
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also regarded as deflagration.

The propagation and acceleration of the premixed flame in a pipeline may lead to the
transition from laminar combustion to turbulent combustion. It may even lead to the
transition from deflagration to detonation (DDT) (Liberman et al. 2012). Deflagrations
can be divided into two types: laminar combustion and turbulent combustion.
Deflagration waves propagate at subsonic speed relative to the front unfired gas. They
are mainly controlled by molecular, turbulent transportation and heat conduction.
Detonation waves, in contrast, propagate towards the unfired gas at a supersonic speed.
Detonation waves consist of leading shock waves and chemical reaction zones, which
interact with each other and lead to shock waves compressing and heating the front
unfired gas (Shepherd, J.E. and Lee, J.H., 1992). Afterwards, the high-temperature
unfired gas burns and releases energy into the reaction zones, through which detonation
waves achieve self-sustainability and propagation (Bai et.al, 2011). Figure 2-9 shows
how flame acceleration and DDT occur, illustrating that all flame propagation can
potentially become DDT under certain conditions. The details of DDT will not be

provided in this thesis because of the experiment environment limit.
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Figure 2-9. Schematic showing the phases in the evolution of a combustion system from a
deflagration to a detonation.
It is generally believed that the mixed combustible gas in pipelines becomes laminar
flame in the initial period of ignition. Assuming that the pipe is long enough, with
repeated obstacle components, it is then generally accepted that the process develops
into deflagration or detonation after the stages of initial laminar, local turbulence,
turbulence increase, mutual stimulation between turbulence and flame and sharp
acceleration (Hirschfelder et al. 1949). To accurately determine the variation trend of
flow field parameters in the process of flame propagation, there must be an in-depth
study on the mechanism of flame propagation in pipelines. Thus far, most determination

of flame propagation parameters is still based on experiments and experience. Yet this
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determination requires a more rational and more scientific theory, to explain such
complex practical problems. Therefore, further study on the mechanism of pipeline
flame propagation and on the relative spatial relationship between flame and pressure
waves is vital (Markstein 1957). To summarise, the propagation of premixed flame in
confined spaces is an important technical issue in the fields of combustible gas safety,
internal combustion engine applications and detonation wave theory. To understand the
optimisation and improvement of a combustor’s structure—as well as the performance
evaluation of alternative fuel—fundamental flame propagation data and detailed
chemical reaction mechanisms are also needed, to build a combustion model in the field

of combustion.

Previous research has primarily focused on detonation, and on the transition of
deflagration to detonation. Research is inadequate regarding the behaviour and the
mutation mechanism of flame propagation in pipelines at the early stage and transition
stage. Yet this early stage has an important and practical reference value, in terms of
developing the law of explosion processes—especially regarding the formulation of

timely and effective measures to suppress flame explosion.

2.4.5 Tulip Flame

The propagation of a premixed flame in a pipeline is a complicated issue. The surface
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of the flame becomes unsmoothed due to the influence of body force, hydraulic
instability, thermal diffusion instability and the boundary layer effect (Ciccarelli &
Dorofeev 2008). In the late nineteenth century, scientists Mallard and Le Chatelier were
among the first to research premixed combustible gas explosions in pipelines (Mallard
& Chatelier 1883). They found that the flame surface propagating towards the pipeline
opening would flip several times in the direction of the pipeline axis, in semi-closed

pipelines.

In 1928, Ellis O.d.C captured the first image of a wrinkled flame. This image indicated
that—in the late stage of combustion—the finger-shaped flame bulging towards the
unfired gas would suddenly reverse, under the premise that the length-width ratio of the
pipeline was large enough (i.e., larger than 2). In 1958, G.D Salamandra named this the
'tulip flame'. A considerable number of experiments and research have been conducted
on the simulation of basic flame kinetics, aiming to explain the change and formation
mechanism of the tulip flame. Nevertheless, a unified consensus has yet to be reached,
regarding how the chemical reaction and pressure wave generated by flame itself affect

the formation of a tulip flame.

Dunn-Rankin et al. (1988) explored the effects of pipe length, equivalence ratio and
different types of ignition methods, while trying to explain the relationship between

pressure wave and flame shape changes. The radial gradient of the compressed unfired
63



gas axial velocity is the main reason for the cause of the tulip flame phenomenon, and
the distortion of the flame will grow and increase in response to hydraulic instability.
Through numerical simulations, Gonzalez et al. (1992) found that the transverse
velocity gradient of the flat flame surface arising from the wedge-shaped extrusion flow,
the deceleration of the flame in axis and its hydraulic instability are significant in terms
of the formation of the tulip flame. In the research conducted by Dunn-Rankin and
Gonzalez et al. (1988, 1992), the influence of the pressure wave effect (i.e., the sound
wave effect) and vortex motion in the fired gas are denied or ignored. In Markste's
(1957) interaction experiment between laminar flames and shock waves, he finds that
the sunk (converse) shape is similar to the tulip flame. He explains this via the modified
Taylor instability theory, and pinpoints the pressure wave mechanism for the tulip flame
formation. However, an experimental environment without shock waves verified the
contribution of Taylor instability to flame development. This means that the tulip flame
is not driven by pressure waves, but instead results from the deceleration of the flame

front surface.

Generally speaking, the propagation mechanism of the premixed flame in the pipeline
is the result of multiple parameter interactions, including initial temperature, pressure,
the equivalence ratio, the pipe size and the ignition mode. There is no single mechanism
that can properly explain the characteristics and behaviours of premixed flame

propagation in the pipeline. Therefore, Dunn-Rankin (1998) proposes that the tulip
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flame may be the product of joint actions among different mechanisms. This means that

the tulip flame is actually a combination of a series of flame propagation processes.

In addition to traditional research about the tulip flame, recent research has discovered
new flame phenomena (Xiao et al. 2013). In the 1990s, Clanet and Searby (1996)
divided the propagation process of premixed flame in a half-opened end pipeline into
four characteristic stages: 1) semi-spherical (spherical) expansion that is not affected
by the wall, 2) finger-shaped flame with exponential growth, 3) flame contacting the
shell surface and 4) the classic tulip deformation found in a closed pipe. Bychkov et al.
(2007) propose that the tulip flame is not about the Reynolds number, at the early stage
of flame acceleration and formation of the tulip shape. Gonzalez (1996) found the
interaction between the flame front and the acoustic wave in a closed pipeline using
numerical simulation. This simulation shows that changes to the flame shape and the
periodic oscillations in the later stages are actually caused by the interaction of the
flame front and the sound waves. The essential cause of these phenomena is Rayleigh-
Taylor instability. This conclusion is similar to Markstein’s (2014) flame shock
experiment exploring the interaction between a laminar premixed flame and a shock
wave, using the schlieren technique. Xiao et al. (2012) discovered a significant
deformation of the tulip flame in a premixed hydrogen-air flame; they defined it as the
fifth stage of Clanet's and Searby’s theory (1996). After the initial tulip flame formation,

the classic tulip flame front will continue to grow, finally forming the secondary tulip
65



structure.

In terms of modelling, Clanet and Searby (1996) have built an experimental model of
premixed flame propagation at characteristic stages, to estimate time and flame front
positions. Bychkov et al. (2007) further analyse the basics of this model. They have
proposed an analysis theory of the flame acceleration process and early flame
propagation in half-opened cylindrical pipeline conditions. This theory demonstrates
that it is suitable for early flame propagation of a limited range of equivalence ratio
conditions for premixed propane-air. Xiao et al. (2013) suggest that the pressure wave,
which is induced by the flame, touches the shell surface and plays a determining role
in the process of deformation in the tulip flame. They also believe that the initial
conditions and boundary conditions have a significant impact on the premixed flame

propagation—including initial temperature, initial pressure, wall effect, heat loss, etc.

In recent years, most studies about this topic have focused on the formation of tulip
flames and deformed tulip flames. Although many possible formation mechanisms of
tulip flames have been proposed, no unified consensus has been drawn. Many studies
have been carried out regarding the effects of equivalence ratios, boundary conditions,
the geometry of tubes and flame instability on premixed flame behaviour and flame
dynamics. These experiments have led to the analysis of subjects including flame fronts,

pressure waves, flame induced flows and vortexes. However, most experiments or
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simulations have used a single combustible gas like pure methane, pure propane or pure
hydrogen. There are relatively few studies about multiple combustible gases. At present,
there is still a lack of adequate experimental research on the premixed flame
propagation of hydrocarbons in the tulip flame. It is essential to carry out these
experiments and conduct research—both to fully understand the phenomena of tulip
deformation and the effect of pressure waves, and to understand the mechanism of tulip

flame formation.

2.4.6 Flame Burning Velocity

Flame propagation velocity is the speed of movement of the flame front relative to the
observer—i.e., the speed relative to the ground or stationary coordinate system
(YAKHOT, V., 1988). The speed of flame propagation is related to the speed of airflow,
the constraints of the pipeline, the opening and closing rate of the structure ends, etc. It
is not the characteristic quantity of the flame. The average value of the flame
propagation speed in different mortar systems is generally regarded as the typical flame
propagation parameter. The flame burning velocity is different from the flame
propagation speed. The flame burning velocity is related to the burning rate of fuel
consumption (Ebieto, C.E. 2017). Its magnitude characterises the fuel combustion
release rate, which is one of the flame characteristics. Although the flame burning rate

is related to the initial temperature and pressure, the common gas mixtures with air at
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normal pressure and room temperature were systematically measured and can be found
in the book. Laminar flame burning velocity is the most basic parameter and is also the
basic attribute of combustible gases. Therefore, laminar flame burning velocity is the
basic element for research on complex combustion systems. In turbulent combustion,
for example, it is believed that all chemical reactions occur in the internal part of a small
laminar flame, but the flow will disturb the laminar flame and make it fold. The laminar
flame burning velocity mainly depends on the thermodynamic properties of the mixture,

its transport properties, and its chemical kinetics (Rhodes et al. 1985).

In recent years, researchers have carried out numerous experiments on the laminar
burning velocities of different combustible gases under different initial conditions.
However, due to inconsistent experimental conditions and theoretical methods—
especially in the early years of this research when experimental devices and theoretical
analyses were insufficient—it is predicted that there are some differences and even

significant mistakes in the measurement results.

Flame burning velocity is an important parameter for combustion characteristics. From
a practical perspective, it influences the combustion and efficiency of fuel in the burner
flame. It can also be used to verify the chemical reaction mechanisms of various fuels.
Flame burning velocity is also an important input parameter for the simulation of

turbulent premixed flame propagation.
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2.5 Summary of Review

Flame propagation is constrained and influenced by several factors. These include the
structure and size of the confined space, the property of the combustible gas, the
instability of the flame, the pipeline shell, the boundary layer effect and the pressure
wave. The flame will propagate to the unburned gas once it is ignited; this will form a
combustion wave. Premixed flame propagation in a tube will typically follow these
processes from ignition to laminar flame, disturbed flame, transition from laminar flame
to turbulent flame (Yang et.al, 2015) and even deflagration to detonation, if the confined
space is long enough. Current research on the behaviour and mutation mechanism of
flame development in the early stage is inadequate. However, in terms of formulating
effective measures to suppress flame explosion, studying flame propagation in the early

stages has an important and practical reference value.

The research undertaken in this thesis intends to understand the essence and mechanism
of flame and the development and acceleration of a flame in a confined space, to analyse
the physical and chemical process of the flame’s internal structure and to establish a
potential flame prediction method. To achieve this, it is necessary to explore the
pressure wave of premixed flame and its chemical reaction mechanism in a confined
space, utilising a comprehensive experiment with theoretical methods. This research
will serve as a scientific reference to contribute to the prevention of combustible gas
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explosion accidents and help control the spread of such accidents through early control
and chemical inhibition. The hydrogen effects of hydrocarbon fuels will also be

explored.

Although many institutions have carried out combustion research, many fails to find
flame images that are restricted by the experiment conditions. It is therefore difficult to
distinguish the characteristics and time points of different stages of flame development.
It is also difficult to determine whether or not the violent deformation and cell lattice
structures of flame are affected by instabilities (Fleifil et al. 1996). Hence, utilise the
high-speed imaging system can help to connected the relationship between the

morphologic change of flame, flame propagation speed and pressure change (or pulse).
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3 CHAPTER THREE: Methodology

3.1 Introduction of Flame Diagnostic Measurement

Combustion diagnostics is actually combustion measurement. Different methods are
used to obtain information—such as species concentration, temperature and flow
field—in the combustion process, which provides an experimental basis for
understanding the complex chemical reactions and flow processes in combustion. The
parameters measured include temperature, velocity, pressure during combustion and the
concentrations of hundreds of species (Einecke, S., et al, 2000). Over the past several
decades, researchers have advanced the field of combustion diagnostics and invented
new methods for combustion diagnosis. The development of these methods has been
utilised to solve a number of different combustion problems, promoting a better

understanding of the combustion process.

