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ABSTRACT

Experimental studies of premixed, turbulent, gaseous explosion flames in a fan-
stirred bomb are reported. The turbulence was uniform and isotropic, while changes
in the rms turbulent velocity were achieved by changes in the speed of the fans.

Central spark ignitions created mean spherical flame propagation.

The spatial distributions of burned and unburned gases during the propagation were
measured High-speed schlieren images also were captured simultaneously the
experiment was conducted with different initial pressures (100, 200, and 300 kPa)
and equivalence ratios (0.8, 1, and 1.3). The MATLAB program code was used to

process and analyze the images that obtained by the Schlieren system.

The distributions of the proportions of burned and unburned gases around
circumferences were found for all radii at all stages of the explosion, and mean
values of these proportions were derived as a function of the mean flame radius. The

flame brush thickness increased with flame radius.

The way the turbulent burning velocity is defined depends on the chosen associated
flame radius. Various definitions are scrutinized and different flame radii presented,
along with the associated turbulent burning velocities. Engulfment and mass

turbulent burning velocities are compared.

It is shown how the latter might conveniently be obtained from schlieren cine
images. In a given explosion, the burning velocity increased with time and radius,
as a consequence of the continual broadening of the effective spectrum of turbulence

to which the flame was subjected.

The key focus was on calculating the speed of turbulent combustion based on the
average diameter of the combustion flame, which is affected by the irregular

diameter caused by turbulence.



Under certain conditions, it was obtained that the laminar combustion speed is 28.64

cm/sec.

Additionally, when the conditions were changed to have the same equivalence ratio
and different initial pressures or the same initial pressure and different equivalence
ratios, the calculated turbulent combustion speed was higher at 49.11 cm/sec. This
Increase in combustion speed under turbulent conditions can be attributed to the

beneficial effect of turbulence on combustion efficiency.

According to the results, it is indicated that the turbulence improving the combustion

speed and enhancing the efficiency of the fuel mixture burning.

The findings from this study give further understanding on combustion processes by
improving combustion efficiency for various applications, such as engines and

furnaces.
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Nomenclature

Symbol Definition Unite
A Flame Surface Area m?
d Diameter mm
e Number of Mole of Component, mol
J Ammonia Volume Fraction
Lb Markstine Length
Le Lewis Number
M Mol Mass kg/mol
P Pressure kPa
R Specific Gas Constant Jkg.K
r Flame Radius mm

Rv Average radius mm
R, Universal Molar Gas Constant J/ mol.K
Sy Gas Velocity Ahead of the Flame Front m/sec
Sb Stretched Laminar of the Flame Speed m/sec
T Temperature K
Ta Adiabatic Temperature K
t Time sec
Sl Laminar Burning Velocity m/sec
St Turbulent Burning Velocity m/sec
VvV Volume liter
X Mol fraction
Re Reynolds Number
Sn Turbulent flame speed m/sec




Greek Symbols

Symbol Definition
] Equivalence Ratio
oT Temperature Stretch Rate
Br Pressure Dependent
Parameter
e Flame Stretch Rate 1/s
p Density kg/m?®
Abbreviation
Symbol Definition
CPM Constant Pressure Method
CVvC Constant Volume Method
DIB Di isobutylene
dil Diluent
ext Extensional
LBV Laminar Burning Velocity
LPG Liquefied Petroleum Gas
Mix Mixture
Ref Reference
Sch Schlieren image
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CHPTER ONE INTRODUCTION

CHAPTER ONE
1.1 Background

Global warming results from increased greenhouse gas concentration (GHGg), in
particular, carbon dioxide (CO,) in the atmosphere. This atmospheric accumulation
of greenhouse gases is largely the result of fossil fuel combustion and other human

activities.

Many possible solutions were suggested, and the search for fossil-fuel
replacements is a significant challenge for society. Various researches were
conducted to evaluate alternative fuel's energy efficiency and environmental impact.
The use of ammonia gas represents a possible solution for the storage of intermittent

renewable energy.

Ammonia is considered more suitable for storage and transportation compared to
Hydrogen gas because the tanks in which ammonia is stored is light, not expensive

and its storage is also safer due to the low pressure.

The ammonia energy storage system has great advantages over a wide range and
less restriction of geographical conditions compared to many other conventional

energy storage method [1].
1.2 Ammonia Fuel

The ammonia NH3 product might be made from biomass, fossil fuels,
renewable sources like photovoltaic cells and wind, Ammonia is carbon-free, has no
direct effect on GHG, and might be produced utilizing a carbon-free process
employing renewable energy sources. Approximately 180 million tons of NH3 are

generated as well as transported each year, The Ammonia and LPG properties, are

1



CHPTER ONE INTRODUCTION

Listed in Table (1.1) The production of ammonia from natural gas is conducted
by reacting methane (natural gas) with steam and air, coupled with the subsequent
removal of water and CO,. The products of this process are hydrogen and nitrogen,

which are the feedstock for the main ammonia synthesis.
1.3 LPG Fuel

Iragi Liquefied petroleum gas (LPG), which consist primarily of propane (CsHs)
and butane (CsHio), with minor unit’s other materials acquired a byproduct
petroleum refining. (C2Hg) and (CsHiz) the vapor pressure at 37.8 °C ranging from
(8.4-8.6 kg/cm?), and the density at 15.6 °C ranges from (0.537- 0.541) throughout
the month. Specifications for LPG have been obtained from Hilla Gas Depot and the

laboratory and it's cooled to a low temperature or high pressure.