Current diagnostic methods are divided into two categories: contact measurement and
non-contact measurement. Contact measurement utilises tools such as thermocouples
(Marr, M.A., etal, 2010) and flue gas analysers (Lasek, J.A., et al, 2017) to take samples
during combustion. This method normally involves probes or thermocouples during the
measurement process and it cannot avoid interfering with the combustion field. Non-
contact measurements include optical techniques to measure components in the field,

such as the schlieren method and the colour-based flame chemiluminescence method.
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Other types of non-contact measurements use tracer particles, such as particle image
velocimetry (PIV), laser doppler velocimetry (LDV) and laser-induced fluorescence
(LIF), etc. This thesis focuses on non-contact combustion diagnostics: schlieren method
and the colour-based flame chemiluminescence method, since contact has

disadvantages that can disturb the flame.

3.2 Schlieren Image System

There are three key optical methods to observe the flow field: shadowgraph, schlieren
photography and interferometry. From these, the schlieren method can most intimately
observe fluid behaviour, and this technique is a classic method for flow field
measurement and display. The schlieren method was first proposed by Robert Hooke
in the seventeenth century (Rienitz 1975). August Toepler then improved it in 1884. It
is widely used in research fields where the flow field density changes, such as in heat
transfer, combustion, turbulence, and shock waves. Schlieren measurement is based on
the deflection of light as it passes through a stable, non-uniform refractive index field.
The degree of deflection of the refractive index is proportional to the density change,
so the shading boundary of the spherical flame experiment is located at the maximum
value of the gas density gradient, i.e., the flame front. In other words, the principle of
schlieren imaging is the light and dark pattern caused by the refraction of the

propagation of light in different refractive index media, which results in the light no
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longer being of uniform intensity on the image plane. For a completely homogeneous
environment, when the knife edge blocks half of the reflected light, the spot captured
in the camera should be an inverted image of a half-point light source. When the whole
schlieren system is placed indoors, slight changes in brightness and darkness can be
observed since the air is not completely stationary. If an object that can disturb the
airflow—such as a burning candle—is placed in front of a mirror, its effect can be

observed on the surrounding flow field.
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Figure 3-1 Z-type schlieren system.
Figure 3-1 illustrates a typical Z-type schlieren system consisting of two concave

mirrors, two reflectors, one light source, one knife edge and one camera system

connected to the computer. The light from the light source passes through a small hole
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to form a point light source. The reflector then reflects the light to the concave mirror
on the right, to create a parallel light between the two concave mirrors. The observed
object should be placed in the middle of these mirrors and the light should cover it up.
The light passes through the left concave mirror and is refracted into the camera through
a refractor. The knife edge should be placed between camera and reflector. The
sensitivity of the schlieren system is directly related to the focal length of the schlieren
concave mirror and the size of the knife edge cutting the light source. The greater the
focal length of the schlieren concave mirror and the more the light source is blocked by
the knife edge, the higher the sensitivity of the schlieren system. At the same time, the
light intensity is reduced as the sensitivity increases, which means the intensity of the

view into the camera will be darker.

3.3 Calibration of Image colour-based flame

chemiluminescence measurement system

3.3.1 Introduction

In 1666, British scientist [saac Newton revealed the colorimetric properties of light and
the secrets of colour (Mollon, J.D., 2003). His experiment demonstrated that sunlight
is a mixture of various colours, and colour depends on the wavelength of light. The

main source of natural light is the sun, and the primary sources of artificial light are
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incandescent lamps, developed by Thomas Edison in 1879. An incandescent lamp is an
electric light source that heats the filament to an incandescent state and uses thermal
radiation to emit visible light. The visible spectrum is the part of the electromagnetic
spectrum that can be seen by the naked eye. It falls in the range of 390 to 780 nm, as

humans have different degrees of sensitivity to the colours.

3.3.2 The Relationship between Single High-Speed Colour

Camera and Flame Chemiluminescence.

The camera records the moment the shutter is pressed, in a way that is similar to the
functioning of the human eye. The light reflected from the surface of an object passes
through the eye, and the light is then received and converted by the brain into neural
signals. An image is then formed in the brain. The digital vision system is analogous to
the human vision system, but it replaces human eyes and brains with cameras and
computers (Yang, 2015). Compared to human vision, the advantages of the digital
vision system include that it records light information using absolute measurement, that
the recorded images can be processed and analysed by computers, and, most

importantly, that the data can be stored for future retrieval and examination.
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1. To detect the camera spectrum response in the visible region..

¥

Plot out the resulting intensities at 430 nm and 516 nm..

$

3. Establish the relationship between the camera channel responses
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and the emission of the flame products (CH" and C;").~

Figure 3-2 Flow chart of Image colour-based flame chemiluminescence measurement
methodology
Image colour-based flame chemiluminescence measurement is based on relationships
among the flame chemiluminescence, the camera sensor spectral sensitivity and the
image colour model. This method was originally developed by Huang (2011), who
found that two flame emissions (CH™ and C>") have a strong correlation with the RGB
model; this can be detected by a single-colour camera. Yang (2016) improved the
calibration method which makes the system’s accuracy improved. As noted in Chapter
Two, there are colour filters on the camera sensor so the original information can be
picked up during post-processing. Figure 3-2 shows that this information is obtained
from the original image in three steps. First, the camera spectrum response is detected
in the visible region, to plot out the resulting intensities at 430nm and 516nm. The
relationship between the camera channel responses and the emission of the flame
products (CH" and C>") is then established. RGB images are formed via the integration

of the spectral illumination, the spectral reflectivity of the scene and the spectral
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response of the camera. Unfortunately, the camera spectrum response is kept
confidential by manufacturers. Without this information, the calculation of
chemiluminescence and the chemiluminescence measurement proposed here cannot be
implemented for combustion research. Therefore, an investigation of the spectral

sensitivity in single high-speed colour cameras must be carried out.

3.3.3 Colour Camera Sensor Spectrum Sensitivity Setup

The first step of image colour-based flame chemiluminescence measurement is to
calibrate the camera spectrum response, because each camera sensor has a similar

function but a slightly different quality.

Figure 3-3. MI-150 (left); monochromator (middle); high-speed colour camera (right).

Figure 3-3 shows the three main devices used to calibrate the camera spectrum response:
a light source, a monochromator, and the camera to be calibrated. The light source used
for the current research is an MI-150 illuminator produced by Dolan Jenner Industries,

which utilizes a 150W quartz halogen lamp. A halogen lamp is an incandescent lamp
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that can provide a continuous spectrum. A monochromator is used to adjust the
incoming light to the required wavelength. It is an optical component that allows the
multicolour light emitted by the light source to output monochromatic light through the
monochromator. The typical monochromator has an entrance slot with a fixed
geometric position and a dispersion element—i.e., a diffraction grating—that can be
rotated manually. The rotation angle of the grating is adjustable, and the wavelength of
the output light is determined accordingly. The minimum adjustable scale of the

monochromator used in this research is 1 nm.

The Photron FASTCAM SA-4 is a high-speed colour camera that uses a CMOS sensor
with a constant 10,000 ISO for monochrome and 4,000 ISO for colour. The SA-4
camera can provide a square image of 1024 * 1024 pixels (which resolution is
horizontal 1024 pixels times vertical 1024 pixels equals to 1048576 pixels) for a
maximum of 3,600 fps. Or reduce the image resolution to 128 * 16 pixels (which
resolution is horizontal 128 pixels times vertical 16 pixels equals to 2048 pixels) to

allows fps reach up to 500,000.

Monochromator Convex lens Mi-150 Light Source

SA-4 Camera

Figure 3-4. Schematic diagram of calibration of camera spectrum response.

Figure 3-4 shows a schematic diagram of the calibration work. All the devices are
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placed on a table and the experimental devices are covered from the camera to the light
source by heatproof and lightproof material to avoid unexpected light disturbance; the
room lights are also switched off. A convex lens is placed between the light source and
the monochromator, to ensure that light is forced into the monochromator. The
wavelength range of the monochromator is adjusted from 350 nm to 750 nm with 5 nm
intervals. All devices are fixed on the table, after adjusting the settings to ensure each
picture is taken under the same conditions. Through this study of how the camera
responds at the two selected wavelengths, the camera spectrum response can be
determined. The emission of the light source covers the region of the complete visible
spectrum and the use of the monochromator aims to separate the light to a required
wavelength. This single wavelength is then detected by the high-speed camera. The
captured signal will then be processed by a specially written code in MATLAB to
provide the camera spectrum sensitivity across the range of visible spectrum

wavelengths.
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3.3.4 Spectrum Sensitivity of the Camera sensor

Figure 3-5 Typical flame emission spectrum of a premixed hydrocarbon flame (Bozkurt 2013).

Figure 3-5 shows the typical flame emission spectrum of a premixed hydrocarbon flame,
under fuel rich conditions. It shows that four different chemiluminescence species (OH",
CH’, C>", CO»") have different excited ranges. The emissions of OH", CH" and C>" have
more than one peak value. The CH" and C>* chemiluminescence measurement method
proposed here is based on the assumption that all hydrocarbon premixed flame

chemiluminescence only emits CH" at 430 nm and C>" at 516 nm.
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SA-4 High-Speed Colour Camera Spectrum Response
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Figure 3-6. SA-4 High-speed colour camera spectrum response.
The spectrum response of different cameras is not identical in the R, G and B channels.
The ratio of camera-specific parameter sensitivity is highly correlated to spectrum
response. Therefore, this ratio must be known prior to the calculation of the CH" and
C," chemiluminescence concentrations. Figure 3-6 shows the normalised spectral
sensitivity ratios of R, G and B channels based on the calibration experiment. The x-
axis is the wavelength within the visible spectrum and the y-axis is normalised intensity.
Although the visible spectrum range is 350 nm to 750 nm, the core sensor of the SA-4
camera is only sensitive from 410 nm to 710 nm for any of the R, G or B channels. At
430 nm, there is only blue channel sensitivity, so the image colour is completely blue.
At 516 nm, both B and G channels are sensitive; hence, the colour of the image is bluish
green. The red channel is not sensitive at either 430 nm or 516 nm, so the R channel

will not affect any results later during post-processing.
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Figure 3-7. The relationship between image colour and radiation (Yang, 2016).

Once the calibration work is complete, a camera lens is installed. Figure 3-7 shows the

relationship between image colour and radiation. Lens manufacturers try to minimise

the light loss caused by refraction and dispersion, but it is impossible to completely

eliminate light loss. Similarly, the camera sensor cannot fully receive the converted

signal by passing through the lens. The free radical CH emissions are generated by the

flame passing through the camera lens and enter into the camera sensor with a certain

transmission rate and conversion rate. Hence, the relationship between each filter layer

intensity and free radical emission can be represented as:

Intensityg, ., _ Intensityg, ., _ Intensityg, .,

Intensitycy+ =
AR430 G430 ®XBy30
Intensityg_ . Intensity;  Intensityp_

Intensityc,» = = =
ARs;6 AGs16 g6

where o conversion rate which have no unit is shown in Figure 3-7.

3.1)
(3.2)
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Based on the assumption that all hydrocarbon premixed flame chemiluminescence only
emits CH" at 430 nm and C,° at 516 nm, so image colour-based flame
chemiluminescence measurement only 430 nm and 516 nm will be considered; hence,

the intensity of the three channels can be defined as:

Intensityg = Intensityg,, + Intensityg_ (3.3)
Intensity; = Intensityg,,, + Intensityg_, (3.4)
Intensityg = Intensityg,  + Intensityg_ (3.5)

Combining the emission intensities equations and channel intensities equations, the
intensity of the channel equations can be calculated and simplified as follows:
Intensity; = ag, Intensityc,- (3.6)
Intensityg = ag,, Intensitycy- + ap Intensityc, - (3.7)
Table 3-1 shows that the normalised spectral sensitivity ratio « is at 430 nm and 516
nm respectively. Which calculated by the result of SA-4 high-speed colour camera
spectrum response and it shown in figure 3-6. The selected points of 430 nm and 516
nm were marked as star in the figure.

Table 3-1. Normalised spectral sensitivity ratio «.

Normalised spectral sensitivity ratio a

AB,3, A6 Agsq6

0.33 0.62 0.56

The CH" and C," chemiluminescence expression of the SA-4 camera sensor can be

calculated as follows:
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Intensity; = 0.56Intensity., (3.8)
Intensityg = 0.33Intensitycy- + 0.62Intensityc,- (3.9)

Rearranging the above equations is given as:
Intensity,» = 1.79Intensityg (3.10)

Intensitycy+ = 3.03Intensityy — 3.3Intensity; (3.11)

3.4 Image Post-Processing

3.4.1 Image Noise Reduction

Digital images are often affected by the interference of imaging equipment and external
environmental noise during digitisation and transmission, as discussed in the previous
chapter. The process of reducing noise in digital images is called image denoising.
Although the Tag Image File Format (TIFF) used to store images does not actively
generate noise, electronic noise is generated when the object captured by camera sensor
which is the light signal transit to the electric signal, electronic noise enhanced as the
ISO setting increase. SA-4 camera setting constant 10,000 ISO for monochrome and
4,000 ISO for colour will leads to generated electronic noise. The quality of the
subsequent image processing is directly related to the quality of the image noise
reduction. In order to obtain high-quality digital images, it is possible to remove the

useless information in the signal while maintaining the integrity of the original
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information as much as possible. Therefore, it is necessary to perform noise reduction
processing on the picture before directly extracting the required information from the

picture.

3.4.2 Image Enhancement

Image enhancement is a method to enhance useful information in an image. The
purpose is to improve the visual effect of the image, purposefully emphasise the overall
or local characteristics of the image and clarify an unclear image. While all images were
denoised, the image enhancement used in this thesis is only to visualise the flame and
its structure. The flame speed is fast in most flame-propagation-in-a-tube case studies
and the highest possible frame per second rate is applied, to ensure that it can capture
the details of the flame movement. However, in order to capture the clear movement of
the flame, the required shutter speed is no longer than 1/fps. This leads to a very short

exposure time and means the image is not visible without enhancement.

3.4.3 Fast Fourier Transform (FFT)

Any periodic function f(t) can be represented by an infinite series consisting of a sine
function and a cosine function. The essence of the Fourier series is to decompose a

periodic signal into an infinite number of discrete sine (cosine) waves and transform it
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into a discrete signal in the frequency domain. For example, a series of flames that are
continuous in the time domain can then be converted into a frequency domain signal,
using a fast Fourier transform (FFT). In this thesis, a fast Fourier transform will be used
to analyse the frequency of the flame using a function code built inside the MATLAB

database.

3.5 Conclusion

To summarise the methodology, two different non-contact optical technique
measurements used in this thesis: schlieren method and the colour-based flame
chemiluminescence method. Image colour-based flame chemiluminescence
measurement is based on the assumption that all hydrocarbon premixed flame
chemiluminescence only emits CH" at 430 nm and C>" at 516 nm. The camera sensor’s
spectral sensitivity was calibrated. Image post-processing were applied to all the task
images. MATLAB software will mainly be used for data analysis in this thesis. Table
3-2 shows the list and comparison of the test cases for Chapter four to seven. The tube

size was used same 20 mm diameter with 1200 mm long for both round and square tube.
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Chapter FOUR

Table 3-2 Comparisons of test cases.

Chapter SEVEN

Subject

Placement

Method

Device

Key Purpose

Bunsen Burner

Place on table

Flame Chemiluminces

High-speed Colour Camera

To verify the flame

chemiluminescence method

need

Chapter FIVE Chapter SIX
Quartz Round Tube Quartz Round Tube
Horizontal Vertical
Flame Chemiluminces Flame Chemiluminces
High-speed Colour Camera High-speed Colour Camera
& Pressure Sensor & Pressure Sensor

To establish the impact of | To establish hydrogen concentration
C," chemiluminescence and | influences flame speed and pressure

pressure of the propagated flame

Acrylic Square Tube

Horizontal

Flame Chemiluminces

& Schlieren Imaging

High-speed Colour Camera,

High-speed Black and White Camera

& Pressure Sensor

To investigate the impact of flame

shape on flame oscillation, via the

observed schlieren imaging.
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4 CHAPTER FOUR: Comparison of Two
Hydrocarbon (C;Hs & CHi) Premixed

Flames Using a Bunsen Burner

4.1 Introduction

To improve combustion technology, it is necessary to study and discuss the mechanism
and status of the combustion process. In order to organise efficient and stable
combustion, it is necessary to have a clear understanding of the physical and chemical
reaction processes that occur in a burner. The Bunsen burner, named after German
chemist Robert Bunsen, was originally an improved coal-gas lamp that allowed coal-
gas and air to be mixed in a tube before burning. Modern Bunsen burners are generally
gas burners that can pre-mix fuel and oxidants. The maximum flame temperature can
reach up to 1500 °C if the mixture is completely burned. The Bunsen burner used in
this research can control the flow of methane, propane and air separately, producing

flames under different operating conditions to obtain a stable and controllable flame.

The essence of combustion diagnostics is to collect various types of information that
can reflect the working conditions of the combustion system. In this case, comparing
two typical hydrocarbon (C3Hg and CH4) fuels can help us understand the hydrocarbon

flame behaviour. There has been insufficient research around some of the chemical
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reaction mechanisms in the combustion process, especially the role of intermediate
products. These products are of great interest to researchers, because considering them
can help us to more completely describe the process of reaction. The method used
here—of utilising the intermediate products produced during the combustion process—
is based on the assumption that all hydrocarbon premixed flame chemiluminescence
only emits CH" at 430 nm and C>" at 516 nm. CH" and C>” emission concentrations can
be referred to as B and G channels. These correspond to 430 nm and 516 nm

respectively, as explained in the previous chapter.

4.2 Experiment Setup

The experiment setup consists of two parts—the fuel supply system and the imaging
configuration—as shown in Figure 4-1. The fuel supply system comprises two
rotameters, controlling the flow rate of fuel and air, and one mixing chamber. One side
of the fuel transmission pipeline is connected to the fuel cylinder, which is placed
outside of the building. The other side is connected to the fuel rotameter. The air
rotameter connects to an air compressor with a pipeline that allows the correct amount
of air into the system. Each rotameter has a valve that can be switched open or closed
to allow gases to pass through it. Only one fuel rotameter and one air rotameter are
connected to the fuel supply system at one time. The two outputs of the rotameters go

to the mixing chamber through the same tube. The mixing chamber is installed between
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the burner and the rotameters, providing the necessary space to mix fuel and air. For
safety reasons, a flashback arrestor was installed between the burner and mixing

chamber. This prevents the flame from moving back into the fuel cylinder, avoiding an

unexpected explosion.

Figure 4-1. Experiment setup: Fuel supply system (left); imaging configuration (right).
Regarding the imaging configuration, a black board is used to reduce background noise
during the operation of the imaging system. This also reduces the difficulty of
separating the flame and the background during the post-processing stage, which in turn

increases the accuracy of the results.

Following the methodology outlined here, the spectrum response of the high-speed
imaging system used in this research already evaluated. This allows the proposed image
processing measurement to be applied to the premixed flame investigation, irrespective
of the uncertainties induced by the imaging hardware. A Bunsen burner placed between

the camera and the board can create a stable conical flame.
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The flame type of interest is premixed flame. In this case, methane and propane will be
mixed with an oxidant (air) to form a stable cone-shaped flame with different flame
colouration. The equivalence ratio of the fuel mixture is set from 0.9 to 1.55, with an
interval 0.05. This is due to the limitation of the rotameters for both gas supplements,
and the size of the burner nozzle. The flow rate of fuel is fixed at 0.09 L/min for C3Hg
and 0.25 L/min for CH4. The rate of air supply is then adjusted to achieve the required
equivalence ratio settings. Table 4-1 shows the main details of the experimental
parameters, which include the fuel system flow rate and the camera settings. The
calculations of the full fuel system are shown in the appendix.

Table 4-1. Experiment properties of CsHs and CHa premixed flames.

C3Hs CH4
Fuel flow rate (L/min) 0.09 0.25
Shutter speed (Sec) 1/125 1/50
Frame rate (fps) 125 50

4.3 Results and Analysis

The flame images illustrated here have applied only a denoise program. The function
of this denoise program is to separate the flame itself and the background noise through
a signal intensity threshold, and remove the signals which not the flame. Figure 4-2

shows the denoised image sequence of propane flame, from equivalence ratio 0.9 to
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1.55. The rest of the black area which have no flame were cropped to save present space.
The flame colour varies from pure blue to green-blue as the equivalence ratio increases.
It is visible to the naked eye that the flame becomes lighter as the equivalence ratio
increases. The flame colouration tends to be greenish in the fuel-rich condition, which
indicates that C2" predominates in the flame emission. The flame shape remains conical

at all times.
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Figure 4-2. Processed CsHs premixed flame images at an equivalence ratio ranging from 0.9 to
1.55.
The colour of the methane flame, however, changes from clearly pure blue to barely
visible as the equivalence ratio increases. This is demonstrated in Figure 4-3.
Additionally, the flame colour remains nearly consistent, which means the C,'
emittance changes nuance due to the changes of the equivalence ratio. The structure of

the flame remains cone-shaped, but is taller than the propane flame.
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Figure 4-3. Processed CH. premixed flame images at equivalence ratios ranging from 0.9 to 1.55.
Applying the proposed image technique to the two previous image sequences, figure 4-
4 shows the premixed propane CH’/ C>* chemiluminescence emission ratio maps of the
whole flame. The colour map transitions from blue to red, as the concentration of
CH"/C5" increases from 0 to 5. The colour of the inner flame which present as conical
shape in the figure 4-4 is consistent at certain equivalence ratios, which means that the
fuel and air have mixed well in the mixing chamber. For the post-reaction zone, there
is not enough evidence to draw a conclusion—although between the inner conical flame
shape and post-reaction zone shows consistently red colour which its present ratio of
CH"/ C," around 4.5 as the equivalence ratio varies. The ratio of CH"/ C>" in the C3Hs
inner flame decreases as the equivalence ratio increases which shows good trend, but
the local area, the layer between inner conical flame and post-reaction zone remained
red colour which is un-usual although it’s not affected the overall trend. The CH'/C,"
ratio always increases from the flame base to the top. There is a clear difference in the
colour layer between the inner flame and the post-reaction area, which may be the flame

front layer.
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Figure 4-4. Propane CH'/C: ratio maps at an equivalence ratio from 0.9 to 1.55.
In the case of CHa4 as shown in figure 4-5, the CH/C," ratio of the inner flame increases
with the increase of the equivalence ratio, which shows an opposite trend to C3Hsg. The
border of the inner flame and oxidation of CH4 blurs as the equivalence ratio increases.
A colour difference between the inner flame and the oxidation area can still be observed,
however, even if the colour is similar. This means that the flame CH’/C," ratio may

have the potential to identify the flame layer of premixed hydrocarbon flame.
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Figure 4-5. Methane CH'/C." ratio maps at an equivalence ratio from 0.9 to 1.55.
In the case of propane, the CH"/C»" ratio decreases as the equivalence ratio increases,
except at the point of equivalence ratio 0.9, as shown in Figure 4-6. The difference of
CH'/C," ratio value between the highest point and the lowest point is approximately

3.4. For methane, the difference between the highest point and the lowest point is
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approximately 0.45, and it shows the opposite trend of propane. In both cases, the

CH"/C," ratio has a linear response to the equivalence ratio for fuel-rich conditions.

Premixed Propane & Methane CH*/C2~* ratio against
equivalence ratio
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Figure 4-6. Premixed propane and the methane CH'/C.' ratio plotted against the equivalence ratio.
Figure 4-7 shows the CH" intensity for both fuels used on the primary axis, and the C"
intensity of the fuels used on the secondary axis. Comparing the total C2” intensity,
propane has about four times more in fuel-rich conditions. There are, however, only
slight changes for the methane. This is the main reason for the large variation in the

CH’/ C," ratio.
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o
S against equivalence ratio
S 9 600000
x
8
500000
,
> 6 400000
=
w 5 @
C 300000
O 4
+—
c 3 200000
© 2
1
46' 1 00000
I_
0 0
0.9 1 11 12 13 14 15 16
Equivalence ratio
—0—C3H8 CH* —@—CH4 CHx —@—C3H8 C2~* CH4 C2~

Figure 4-7. Premixed propane and methane CH and C:" intensity plotted against the equivalence
ratio.
As shown in Figure 4-8, both the C3sHs and CH4 flame areas are nearly linear as the
equivalence ratio increases. Flame area were sum of flame pixels after the raw image
de-noised. When the fuel flow rate is constant, the flame area becomes larger with a
slower airflow rate as the equivalence ratio increases. The reason of kept fuel flow rate

constant rather than airflow rate constant was because of the limit of rotameter.
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Premixed Propane & Methane Area (total pixel) against
equivalence ratio
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Figure 4-8. Premixed propane and methane area (total pixel) plotted against the equivalence ratio.