When being liquefied LPG, the mixture size is 260 times comparison with the
gaseous phase. LPG is a fuel similar to petroleum. It has a Heating value of
45MJ.kg?, Due to LPG efficient combustion characteristics and low emissions it is

widely used as an alternative fuel in automobiles [2].

LPG is heavier compared with air in gaseous form and contains less water as a
liquid. The mixture of butane and propane is colorless, and the smell of LPG can be
detected by sniffing it. In terms of using LPG as a fuel, the value regarding its
octane number is highly essential; this number (106 - 110) it is higher compared to
the octane number for CgHg but lower than the octane number for ammonia, as a

result, greater resistance to explosions is provided [2].
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Table (1.1) characteristics of Ammonia and LPG

LHV MJ/Kg 45.5 18.8
HHV MJ/Kg 49.3 22.5
Density Kg/m? 0.536 0.37
Octane number 106 -110 130
Minimum ignition temperature K 683-853 930
MIT

Boiling point °C -18 -33.34

Flashpoint °C -40 132

1.4 The Importance of Ammonia in Industrial Application: -

Ammonia can be defined as a colorless gas that has a distinctively unpleasant
odor. Power engineering, industrial, and agriculture processes use it. A hydrogen

energy carrier and a carbon-free fuel, ammonia has a low cost and high efficiency.

The burning of ammonia is presented is a production of carbon monoxide (CO,)

and hydrocarbon in comparison of hydrogen.

This is due to the attractive properties of ammonia such as viable substitute for
fossil fuels, because ammonia has a low flame temperature and a high-octane rating

3
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of 130, it may be used at high compression ratios without producing a lot of NOx
because it doesn't contain carbon. It can't result from burning carbon monoxide
hydrocarbon compared to hydrogen because fuel ammonia is more energy-efficient
and the production and storage of hydrogen as ammonia will be cheaper than

compressed and cold hydrogen [3].

Since just nitrogen and water are produced from total combustion, ammonia is
considered one of the sustainable —carbon-neutral electricity fuels like hydrogen
(H2). When compared to hydrocarbons or hydrogen, ammonia has a lower flame

temperature, a narrower burning range, and lower flammability.

Due to such factors, ammonia was not thoroughly investigated. In comparison
with hydrogen, ammonia offers a few advantages. Ammonia, for instance, might be
stored at room temperature under moderate pressure (0.8 MPa), resulting a low
storage cost. In spite of the advantages of ammonia as a fuel, numerous drawbacks

such as toxicity and low heating value have previously been identified.

In the 1960s, the studies of New shall, and Stark Mann and Pratt have shown that
because of the slower interactions of ammonia, the friction system designed for fuel

must be twice as big as possible [4].
1.5 Ammonia and energy

Ammonia can be produced from Renewable source and is one of the most
productive chemicals worldwide with a huge production history [5]. Ammonia may
be quickly liquefied and stored at 8.5 bar at room temperature, cooled to -33° Celsius,
and stored at ambient pressure. Ammonia storage is far less expensive compared to
hydrogen storage, which needs around 350-700 bar and - 252 Celsius for storage as

a liquid at ambient pressure [6].
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Ammonia is considered a power carrier that can also be utilized to store
renewable energy and for a variety of other applications. Ammonia, for instance,
could be utilized as a precursor to other chemicals, such as cleaning products, in the

production of explosives and fertilizers [7].

As a result, agriculture has the best possibility of producing sustainable ammonia.
In agriculture, ammonia derived from renewable energy can reduce emissions from
this industry. Actually, fertilizer production emits 1.2% of world greenhouse gas

emissions [8].
1.6 Flame propagation speeds

Flame propagation speeds under laminar conditions have been measured with
great success. The system pressure, system temperature, and equivalency ratio are
the only factors that influence the laminar flame speed of an explosive mixture. After
accounting for geometry and flame stretch, the observed laminar flame speed may
be used to verify chemical kinetics. Another application of laminar flame speeds is
to predict the propagation rates of turbulent flames using correlations that are
generally appropriate for a particular experimental database. This makes such
propagation rates puzzling, in contrast to the laminar case [9]. Self-similar scaling
of spherically spreading flames was recently found using data from various fan-
stirred explosives, including data from the rig constructed [10]. These results are
exciting because they show that it is possible to create a comprehensive database of
turbulent propagation rates for established and emerging fuels relevant to gas
turbines and IC engines. Inside such flame bombs, mixing fans are attached to
provide the necessary turbulence. This goal was attained by employing a systematic

strategy. The following are explanations of the four most important ones [11].

5
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1. The primary objective was to modernize the current facility cost-efficiently
while minimizing the need for adjustments to the original equipment. Post-
combustion pressures and temperatures did not compromise the vessel's structural

integrity.