4.4 Conclusion

In this case, two typical hydrocarbon fuels, CsHg and CH4, are compared to investigate
flame behaviour. The method used here utilises the intermediate products produced
during the combustion process. This is based on the assumption that all hydrocarbon
premixed flame chemiluminescence only emits CH" at 430 nm and C," at 516 nm. The
results have been calculated and shown as figures. The main work can be summarised

as follows:

In this experiment, the fuel supply system and the imaging configuration are applied,

with a flow rate of fuel fixed at 0.09 L/min for C3;Hg and 0.25L/min for CH4. The
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equivalence ratio is set from 0.9 to 1.55 with 0.05 intervals. Image colour-based flame
chemiluminescence measurement was successfully applied in this case, to obtain
information about the CH"/C>" ratio. The result shows that, for both methane and
propane, the CH"/C," ratio has a linear response to the equivalence ratio if it is higher
than 0.95. The CH"/C," ratio of propane decreases as the equivalence ratio increases.
Methane, however, shows the opposite trend. The findings show the CH" intensity of
propane to be about four times greater in fuel-rich conditions; however, there are only
slight changes for methane. This is the main reason for the large variation in the CH*/C,"

ratio.

There is not enough evidence to explain why a linear response changes at the
equivalence ratio of 0.95. The CH"/ C>" ratio colour map for C3Hs case as shown in
figure 4-4, the reason of why overall CH*/ C»" ratio shows good trend with equivalence
ratio since 0.95 to 1.55, but the layer between the inner conical flame and the post-
reaction area consistently shows red colour, which also not affect the overall value were
not cleared. To answer these questions, the test range needs to be extended to the flame-
burning limit, however it is short of the current experimental rig due to the nozzle size

and rotameters limitation issues.
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5> CHAPTER FIVE: Premixed Methane /
Air / Hydrogen Flame Oscillations in

Horizontal Open-Ended Tubes

5.1 Introduction

Flammable hydrocarbon gases are widely utilised in industrial processes. However,
during production, transportation, storage and use they have the potential to mix with
air, to ignite and to detonate (Bjerketvedt 1997; Dorofeev 2011). Following the ignition
of a premixture, the flame initially propagates as a deflagration. Yet, after interaction
with the environment, it can accelerate and lead to a denotation (known as Deflagration
to Detonation Transition [DDT]). One of the earliest studies of premixed flame
propagation was that of Mallard and Le Chatelier, who ignited flames in tubes to
examine the problem of coal mining explosion accidents. They demonstrated that
significant alterations in the flame propagation rate occurred as the flame travelled
down the tube (1883). Other studies went on to investigate flame propagation in tubes,
to understand the mechanism of flame movements (Wheeler 1914; Corard 1932;
Gerstein 1951; Markstein 1964). The flame vibration has been attributed to induced
pressure oscillations that, if in-phase, can satisfy Rayleigh’s Criterion (Rayleigh 1896)

and result in enhanced burn rates.
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In combustion, light emissions from the excited species formed during chemical
reactions are known as flame chemiluminescence. Flame chemiluminescence
measurements have received increasing attention from researchers, as they can provide
useful information on the combustion process in conjunction with high-speed imaging.
Huang and Zhang explored C>" chemiluminescence intensities utilising RGB colour
channels (2008). Yang et al. subsequently applied this method to flame propagation in
a tube, demonstrating the impact of pressure fluctuations (2015). Flame propagation
down a tube was monitored using simultaneous C>" chemiluminescence and pressure
measurements. In this study, ¢ =1.2 methane-hydrogen-air (R~ 0.2) flames have been
filmed, Ruis a parameter defining the amount of hydrogen concentration in a fuel
mixture, which was first implemented by Yu et al. (1986). The details of mixture
volumes shown in Appendix 10.3. Flame propagating within a horizontal open-ended

quartz tube measuring 1200 mm long with an internal diameter of 20 mm.
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5.2 Experimental Setup
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Figure 5-1. Experimental setup schematic drawing.

As shown in figure 5-1, the system is based around a 1200 mm long horizontal tube of
20 mm internal diameter; both ends are open to the atmosphere by changing two three-
way valves. The ambient temperature of the lab was approximately 293 K. Following
each experiment, the tube was evacuated using a vacuum pump. The required volume
of fuel was injected into the apparatus using a syringe, and air was introduced into the
rig to bring it to atmospheric pressure. The measurements reported here were performed
with methane-hydrogen-air mixtures (Ry 0.2) at equivalence ratio 1.2. The volume of
the rig were measured before the experiment, and it was used to calculated the required
amount of the fuel to achieved the equivalence ratio requirement. The method of
equivalence ratio calculation shown in appendix. This mixture was chosen following
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the work of Ebieto et al. (2015), which found that the mixture produced highly
oscillating flames. The experiment was repeated 20 times and the result is
representative of those runs. The result present here only one of those runs. The mixture
was ignited using a propane pilot flame placed at one end of the tube. The reason of not
using spark ignition because it has been found to enhance the onset of lame oscillations.
The quartz tube provided optical access to allow the flame propagation to be recorded.
A Photron SA-4 high-speed colour camera—with a Nikon 35-200 mm, f-3.5 zoom lens;
a consistent framing rate of 1000 fps; and a consistent 1000 ps shutter speed—was used
to record the flame position. Pressure measurements were also collected using a Kistler
Type 7261 piezo-electric pressure transducer, mounted at the end of the tube furthest

from the ignition point. The camera and pressure transducer were synchronised.

Colour images were processed using MATLAB code to provide C>* emission levels,
based on the characterisation of the colour signal emanating from the flame. The
combustion C," intensity was calculated from the blue and green channel values in the
camera’s RGB colour space. It showed good correlation by present the global C,"
chemiluminescence intensities in a premixed hydrocarbon flame, it was used mean B
and G image channel values, verified, and explained in detail by Huang and Zhang

(2008).
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5.3 Results and Analysis

Figure 5-2 shows the calculated sum of intensity of C>" and the pressure signal at the
end of the tube. The propagation of the flame was categorised in four stages. Each stage
of propagation is associated with different flame shapes, which are displayed in Figure

5-3.

Stage 1: During the first stage, the intensity of C" increased slightly but there was no
change in the pressure, which remained at its pre-ignition value. The flame propagated
convex to the direction of travel. The convex or flame finger shape is due to the non-
slip condition at the wall acting on the burnt gases, as well as to the heat transfer from
the reaction zone to the wall (Yu 1986). Its shape was not symmetrical; it displayed a
tail at the bottom of the tube, which has been attributed to the effect of buoyancy forces
on the flame. This may be an artefact of the ignition method, as non-symmetrical flames

have been observed in downwardly propagating flames (Ebieto 2017).

Stage 2: The intensity of C>" dropped, corresponding to the flattening of the flame, for
example No.717 photograph as shown in figure 5-3. Oscillations can be observed in
both the pressure and C". The maximum amplitude of the pressure oscillation increased

with each cycle.
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Stage 3: Here the C>" and pressure signals achieved their maximum amplitudes. A
reduction in flame speed as shown in the third column on the top in the figure 5-3, the
flame front positions were used to calculated the flame speed. The reduction in flame
speed accompanied by a pressure build-up, initiates the third stage of the propagation:
a parametric oscillating flame which first named by Clavin (2000) because the equation
used to describe the flame motion is in the form of a parametrically driven damped
harmonic oscillator. In the first two frames, No.760 & No.761 photographs as shown in
figure 5-3, a long tail forms in the middle of the burned mixture. This may be due to a
pressure gradient acting from the unburned to burned mixture, resulting in a Rayleigh-
Taylor instability (Ebieto 2017) or tulip flame. Following the creation of the tail, the
flame front collapses and becomes a near-spherical ball (see image at 765 ms, in Figure

29).

Stage 4: Here the C>” emission remained relatively constant, whilst the pressure levels

it decayed down to nearly 0 Pa in Stage 4, similar to Stage 1.

The flame position and pressure histories are illustrated in Figure 5-3. The flame
position can be referenced by finding the leading and trailing edges. The lead and trail
points were defined here, according to located the first and the last flame signal along
the flame propagation direction. During Stage 1 as shown in figure 5-4 (c), the flame

propagated at ~2.5 m/s, approximately five times the laminar burning velocity (Gu, Xiao
104



Jun, et al, 2000). In Stage 2, both the flame and pressure start to pulsate, and the flame
flattens as the speed deaccelerates to ~1.8 m/s. The peak pressure reached values of 130
Pa. Flame size reduction, in Stage 2, leads to a decrease in C,". At its maximum point,
the pressure achieves 895 Pa as shown in figure 5-4 (d) and the flame attains a
maximum propagation speed of 4.5 m/s as shown in figure 5-4 (c). Performing a fast
Fourier transform on both the distance amplitude and C>" signals revealed that the
oscillatory components have frequencies of ~ 245 Hz. The pressure starts to decay
beyond this point, and the shortening of the tulip flame length ultimately slows the front
of the flame to -0.17 m/s, although the back of the flame continues to propagate forward.
The intensity of C2" reduces at this point. The flame speed then increases back to the
initial propagation speed of ~2.5 m/s shows in figure 5-4 (c¢), and as shown in figure 5.4

(d) the pressure within the tube stops oscillating.
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Figure 5-2. Calculated total intensity of C2* and pressure during the flame propagation.
Figure 5-3 shows the sample image sequence of each propagation stage and its

respective time after the camera is triggered. The unburnt black area of all images was
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cropped for clarity. The RGB channel values were selectively enhanced by multiplying

the identified flame pixel 30 times, for presentation.
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Figure 5-3. Sample image sequence of all stages with their respective time, pressure, and distance.

The unburnt black area of all images was cropped for clarity. The RGB channel values were

selectively enhanced by multiplying the identified flame pixel 30 times, for presentation.
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Figure 5-4 (a) Distance of flame front; (b) distance amplitude; (c) flame speed, calculated based on
the flame front position; (d) pressure data.

A variety of behaviours are displayed by the flame as it passes through the self-
generated pressure field. The position and frequency of the oscillation are artefacts of
the tube. They would change if a different tube length was used (Clanet 1996). If a
different mixture was ignited, however, the position and frequency would stay broadly
the same (Clanet 1996). The magnitude of the pressure and the resulting movement of
the gas column are consequences of the interaction between the pressure fluctuations
and the flame. To further investigate the interaction, the phase difference between the
pressure signals and the flame was determined. The existence of a similar oscillatory

frequency in the flame front, tail, C>" and pressure show the existence of a coupling
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interaction. A Hilbert transform was applied to the time signals to extract their phase
information. Prior to performing the Hilbert transform, the oscillatory components need
to be isolated from the wideband frequency that exists within the time signals, to

remove the contribution from other frequency bands (Cohen 2014).

A 20th order finite impulse response band pass filter (cut-off frequency 100 Hz and 300
Hz) was used to isolate the ~245 Hz oscillation observed in the time signals. The reason
of chosen 100 Hz and 300 Hz as cut-off frequency which not critical, but it was a
required parameter. A Hilbert transform was then performed and the phase information
for the flame front, tail, C," intensity and pressure were obtained. The pressure phase
was used as the reference, producing three plots of phase difference, as shown in Figure
5-5: pressure-front, pressure-tail and pressure- C»* intensity. The fluctuating phase in
Figures 5-5(a) and 5-5(c) represent the different stages discussed previously. The
coupling in Stages 2 and 3 was confirmed by the minimal phase fluctuation at ~ 0°,
while Stages 1 and 4 were decoupled, as indicated by the high phase difference
fluctuation. The coupling in Stages 2 and 3 cannot be observed in Figure 5-5(b),

however, indicating that the flame tail does not couple with the pressure fluctuations.

The phase difference against pressure amplitude was plotted—as shown in figures 5-
5(d), (e) and (f)y—to observe the impact of the phase difference on the pressure

amplitude, per Kim et al. (2011) and Coats et al. (2010). It can be seen, in Figures 5-
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5(d) and 5-5(f), that—whenever the phase difference falls within 90° (in-phase)—the
pressure amplitude starts to amplify. It dampens whenever it is beyond 90° (out of

phase). Figure 5-5(¢) shows that the flame tail does not couple with the acoustic field.
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Figure 5-5. Flame-pressure phase difference: (a) flame front; (b) flame tail; and (c) flame C.’
intensity. Compilation of flame pressure phase difference against pressure amplitude: (d) flame
front; (e) flame tail; and (f) flame C2" intensity.

As the flame enters the acoustic field, it falls into phase with the pressure fluctuations.
As the flame progresses and the pressure amplitude increases, there is a significant
impact on the flame shape. Whilst the flame front position and C>" intensity (which
depends on the flame area) fluctuate in-phase with the pressure oscillations, the rear of

the flame does not. The action of the pressure waves pushes spikes of unburned mixture
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into burned gas; this mixture can take time to burn and is not impacted by the pressure
wave induced fluctuations. This is likely to be the cause of some of the spikes in peak
pressure observed in Figure 5-4 (b), resulting in unexpected large pressures. The local

pressure gradient is not discussed in this case.

5.4 Synchronization Devices Time Delay Study

Time delay is the time required for a signal to travel through the system. All devices
relating to signal transition have a delay. It is difficult to measure the time delay of a
single device because it requires knowing the exact time the signal enters the electronic
element. The measurement system applied, in this case, includes two hard devices and
three difference conditions during the experiment that may cause a signal delay: the
transition of the pressure signals from the flame itself to the pressure sensor (pressure
signal reception delay), the distance between the flame light and the high-speed colour
camera (light signal reception delay), and the signal transmission between the devices

(signal transition delay).
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Figure 5-6. Time delay set-up (left); captured image (right).

For both pressure signal reception delay and light signal reception delay can be
calculated. Hence signal transmission between the devices need to be measured. Figure
5-6 (left) shows the experiment setup, the experiment was designed to use a metal wire
to hit the point covering the pressure sensor to create a signal, and a high-speed colour
camera to capture the moment it was hit. Both the pressure sensor and the high-speed
colour camera are synchronised by a synchronisation box that runs using LABVIEW
and is activated by a trigger, a light source applied here to enable the high-speed colour
camera to reach the highest possible frame rate with supplementary shutter speed. In
this case, the camera was set to 10,000 fps and 1/10,000 sec of shutter speed. As shown
in the figure 5-6 right side was the moment that pressure sensor was hit by the metal

wire, which is the moment of pressure signal receipted by the pressure sensor. The
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image quality is less important, once this moment can be identified. To check both the
captured images and the pressure data, the signal transmission between the devices has
an average 0.2 ms time delay. The speed of sound in this experimental condition was
calculated at 362.6 m/s, the details of which are found in the appendix. When the flame
starts oscillation, the pressure fluctuations then may cause tulip flame which the
purposed of this case. Hence, choose flame starts oscillation location as measure end to
calculated the pressure signal reception delay is appropriate. The distance between the
measure end to pressure sensor about 67.5 cm. The time delay calculation is 1.86 ms
for the flame sound wave to reach the pressure sensor. The delay of the high-speed
camera capturing the images is assumed to be zero, because the speed of light is much

faster than the current unit of magnitude.

However, the speed of sound travelled the mixture of gases related to temperature,
pressure, and the mixture concentration. During the experiment, the mixture
concentration is continually changing because of the flame oscillations. The
temperature also changes, while the distance from the flame to the pressure sensor
becomes shorter as the flame travels down to the tube. It is thus difficult to calculate an
accurate time delay number for this. The sum of the time delay around 2 ms based on
the calculation and experiment detection, however the minimum recording unit for
colour camera was millisecond, and the minimum recording unit for pressure sensor

was microsecond. If this un-accurate time delay 2 ms applied, the result may become
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completely different which may cause one un-certain parameter in the result. Hence,

the time delay was considered but not applied.

5.5 Conclusions

A study was conducted to determine the relationship between C>* chemiluminescence
and pressure oscillations using an open-ended tube measuring 1200 mm long with a 20
mm internal diameter. A quartz tube was used to provide optical access for high-speed
colour imaging, and a pressure transducer was utilised to collect the pressure signal at

the end of the tube. The main conclusions of the study are:

1. Four stages were identified: curved flame, flattened flame, parametric flame

(maximum oscillation) and normalising flame.

2. The measured C," emissions have similar fluctuations with the measured pressure
as the flame traverses down the tube. The results present the coupling interaction
between flame chemiluminescence and pressure. The two signals are in-phase in

Stage 2. The C,"and pressure reached maximum oscillation in Stage 3.

3. The fluctuations in the flame front position and C>" were found to vary in-phase

with the pressure fluctuations. The observed flame position at the rear of the flame
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was not in-phase with the pressure, although the complex flame shapes that were
observed were caused by the pressure and flow oscillations. This is thought to result

in some of the observed sudden jumps in the peak pressure.
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6 CHAPTER SIX: Methane/Air Mixture in
Fuel-Rich Conditions Mixing with

Hydrogen Flame Propagation in a Vertical

Tube

6.1 Introduction

Premixed flame propagation is a process that involves the interaction of fluid dynamics
and complex chemical reactions. As discussed in previous chapters, the premixed flame
propagation process is affected by many factors: fuel properties, pipe size, wall
conditions, obstacles and whether the tube ends are opened or closed. Most studies
focus on the propagation characteristics of single gas premixed flames in horizontal
tubes; fewer people investigate vertical tubes and different fuel mixtures. In the past,
flame propagation in a vertical tube has been shown to have a wider flammability limit
(Ebieto 2017), which is affected by gravity. Coward H.F and G.W. Jones (1952) defined
the flame flammability limit, as measured by a vertical tube. Nearly all laboratory
flames are strongly affected by the gravitational field generated by earth. In this case,
the effect of gravity will be changed from 90 degrees of the flame propagation direction,

to reflect the flame propagation direction that would occur in a vertical tube.
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6.2 Experiment Setup

Figure 6-1 illustrates the vertical placement of the rig. The system is based around a
1200 mm long quartz tube with a 20 mm internal diameter, placed vertically with its
upper end open to the atmosphere during experiment, and bottom end remain closed.
The same quartz tube described in Chapter Five was used, to provide optical access and
allow the flame propagation to be recorded. Pressure measurements were also collected
using a Kistler Type 7261 piezo-electric pressure transducer mounted at the bottom end
of the tube, it was installed furthest from the ignition point. It was installed inside the
closed end, as shown at the bottom of Figure 6-1. The ignition used as same as previous
chapter was propane fuel spark lighter. The ambient temperature of the lab was
approximately 293 K. Following each experiment, the tube was evacuated using a
vacuum pump. The loop was closed, then required volume of fuel was injected into the
apparatus using a syringe and air was introduced into the rig, to bring it to atmospheric
pressure. A Photron SA-4 high-speed colour camera—with a Nikon 35-200 mm, {-3.5
zoom lens, a framing rate of consistent 1000 fps and a consistent 1000 ps shutter
speed—was used to record the flame propagation progress. The camera was placed in
front of the tube, and a black board used to reduce background noise. To avoid
unexpected light entering the camera, all screens and the laboratory’s lights were turned
off during the experiment. The camera and pressure transducer were synchronised
through a synchronisation box.
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Figure 6-1. Experiment setup using a vertical tube.

In the previous chapter, the relationship between the C." chemiluminescence and the
pressure oscillations in a premixed methane/air/hydrogen flame in horizontal open-
ended tubes was present under one condition. In this case, not only were highly
oscillating flames captured, but also runs with equivalence ratios in fuel-rich conditions
from 1.1 to 1.5 with 0.1 intervals, with hydrogen addition used in this case were from
0% to 40% at 10% intervals, and the details as shown in appendix. The purpose of this
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case study was to demonstrate the hydrogen effect on flame propagation in vertical

tubes.

6.3 Result and Analysis

Figures 6-2 to 6-6 demonstrate the flame front position (m), plotted against the flame
propagation time (s) from equivalence ratio 1.1 to 1.5 with 0.1 intervals. Each graph
shows the hydrogen addition at 10% intervals: 40% (dark blue circle), 30% (light blue
plus), 20% (yellow cross), 10% (grey triangle) and pure methane/air mixture without
hydrogen (orange square). Due to limitations caused by the tube length and the camera

position, the maximum captured flame front position is 0.7 metres.
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Figure 6-2. Flame front position plotted against time for a vertical tube at the equivalence ratio 1.1
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methane/air with different hydrogen additions.
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Figure 6-3. Flame front position plotted against time for a vertical tube at the equivalence ratio 1.2

methane/air with different hydrogen additions.
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Figure 6-4. Flame front position plotted against time for a vertical tube at the equivalence ratio 1.3

methane/air with different hydrogen additions.
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Figure 6-5. Flame front position plotted against time for a vertical tube at the equivalence ratio 1.4

methane/air with different hydrogen additions.
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Figure 6-6. Flame front position plotted against time for a vertical tube at the equivalence ratio 1.5

methane/air with different hydrogen additions.
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In fuel-rich conditions, self-induced flame turbulence was observed for all the runs,
causing difficulty in measuring the position of the flame front. Therefore, once flame
itself location has detected, no matter how was the flame shape, the pixel(s) that
appeared the farthest in front of the propagation direction, and that were not noise, were
used to indicate the flame front point. The flame front position was then calculated via

comparison with the reference picture, which measured tube length.

0% 10% 20% 30% 40%
1.1 0.472s 0.693s 0.55s 0.424s 0.389s
1.2 0.591s 0.652s 0.517s 0.379s 0.364s
1.3 0.536s 0.482s 0.428s 0.423s 0.383s
1.4 0.787s 0.47s 0.44s 0.431s 0.384s
1.5 0.708s 0.647s 0.529s 0.46s 0.426s

Table 6-1. Flame propagation time at varying equivalence ratios and H. additions.
The time used from the flame front position, propagated to the captured end (which
limit of camera capture range) of the vertical tube, is shown in Table 6-1. This is also
illustrated in Figure 6-7. As shown in table 4, the 40% hydrogen addition used the
shortest time to travelled the tube which means it has fastest average speed of flame
propagation in fuel-rich conditions. For all the runs except equivalence ratio 1.1 and
1.2 pure cases (without hydrogen addition), the time of flame propagated to the limit of
camera capture end used shorter as the hydrogen addition increases, which mean the

average flame speed increase as hydrogen addition increases. In these instances of
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equivalence ratio 1.1 and 1.2 pure cases, the line of 20% of hydrogen addition is slightly

lower than the 10% line at the first 0.2 s of flame propagation.
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Figure 6-7. Average speed of flame propagation, calculated by propagation time at all conditions.
Figure 6-7 shows that the average speed, with 40% hydrogen additions, is always faster
than under other conditions. It follows that, for higher concentrations of hydrogen
addition, the average speed of flame propagation is faster. The pure methane/air case
study reveals a different trend with hydrogen addition cases at equivalence ratio 1.1 and
1.2 conditions. The peak average speed of pure methane/air is at a 1.1 equivalence ratio.

The trend of average speed in pure cases decrease, as the equivalence ratio increases in

fuel-rich conditions.
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Figure 6-8. Flame front position plotted against time, using pure methane/air.
The average time shows only the approximate situation of the flame propagation; it
cannot describe the details of the process. Hence, the speed was calculated by separating
the flame propagation behaviours into two different conditions: pulsating flame
propagation (initial gradient) and oscillation flame propagation (second gradient).
Figure 6-8 shows an example of how to define these two behaviours. The figure shows
the flame front position, plotted against time in a fuel-rich environment without the
addition of hydrogen. From this, it is possible to see that the lighter blue line has two
very different behaviours, which are marked by two-way arrows. Each trial has a similar
initial speed, but they become different once oscillations start (i.e., the start of the
second gradient stage). The flame propagation begins at a certain propagating speed as
the initial gradient. The behaviours of the flame then change to a different oscillation
from steady propagation to un-steady propagation as a second gradient. Utilising the
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point between the two-way arrows to calculate the speed, before and after the behaviour
changes, allows us to better understand the sudden changes in flame speed and it has
protentional to help us find the method of suppression. For example, install a ‘stop’
device (something can stop the flame propagation) at the sudden change point to reduce

the design of pipeline pressure limit to prevent further sudden changes of speed.
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Figure 6-9. Flame speed during pulsating behaviour (initial gradient).

The flame speed of the initial gradient propagation, at each equivalence ratio for all

hydrogen additions, is plotted in Figure 6-9. The lower hydrogen additions for vertical

flame propagation lead to a reduced pulsating flame speed for all fuel-rich conditions.

The minimum speed (0.43 m/s) occurred at equivalence ratio 1.4, without the addition

of hydrogen. The maximum speed (1.58 m/s) occurred at equivalence ratio 1.2, with

40% hydrogen addition.
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Figure 6-10. Flame speed at second gradient speed.
The flame speed of second gradient propagation at each equivalence ratio, for all
hydrogen additions plotted, is in Figure 6-10. For pure methane/air runs, the speed
increases up to equivalence ratio 1.3, then slows down until 1.5. For 10%, 20% and 30%
hydrogen additions, the oscillation speed increases up to equivalence ratio 1.4, then is

slower at 1.5.
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Figure 6-11. Ratio of oscillation gradient and initial gradients.
The ratio of the average oscillation gradient and average initial gradient has been
calculated as shown in Figure 6-11. The maximum ratio of second gradient and initial
gradient is at 0% hydrogen addition and the minimum ratio is at 40% hydrogen addition.
The average value shows a linear decrease as the addition of hydrogen increases. This
means the maximum speed difference happens in cases of pure methane/air. This may
be a useful parameter, to determine how hydrogen affects the hydrocarbon fuels

propagated in a pipeline.
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Figure 6-12 Image sequence of 1.5 methane/air without hydrogen.
Figure 6-12 shows the image sequence of methane/air at 1.5 equivalence ratio without
hydrogen, as an example of the flame shape. The image is in accordance with flame
propagation time, which means that the same intervals were used and the images were
enhanced 100 times for presentation. The rest of the area was cropped to save space.
The flame was in a tulip shape from the very beginning of the flame propagation, until
the oscillation started at a third of the tube distance as marked white line on the figure.

The tulip shape was not captured after the oscillation.

Figure 6-13 Image sequence of 1.5 methane/air without hydrogen (early stage).

Figure 6-13 shows the captured tulip-shaped flame at early stages propagation (around
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first 1/5 of the tube length) at equivalence ratio 1.5, without the addition of hydrogen.
This image sequence was taken 0.005 intervals after the first one, from the left to right.

Multiple tulip flame were captured in this early flame propagation.

Figure 6-14 Image sequence of 1.5 methane/air, with 40% hydrogen additions.

In order to compare the hydrogen effect in these conditions, an image sequence of
equivalence ratio 1.5 methane/air with 40% hydrogen additions was taken, as shown in
Figure 6-14. The flame was captured as curved at the beginning for all repeated cases.
The flame shape then changed to flat, at around a third of the tube's length as marked
white line on the graph. Oscillation then starts, causing the flame to speed up; the tulip-
flame shape is captured until the end. The tulip shape formed few times during the flame

oscillation.
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Figure 6-15 Image sequence of 1.3 methane/air without hydrogen.

Equivalence ratio 1.3 shows the peak value of the gradient stage; this run is used as an
example. Figure 6-15 shows the twenty-image sequence of equivalence ratio 1.3
methane/air, without hydrogen addition. At the very beginning of flame propagation,
the flame shape is curved but it quickly changes to flat. The oscillation happens at a
third of the tube length; the flame speed immediately increases and the flame becomes
unsteady. The tulip-flame shapes were captured a few times before and after the
oscillation. All equivalence ratios 1.1 to 1.4, without hydrogen addition, demonstrate
similar behaviours (steady to oscillation). A graph illustrating this can be found in the

appendix.
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Figure 6-16. Flame front position and pressure at equivalence ratio 1.3, without hydrogen addition.

—a—Flame front distance (m) ~ —®—Pressure (bar)
0.8 r 0.15
0.7
0.1
0.6

- 0.05
0.5

g

03 | -0.05

Pressure (bar)

0.2

Flame front position (m)

F-01
0.1

r-0.15

01 L 02
Time(s)

Figure 6-17. Flame front position and pressure at equivalence ratio 1.3, with 40% hydrogen
addition.
To hypothesise why the flame propagation speed changes dramatically, Figures 6-16
and 6-17 are plotted to present two sample cases. These demonstrate how pressure
affects the flame front distance between 0% hydrogen addition and 40% hydrogen

addition, at equivalence ratio 1.3. As shown in Figure 6.15, the flame front position
130



moved slowly but there was no change in pressure; it remained near its pre-ignition
value. A noticeable pressure fluctuation starts at around a third of the tube's length. The
peak value of pressure is 0.13 bar. The flame front position travels almost linearly
before the oscillation starts, and it becomes a high gradient during pressure fluctuations.
After the peak oscillation, the pressure value decreases to around 0.05 bar and a tulip-
shaped flame is captured at the end of the tube, as shown in Figure 6-16. Compared to
the 40% hydrogen addition under the same conditions, as shown in Figure 6-17 the
pressure data show that a small fluctuation happened in a similar position in the non-
hydrogen run at a third of the tube length. It did not develop into a large oscillation.
Rather, the pressure decreased and developed again after a time of steady propagation.
The main difference between those two graphs: the pressure developed into a large
oscillation while flame front distance grown to a bigger gradient for non-hydrogen
addition case, however its relatively stable for 40% addition case. The pressure remains
at around 0.05 bar, in the last third of the tube length. The peak pressure value is 0.06
bar, which is much smaller than the non-hydrogen examples. Figures 6-16 and 6-17
both show a correlation between the pressure and flame front position which is large

pressure oscillation leads flame travelled faster, regardless of hydrogen addition.
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Figure 6-18. Calculated total intensity of C. and the pressure signal at the end of the tube of

equivalence ratio 1.3, without hydrogen addition.

Figure 6-18 shows equivalence ratio 1.3 without hydrogen addition case, the figure

shows that the calculated total intensity of C," and the pressure signal at the end of the

tube. The propagation of the flame was categorised as two stages: the first stage is

steady flame propagation without a large pressure fluctuation. The second stage is

pressure fluctuation. During the first stage, the intensity of C," remains steady and there

are no changes in the pressure, which remains at its pre-ignition value. The flame

propagates flat to the direction of travel. At the second stage which is pressure

fluctuation stage, oscillations are observed in both the pressure and C>", and the C," and

pressure signals achieve their maximum amplitudes. The average speed at this stage is

much higher than in Stage one. The flame shape cannot maintain itself at the maximum
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amplitudes. A tulip-shaped flame was captured at the end of flame propagation, and the
pressure value remained steady at around 0.05 bar. The figure shows that the calculated

total intensity of C," and the pressure signal are in-phase at the maximum amplitude
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Figure 6-19. Calculated total intensity of C." and the pressure signal at the end of the tube of
equivalence ratio 1.3, with 40% hydrogen addition.
Figure 6-19 compares Figure 6-18 (equivalence ratio 1.3, no hydrogen) with the sample
at 40% hydrogen addition. During the first stage, the intensity of C," increased slightly
and decreased again before the big oscillation; the pressure data shows a similar trend.
However, at around the time of 0.15 s—which shows the maximum amplitude in the
first stage—the calculated total intensity of C>" and the pressure signal are opposite;
they are out of phase. The intensity of C>" decreases before its largest oscillation, but
the pressure signal remains relatively steady in the same range. The pressure signal
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becomes stronger at the end of propagation, with the peak value at about 0.06 bar
without weakness. The intensity of C>" and pressure signal is out of phase, at the end of
flame propagation.
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Figure 6-20 Flame-pressure phase difference: flame front distance (+) and flame C." intensity at
equivalence ratio 1.3, without hydrogen addition.
Figure 6-20 shows the phase difference against pressure amplitude. A Hilbert transform
applied here as same as Chapter five. The pressure phase was used as the reference,
producing pressure-front and pressure-C>" intensity. It can be seen, all flame front
position data falls within 90 degree and most of C»" intensity data falls within 90 degree.
Which means both flame front position and flame C," intensity was coupling with the

pressure.
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6.4 Conclusions

Using an open-ended 1200 mm long vertical tube with a 20 mm internal diameter, a
study was conducted to determine how different hydrogen concentrations affect flame
propagation speed, C." chemiluminescence and pressure oscillations. A quartz tube was
used to provide optical access for high-speed colour imaging and a pressure transducer
collected the pressure signal at the end of the tube. The main conclusions of the study
are:
1. Flame propagation in a vertical tube can be divided into two stages, based on the
average flame propagation speed: initial gradient stage and oscillation gradient
stage. The average flame propagation speed is faster with higher hydrogen

concentrations at the same equivalence ratios in fuel-rich conditions.

2. The ratio of oscillation gradient stage to initial gradient stage decreases linearly, as
the hydrogen concentration increases. The highest ratio is during the pure
methane/air trial, the pure methane flame propagation in a vertical tube can
withstand sudden changes in speed which means the percentage change of average
flame propagation speed between second oscillation gradient stage and initial
gradient stage is the largest. This may be a useful parameter to determine how
hydrogen affects the hydrocarbon fuels propagated in pipelines and a potential point
to study in DDT.
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3. The C," emissions measured have similar pressure fluctuations as the flame
traverses down the tube without hydrogen addition, in the equivalence ratio 1.3 trial.
The results show the coupling interaction between flame chemiluminescence and
pressure. A Hilbert transform was applied and the result as shown in figure 6-20
also approved the coupling between the flame C»” intensity and the pressure. The
two signals are in-phase at the maximum oscillation. However, for the 40%
hydrogen addition in the same conditions, the C," emissions measured have
opposite fluctuations which out of phase in the first stage and end of the tube, with
the measured pressure signal at both oscillation ranges. It is difficult to conclude
what effect the hydrogen had on C>" emissions, but the data shows that adding
hydrogen at equivalence ratio 1.3 caused most of the C>" emissions and pressure

fluctuation to be out of phase, leading to a decreased peak value of pressure.

4. Tulip-shape flames were captured multiple times, under different conditions and

locations. It’s worth to develop the relationship between tulip phenomenon, C,"

emissions and pressure fluctuation in further experiment.
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/ CHAPTER SEVEN: Premixed Methane /
Air / Hydrogen Flame Propagation in a
Square Tube Using Two Different

Cameras

7.1 Introduction

Experimental research is vital for revealing basic phenomena, theories, and numerical
models of the flame propagation process, and is key to the promotion and development
of combustion and explosion science. Regarding the propagation of premixed flames
in pipelines, previous experimental studies have mainly focused on the acceleration of
explosive flames and deflagration-to-detonation processes, in either smooth or
obstructed pipelines. The flammable gases that were used in those studies were also
mainly single gases, including methane and propane or other hydrocarbon fuels. In
recent years, experimental studies on the detonation of hydrogen-air mixtures in
pipelines have been carried out successively, with the purpose of providing basic
experiments for safety evaluation and the verification of numerical calculation models’

data.

Although many experimental, theoretical, and numerical studies have been carried out

on the propagation of premixed flames in pipes, certain flame characteristics—such as
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flame instability and flame deformation—have not been fully studied. The literature is
especially lacking regarding reliable flame research on explosion prediction models and
experimental verification. It is difficult to ensure that each run of an experiment is
exactly the same, because it is impossible to control all influence variables. Therefore,
it is especially meaningful to obtain more information using different image-shooting
methods simultaneously also not reduce the experiment repeatability. In this study, two
camera capture systems were used: one high-speed colour camera and one high-speed
black-and-white (B&W) camera were simonised to study the flame’s shape, position
changes and instability. Pressure sensor technology was used to study the characteristics
of pressure increases and the relationship between the flame dynamics during flame
propagation. Finally, flame chemiluminescence and the schlieren imaging technique

were applied separately to the two cameras.

7.2 Experiment Setup

To use the schlieren method to capture flame movement, a 20-mm diameter square tube
with 1200 mm long—made with a 2-mm thick acrylic sheet—was applied, as shown in
Figure 7-1. The acrylic sheet used here allowed for over 95% light access. The metal
cover maintained the tube’s stability on the non-light access sides, while the gap

between the tube’s side was glued from outside to avoid affecting the centre flame.
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Figure 7-2. Schematic of the Experiment's Set-up

Figure 7-2 shows the schematic of the experiment’s set-up, which mainly includes one
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schlieren imaging system, one chemiluminescence imaging system, one pressure
measurement system and one flame mixing system. The flame mixing system was
similar to what is described in Chapters five and six, but it was configured to fit the z-
type schlieren. The flame propagation tube was 1200 mm long and it was placed
horizontally, as shown in Figure 7-1. The tube was both ends opened during the
experiment. The mixing system is not included in Figure 7-2, but the real set-up images
are shown in the appendix. The pressure measurements were collected using a Kistler
Type 7261 piezo-electric pressure transducer, which was mounted at the end of the tube
(Figure 7-2, left side) that was furthest from the ignition point (Figure 7-2, right side).
The ambient temperature of the lab was approximately 293 K. Following each
experiment, the tube was evacuated using a vacuum pump. The required volume of fuel
was injected into the apparatus using a syringe, and air was introduced into the rig to
bring it to atmospheric pressure. The high-speed camera that was used for the
chemiluminescence imaging system was a Photron SA-4 high-speed colour camera
with a Nikon fix 35 mm; an f-1.2 zoom lens; and a framing rate of 1,000 fps.
Additionally, a 1,000-us shutter speed was used to record the flame propagation
progress. The high-speed camera that was used for the schlieren system was a Phantom
V210 mono high-speed camera, with a Nikon AF NIKKOR 24-85 mm; an {-2.8-4D IF
lens; a framing rate of 10,000 fps; and a 2-us shutter speed. A typical z-type schlieren
system was used. The light from the light source was passed through a small hole to

form a point. The reflector then reflected the light onto the concave mirror on the right,
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to create a parallel light between the two concave mirrors. The view that was reflected
by the second concave mirror was cut by a knife edge and then passed into the camera.
The chosen equivalence ratio was from 0.9 to 1.1, with 0.1 intervals of methane mixing
with air; in addition, 0%—100% hydrogen was added in this case. The two cameras and

the pressure sensor were synchronised.

Figure 7-3. Reference image captured by colour camera

Figure 7-3 shows the reference image that was taken by colour camera after the set-up
was completed. With two different optical measurement methods applied in one case,
it was difficult to ensure that the cameras captured the same range. Hence, a reference
image that was taken by the colour camera shows the range of colour that was captured,
while two vertical syringe needles capture the range of the B&W camera. The small
angle (less than 10 degrees) may have affected the results between the first concave

mirror and the colour camera to the captured tube; therefore, it was ignored for technical
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reasons.

7.3 Result and Analysis
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Figure 7-4. The average flame propagation speed of the methane/air/hydrogen mixture against
the equivalence ratio at all conditions; each point is averaged by three runs.

Figure 7-4 shows a graph of the flame propagation speed against the equivalence ratio
at varying hydrogen additions. The details of equivalence ratio calculation are shown
in appendix figure 10-1 and 10-2. The average flame speed increased as the equivalence
ratio increased with the same hydrogen addition. In a certain equivalence ratio, the

average flame speed increased as the hydrogen addition increased, which means

hydrogen concentration affects the flame propagation speed.
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Figure 7-5. An equivalence ratio of 1.1 for the methane/air mixture and a 30% hydrogen addition.
Figure 7-5 shows an equivalence ratio of 1.1 for the methane/air mixture and a 30%
hydrogen addition with a 0.005-second interval. The images were placed vertically and
enhanced 20 times for better visualisation. In the image displayed above, the convex or
flame finger shape was due to the non-slip condition of the wall acting on the burnt

gases, as well as to heat transfer from the reaction zone to the wall (Yu 1986).
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Figure 7-6. An equivalence ratio of 1.1 for the methane/air mixture and a 40% hydrogen addition.
The flame began oscillating during its propagation in the tube with a higher hydrogen
concentration, as shown in Figure 7-6. The flame looks unstable, compared to Figure
7-5, and multiple flame shapes can be seen. At the early stage of the flame’s propagation,
the flame’s front looks similar to that of Figure 7-5—convex to the unburnt gases’
direction. However, the bottom layer of the flame is facing forward. The cellular flame

shape that was formed inside the flame, followed by a tulip flame, can be observed
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multiple times at the central length of the tube. The flame constantly changed shape and
finally returned to a stable propagation, which was similar to what occurred at the early

stage.

Figure 7-7. An equivalence ratio of 1.1 for the methane/air mixture and a 50% hydrogen addition.
Figure 7-7 shows a higher hydrogen concentration than that of Figure 7-6. The
behaviours look similar, but the early stage of the stable flame propagation seems to

extend around the central length of the tube, compared to 40% hydrogen addition as
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shown in figure 7-6, the curved flame propagated longer before oscillation happened.
Again, the tulip flame shape can be observed, but it occurs a little after the central length
of the tube. Following the oscillation period, the cellular flame formed in the flame’s
front and brought a few flame shape propagations together towards the unburnt gases
in the tube. For example, two layers of flame front as shown in bottom three in figure

7-6.
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Figure 7-8. The flame's front position (m) from the captured beginning to captured end at an
equivalence ratio of 1.1 for the methane/air/hydrogen mixture.
Figure 7-8 plots the flame’s front position (m) from the captured beginning to the end
of the camera against time with increasing hydrogen concentrations, from 30%—50%,
at an equivalence ratio of 1.1 for the methane/air/hydrogen mixture. The details of
mixture are shown in appendix. The methane and hydrogen concentration mixture of

lower than 30%, at an equivalence ratio of 1.1; the hydrogen concentration mixture of
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lower than 40%, at an equivalence ratio of 1.0; and the hydrogen concentration mixture
of lower than 50%, at an equivalence ratio of 0.9, were observed with flame propagation.
This was relatively steady in the entire tube, with a slight increase in velocity as the
flames propagated. Some of the flames were captured by the small oscillation inside
the flame, such as the first few images in Figure 7-6, it can observe some small layers
inside of the flame, but there were no changes in the flame’s shape. For the 30%
hydrogen concentration, the flame’s front position was relatively linear to the end,
compared with the other two. As the hydrogen concentration increased to 40% and 50%,
there was a noticeable position difference around the central length of the tube. As
shown in figure 7-8, using a 0.15-m line in y-axis as a half-length of the tube for
reference, the full captured range of tube about 0.3 meter, the greatest oscillation of the
50% hydrogen concentration happened after a half-length of the tube, and the gradient

of the 40% hydrogen concentration reduced after a half-length of the tube.
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Figure 7-9. The calculated mean intensity of C." and the pressure signal at the end of the tube at an
equivalence ratio of 1.1, with a 30% hydrogen addition.
Figures 7-9, 7-10 and 7-11 show the calculated mean intensity of C»>" and the pressure
signal—which was placed at the end of the tube at an equivalence ratio of 1.1 with 30%,
40% and 50% hydrogen additions, respectively. Figure 7-9 shows the fluctuation of
pressure constantly increased with each cycle, until the maximum amplitude of the
pressure oscillation reached ~0.0005. The oscillation of the mean intensity of C2* can
be observed, and the value increased—although there were no flame shape changes—
in Figure 7-5. Both the mean intensity of C," and the pressure data show it being out of

phase for most of the oscillation cycles.
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Figure 7-10. The calculated mean intensity of C." and the pressure signal at the end of the tube with
an equivalence ratio of 1.1, with a 40% hydrogen addition.
A 40% hydrogen concentration is shown in Figure 7-10. The pressure data were used
from the ignition to the end. The maximum amplitude of pressure oscillation increased
in nearly every cycle, until it reached a peak value of ~0.0019 and then decreased
towards the end. The C>" and pressure signals increased to their maximum amplitudes
during the same cycle of fluctuation. The value of C>” intensity then decreased to the
same level as that of the early stage of propagation, towards the end. The pressure and
C," signals were in phase during their maximum oscillation and out of phase during the

early stage of flame propagation.
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Figure 7-11. The calculated mean intensity of C." and the pressure signal at the end of the tube with
an equivalence ratio of 1.1, with a 50% hydrogen addition.

A 50% hydrogen concentration is shown in Figure 7-11. The C>" shows a similar trend

to that of Figure 7-10. The maximum amplitude of pressure oscillation reached the

0.002 bar. The pressure and C," signals were also in phase at their maximum oscillation

range.

Figures 7-12 to 7-15 show that the schlieren images were captured at an equivalence
ratio of 1.1, for the methane/air mixture with a 40% hydrogen addition. The images
range from a normal flame to oscillation flame propagation. The number is shown at
the left of each frame for easy identification. Each frame is timed with a 0.01-second

interval.
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Figure 7-12. Schlieren images of an equivalence ratio of 1.1 for the methane/air mixture with a 40%
hydrogen addition. (a)
Figure 7-12 shows the first column of images from image numbers 1 to 3 (only the
number marked at the left of each image will be used in the following analysis). The
flame’s front shape like a finger, it was steady and pointed forward towards the unburnt
gas. However, the flame’s front layer not moved forward to the un-burned gas direction.
Even moved forward to the burned gas direction. From 4 to 7, the cells appeared in the
flame’s front, which led to a cellularity increase as the flame speed increased. The
flame’s front position moved back to the burned gas direction again at 8 and 9 and then

pushed to 12.
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Figure 7-13. Schlieren images of an equivalence ratio of 1.1 for the methane/air mixture with a 40%
hydrogen addition. (b)
Figure 7-13 shows the second column of images, which started from the cellular flame’s
front at 16. For both 16 and 17, the tulip shape was captured on two sides close to the
wall of the tube, and it disappeared at 18. The flame pushed back towards the burnt
gas’s direction until 20, and the tulip shape was formed in the middle of the tube. The
reversed tail in the middle of the flame developed, while the flame front position
simultaneously propagated forward to the unburnt gas’s direction to 23. The flame
slowed again at 25, but the tulip shape formed again on two sides close to the wall, from

26 to 29.
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Figure 7-14. Schlieren images of an equivalence ratio of 1.1 for the methane/air mixture with a 40%
hydrogen addition. (c)

The third column, as shown in Figure 7-14, reflects where a clear tulip-shaped flame

formed in the middle of the tube, which was captured and developed from 31 to 34,

with the flame’s front position pushed forward towards the direction of the unburnt gas.

A similar phenomenon repeated one more time, as seen in the remaining images of this

column.
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Figure 7-15. Schlieren images of an equivalence ratio of 1.1 for the methane/air mixture with a 40%
hydrogen addition. (d)
The last column reflects similar behaviour to that of the previous three columns, but no

tulip flame occurred; only cellular cell-shaped flames are shown.
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Figure 7-16. Pressure signal at the schlieren image range.
Figure 7-16 shows the pressure signals of the images in Figures 7-12 to 7-15. The
number at the x-axis shows time(s) according to the recorded raw data. The number
marked on the figure is used as the image’s figure number (7-12 to 7-15). The location
of the marks on the figure were approximate, because of the high rates of pressure data
that were recorded. The figure shows that the pressure went down when the flame
pushed back towards the burnt gas’s direction, and the pressure went up when the flame

pushed forward. As shown in figures 7-12 and 7-15, no tulip flame shapes could be

observed while cells appeared.
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7.4 Conclusions

This study used two different optical experiment methods at the same time, to obtain
more information about methane/air/hydrogen mixture flame propagation in a square
tube. In this case, two high-speed camera capture systems were successfully applied. A
high-speed colour camera was used for flame-for-flame chemiluminescence analysis,
and a high-speed black & white camera was used for a schlieren imaging study. Pressure
sensor technology was used to study the characteristics of increasing pressure and the
relationship between the flame’s dynamics during propagation. The main conclusions
of this study include the following:

1. The flame speed increased, as either the equivalence ratio or hydrogen
concentration increased. No oscillation of the flame could be observed when the
hydrogen concentration was below 50% at an equivalence ratio of 0.9, below 40%
at an equivalence ratio of 1.0 and below 30% at an equivalence ratio of 1.1. This
indicates that hydrogen has a stronger influence at higher concentrations of the
methane—air mixture.

2. The correlation between fluctuations of measured C>" emissions and measured
pressure was discussed. The results presented a coupling interaction between flame
chemiluminescence and pressure, during flame oscillations.

3. The mixing of hydrogen increased the molecular diffusivity of the mixture. The

images of schlieren did not show wrinkles, but did show more cellular cells at the

156



front of the flame (flame shows smooth front not rough), which proved that the
flame was affected by thermal diffusion instability. The cellular flame’s front led to
an increased burning area at the flame’s front, which caused an increase in flame
speed. The conclusion similar to Bradley, D. et.al (2000) mentioned: wrinkling
continually increases the flame speed.

The schlieren images and pressure signal results showed periodic propagation
characteristics around the middle length of the tube. Each cycle included either a
flat or a curved flame front, a cellular shape or cells at the flame’s front, two near-
boundary flames at the sides of the tulip flames, either a flat or a curved flame at
the front again, either a cellular or cells’ flame at the front again and, finally, a tulip
flame in the middle of the tube. However, the formation of a tulip flame based on
this case has six steps, it was different with Clanet and Searby’s (1996) experiment
and their four steps for forming a tulip flame. Gonzalez, M. (1996) proved that the
periodic oscillation behaviour of the premixed flame in the tube is caused by the
interaction between the flame and the pressure wave. The periodic acceleration and
deceleration of the flame drove the flame shape to look like a cell structure. This
flame structure is closely related to Rayleigh-Taylor instability. Clanet, C. & Searby,
G. (1996) have also proven that the flame front speed decreased, related to the

Rayleigh-Taylor instability.
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8 CHAPTER EIGHT: Conclusions and

Recommendations for the Future Work

8.1 Conclusions

The dynamics and behaviours of flame propagating, in a premixed methane/air mixture
with hydrogen addition, were experimentally investigated in both horizontal and
vertical tubes. The measurement method mainly applied a flame chemiluminescence
technique, utilising a high-speed colour camera and a pressure sensor placed at the end
of the tube. The interesting interaction between the C>* emissions and pressure, with
hydrogen addition, was found in the horizontal tube. Hydrogen concentration, affecting
flame speed at the second stage of flame propagation in a vertical tube, was also
discussed. To develop the mechanisms of flame formation, schlieren imaging
techniques were applied at flame propagation in a square tube. The contributions of this

work are summarised in the following statements.

1. A flame chemiluminescence measurement technique was proposed. The image of
the colour-based flame chemiluminescence measurement was based on
relationships between the flame chemiluminescence, the camera’s sensor spectral
sensitivity and the image colour model. The high-speed colour camera tested was a

Photron SA-4 model. The CH" and C,»" chemiluminescence measurement methods
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were proposed, based on the assumption that all hydrocarbon premixed flame
chemiluminescence only emits CH" at 430 nm and C," at 516 nm. Denoising the
images, collecting data from the images and other post-processing tasks were

accomplished mainly through the use of MATLAB software.

Two typical hydrocarbon fuels—CsHs (propane) and CH4 (methane)—burning on a
Bunsen burner, were applied to establish the relationship between the C)'
chemiluminescence and the premixed flame. The results found that—for both
methane and propane—the CH"/C»" ratio had a linear response to the equivalence
ratio, when equivalence ratio was > 0.95. This provided the fundamental knowledge

that the calculated CH"/C>" chemiluminescence was related to the flame’s chemistry.

Flame chemiluminescence measurement and pressure measurement methods were
applied, in the case study of a premixed methane/air/hydrogen flame oscillation in
horizontal open-ended tubes. The measured C," emissions had similar fluctuations
with the measured pressure, as the flame traversed down the tube. The results
indicated a coupling interaction between the C>” flame chemiluminescence and the

pressure.

The flame chemiluminescence measurement and pressure measurement methods

were also applied to a vertical tube. Flame propagation in a vertical tube can be
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divided into two stages, based on the average flame propagation speed: the initial
gradient stage and the oscillation gradient stage. The flame propagation speed was
faster, with higher hydrogen concentrations, at the same equivalence ratios in fuel-
rich conditions. The ratio of two oscillation gradient stage (oscillation gradient stage
to the initial gradient stage), decreased linearly as the hydrogen concentration
increased. The results show a coupling interaction between the flame’s
chemiluminescence and the pressure. The two signals were in-phase at the

maximum oscillation.

Two different optical imaging measurements—the flame chemiluminescence
measurement and the schlieren imaging measurement—were successfully applied
to obtain more information about flame propagation in a square tube. The flame
speed increased as the equivalence ratio or hydrogen concentration increased. The
oscillation range that was caused by the hydrogen concentration was discussed. The
correlation between fluctuations of the measured C>” emissions and the measured

pressure were also discussed.

Following the results of the schlieren images and pressure signals, periodic
propagation characteristics were observed around the middle length of the tube.
Each cycle included a flat or curved flame front, a cellular or cells flame front, two

near-boundary sides of the tulip flame, a flat or curved flame at the front again, a
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cellular or cells flame at the front again and a tulip flame in the middle of the tube.
The tulip flame may not form or may not be included in the cycle, if the pressure

decreases.

8.2 Recommendations for Future Work

Suggestions for future work are summarised in the following statements, as are some

inconclusive elements of the work in this thesis.

1. The Bunsen burner case did not include hydrogen addition, for reasons of
equipment safety. However, applying a wider test range, including a fuel burning
limitation, can provide stronger evidence to establish the relationship between the

C," chemiluminescence and the premixed mixture condition.

2. Ma, Z (2016) successfully used the Silicon carbide fibre to detect the single point
temperature of a flame propagating in a tube. This improvement to detect the whole
temperature during flame propagation was considered in this research, but it failed
at fibre preparation since long fibre is easy to break. Temperature is an important

parameter, however, and is worth developing further.

3. One of the most important aspects of flame instability is the non-linear perturbation
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of premixed flames. This non-linear perturbation effect has a crucial effect on
changes in flame structure, shape and combustion speed. Even so, there is no mature
theoretical model for flame propagation in a tube so far. This needs to be analysed

and modelled from both experimental and theoretical aspects.

In theory, if the tube length is long enough, the flame speed will increase and then
develop to DDT. In the industrial process, the obstacles have an important effect on
the progress of DDT. However, the effects of obstacles on the early acceleration

stage of flames are not well studied.
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10 APPENDIX

10.1Flame Temperature Technique

10.1.1 Introduction

The burning of fossil fuels is the most common method for energy consumption around
the world, a trend that will continue over the following decades. Emissions from
burning fossil fuels include carbon oxides, nitrogen oxides, volatile organic compounds,
polycyclic aromatic hydrocarbons, sulphur oxide, black smoke and dust. The
production and emissions of these pollutants don't just reduce combustion efficiency—

they also harm the environment and human health.

Combustion pollutants are associated with the combustion process. The radiation
characteristics of flame temperature and radiation medium are two important
parameters to reflect the combustion process. Measuring these two parameters
accurately plays a guiding role in researching the combustion mechanism and is of great
significance in understanding the production and release of heating (radiation,

convection and thermal conductivity) in the combustion process.
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10.1.2 Contact Thermometry

Conventional temperature measurement includes two major categories: contact and
non-contact thermometry. Contact thermometry refers to the method that directly places
the temperature-measuring element into the burning flame and brings the elements into
contact with the flame. This method is direct and simple. The most common type of
contact thermometry is thermocouple thermometry (Ke 1987). The thermocouple forms
a loop using two different metals as a conductor. Its two ends meet and, at the same
time, produce a thermoelectric force under different temperature conditions (Zhamg

1987).

A thermocouple needs to be placed into the chamber and in contact with the flame
directly; errors will therefore occur, due to the interference of other mediums in the
combustion field (West 1954). In general, however, thermocouple thermometry has the
advantages of employing simple equipment and being accurate and easy to maintain.
Thus, thermocouple thermometry has been widely used in the field of industrial and
scientific research (Tang 2011). The main disadvantage of contact thermometry is the
disturbance to the flame. A secondary limitation is that the temperature status of only a
single point can be measured at any one time. A large number of points need to be
measured, to determine the temperature distribution of the whole combustion pipe; the

installation of this setup is difficult.
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10.1.3Non-contact Thermometry

Non-contact thermometry uses components that do not contact the combustion flame
to measure flame temperature. Non-contact thermometry mainly includes optical
thermometry and acoustic thermometry. Optical thermometry makes use of the
radiation characteristics of the combustion flame and optical principles to measure the
temperature of the flame. Optical thermometry specifically covers radiation
thermometry, which uses the radiation intensity of the infrared or visible light to
measure the temperature (Barducci et al. 2004), and laser thermometry (Thakur et al.
2001), which measures temperature by taking advantage of Rayleigh scattering. The
use of optical thermometry requires the pipeline windows to be kept free of pollution,

to allow for a clear view.

Compared to contact thermometry, the principle of non-contact thermometry is more
complicated. However, non-contact thermometry has advantages: 1) it is not easily
disturbed by the object being measured and 2) the temperature measurement range is
not affected by materials; hence, it is more suitable under the circumstances of high
temperatures. Meanwhile, non-contact thermometry can measure temperature
distribution without the need to arrange a large number of measuring points, as required

in contact thermometry.
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10.1.4 Two-Colour Temperature Technique Using a Signal

Camera

The use of a digital camera to quantify temperature is not new. However, it is difficult
to apply the technique to high temperature measurements due to the image saturation
problem (Ma 2016). To avoid this issue, digital high-speed cameras with high shutter
speeds provide an excellent tool for high temperature measurements. The advantages
of temperature measurement techniques based on digital images include their less
intrusive nature, their fast-responding features and the fact that such devices are easy

to set up.

Utilising a camera to measure the flame temperature relies on the two-colour principle,
which in turn depends on recording the flame or light source radiation. The principle of
the method of two-colour temperature measurement is derived using the blackbody

assumption of flame radiation, combined with Planck’s Law and Wien’s Law.

Temperature and radiation generally conform to Planck’s Law during the combustion
process. For the combustion flame, Planck’s Law can be replaced with Wien’s Law, and
monochromatic radiation can be shown as:

Gy Cz)

IAT) =€, T)ﬁexp <_ﬁ (10.1)

where A is wavelength and T is the absolute temperature. I(A, T) is the flame
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emissivity at T and A conditions, and C1 and C2 are Planck’s first and second constant,
with values of 3.7419x107'¢ W-m? and 1.4388x10 m-K respectively.

Combining the characteristics of colour imagery, it can be assumed that the values of
the R, G and B channels should be proportional to the red, green and blue radiation

wavelengths in the photosensitive element.

Therefore:

C C

R(T) = kee(lg, T) 3 exp (— 15 (10.2)
AR rT
G C,

(1) = kge(lg, ) 3z exp (- m) (10.3)
C; C,

B(T) = kBE(AB,T)EeXp (— /1B_T) (104)

Ar, A¢ and Ag are the wavelengths of the red, green and blue channels respectively;
they are constants. R(T), G(T) and B(T) are the R, G and B values of image pixels at T
temperature’s radiation.

kg, k; and kg are attenuation coefficients for the R, G and B channels, and they are
constant, except for light pathway changes.

If the radiation source is blackbody, then:

R,(T) = k G ( G ) (10.5)

G,(T) =k G ( G ) (10.6)
) C,

Bb(T) = kB Eexp (— ﬂ_B_T) (107)

R, (T), G,(T) and B(T) are the values for the R, G and B channels of image pixels
under T temperature’s blackbody radiation.

Combined equations:
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R(T) = e(4g, T)R,(T)
G(T) = (44, T)Gp(T)
B(T) = &(45,T)B,(T)
Utilise the grey body assumption:
e T) = (4, T) = €15, T) = &(T)

Substitute to equations:

R(T)  G(T) _ B(T) _
Ry(T)  Gp(T)  Bu(T)

e(T)

Transfer equation:

R(D) _Ry(D) _ ¢
G(T) Gp(T) 79

(10.8)

(10.9)

(10.10)

(10.11)

(10.12)

(10.13)

Syg 1s the value of the R to G ratio under T temperature. According to the above

equations, when there are no blackbody or grey body sources, the value of the R to G

channel ratio is related only to T temperature. Therefore, it is useful to utilise the

blackbody source to obtain the relationship between the temperature and the R to G

ratio, to measure the temperature of the combustion flame.
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10.2 Fuel-Air Ratio Calculator

CH4
Fuel/ AIR =1

CH, +20, =C0O, + H,0
Ven, Vo, =1:2

02 — 20.942%

air

2

=9.55
20.942%

VCH4: Vair =1:

e For air: Use the Rotameter of CO2 instead of air.

Pgas
ans = Qrotameter
Protameter
Pair
- Quir = ’ Qrotameter
pCOZ

1.204

- 955= |[——— Qrotameter

1.977

= Qrotameter = 12.237

e For air: Use the Rotameter of CH4

Qrotameter = 1
SO,

Rotametercy,: Rotameter,;, = 1:12.237
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C3H8 Fuel/AIR=1
C3H8 + 502 = 3C02 + 4H20
VC3H8 . VOZ =1:5

02 — 20.942%

air

Vei,: Vair =1: ———— =23.875

20.942%

e For air: Use the Rotameter of CO2 instead of air.

_ Pgas
ans = Qrotameter
Protameter

p .
- Quir = = Qrotameter
COy
1.204
- 23.875 = mQrotameter

= Qrotameter = 30.609

e For fuel: Use the Rotameter of CH4 instead of C3HS

_ pgas
ans - Qrotameter
Protameter
PcyHg
- QC3 Hg Qrotameter
PcH,

1.898
- 1= 0.699 Qrotameter

= Qrotameter = 0.607

SO,

Rotameterc,y,: Rotametery;, = 0.607:30.609 = 1: 50.427
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10.3 Fuel Calculator and Characteristics for Hydrogen Addition
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Figure 10-1 Fuel Calculator and Characteristics of 0%,10%,20%,30% Hydrogen Addition.
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Figure 10-2 Fuel Calculator and Characteristics of 40%,50%,60%, 70% Hydrogen Addition.
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10.4 Pure Methane Flame Propagation in Vertical Tube at

Equivalence Ratio 1.1, 1.2 and 1.3.

Figure 10-3 1.1 Methane without hydrogen.

Figure 10-4 1.2 Methane without hydrogen.
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Figure 10-5 1.4 Methane without Hydrogen.
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10.5 Camera Spectrum Setup

Figure 10-6 Setup of Spectrum testing
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10.6 Real Experiment Rig for Chapter 7

Figure 10-7 Real experiment rig photo.

Figure 10-8 Real experiment rig-2.
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