2. Refine the shape of the fans such that the turbulence inside the flame bomb is
consistent. After that, the fan-generated flow fields were meticulously measured.
The major objective of this dissertation was to enhance the scalability monitoring

capabilities of an existing high-pressure laminar flame bomb in the author's lab [12].

3. Improve the control of turbulence parameters in such flame bombs, turbulence
conditions are defined by the intensity level and the integral length scale. Therefore,
the correlations between the fan-stirred data and the flame speed are affected by
geometric factors. Adjustable intensity levels and a sliding scale for the duration of

turbulence were included to address this concern.

4. The literature showed various diagnostic techniques relating to fan-stirred
bombs, and a process for monitoring turbulent flame speeds was established.
Currently, schlieren is important and beneficial for the study due to save the time
and accurate flame speed rates. Automated image analysis and post-processing
procedures were developed specifically for turbulent combustion. The capabilities

of the rig were successfully shown in the Experiment [13].
1.7 Turbulent Flame Speed

Turbulent flame speed refers to the rate at which a flame propagates through a
turbulent flow. It measures how quickly the flame front advances through a mixture
of fuel and oxidizer in the presence of turbulence in which preliminary

measurements of LPG-Ammonia-Air mixtures were obtained in various conditions.
6
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In a turbulent combustion process, the reactants (fuel and oxidizer) are mixed by
the turbulent flow, creating a highly complex and dynamic environment. The flame
speed in such conditions is influenced by several factors, including turbulence

intensity, flame stretch, and the interaction between turbulence and chemistry.

The turbulent flame speed is typically higher than the laminar flame speed, which
refers to the flame speed in the absence of turbulence. This is because turbulence

enhances mixing, allowing for a faster reaction between the fuel and oxidizer. [14]

It is important to note that the turbulent flame speed is not a constant value but
rather varies depending on the specific conditions. Different experimental and
computational techniques are used to measure and model turbulent flame speeds
under various operating conditions, such as different fuels, pressures, and

temperatures.

Understanding the behavior of turbulent flames is necessary in various fields,
including energy conversion, combustion engines, and fire safety, because it’s effect

as it effects on the combustion processes, stability, and emitted emissions.

Studying the turbulent flame speed combustion process is important in several
fields, including combustion science, energy production, environmental

engineering, and safety.
1.8 Combustion Efficiency:

Combustion processes are vital in various energy conversion systems, such as
internal combustion engines, gas turbines, and industrial furnaces. Understanding

and optimizing the turbulent flame speed is crucial for improving the overall
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combustion efficiency, reducing fuel consumption, and minimizing harmful

emissions [15] .
1.9 laminar and turbulent burning velocity - Definition

Premixed flames are generated by igniting a well-mixed fuel and oxidizer. Practical
applications of such combustion are spark-ignition engines, lean-burn gas turbines,
and household burners. After the fuel and oxidizer homogeneously mix and a heat
source is applied, the flame front starts propagating outwardly through the unburned

mixture.

Depending on flow conditions, flame propagation can either be laminar or turbulent.
In practical cases, once the spark is initiated, a laminar flame kernel forms at first
then rapidly becomes turbulent as it moves towards the unburned mixture.
Therefore, understanding of turbulent burning velocity requires a thorough
knowledge of laminar combustion as turbulent flame under certain conditions can

be treated as an array of laminar flamelets [16].

The one-dimensional laminar burning velocity is a fundamental physio-chemical
combustion property of the fuel-air mixture and depends only on the mixture
composition, pressure, and temperature. By definition, laminar burning velocity is
“the velocity, relative to and normal to the flame front, with which the unburnt gas
moves into 5 the front and is transformed into products under laminar flow

conditions” [17].

Figure 2.1 (a) shows a schematic representation of laminar expanding flame with
burnt and unburnt gases separated by the flame front. Figure 2.1 (b) shows the
corresponding grey-scale laminar flame. In most cases, outwardly-propagating

laminar flame has a spherical structure with some wrinkling.
8
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This spherical geometry is maintained by a continuous transformation process of the
reactants into products with no turbulence affecting the flame propagation. Instead,
flame stretch, wall effect, and ignition energy are the only factors that can

significantly affect laminar flame propagation and structure.

Moreover, after the formation of the laminar flame kernel at the early stages of the
premixed combustion inside the spark-ignition engine, this kernel develops into a

turbulent semi-spherical flame.

However, under turbulent flow condition, the flame front wrinkles and develops
instabilities due to the turbulent motion and the thermodynamic expansion of gases.
Figure 2.2 (a) shows a schematic representation of an expanding turbulent flame
with the burnt and unburnt gases separated by the flame front. Figure 2.2 (b) shows
the corresponding grey-scale turbulent flame. Similarly, to laminar flame, turbulent
flame is defined as, “the average rate of flame propagation through a turbulent
premixed gas mixture relative to the flow field through the action of molecular

diffusion of heat and mass” [18].

Therefore, turbulent flame propagation is initially laminar but affected by turbulent
field and scales. Nonetheless, the substantial wrinkling of turbulent flame surface
can significantly increase the flame front area, which hence boosts flame
propagation speed. Thus, turbulent burning velocity, depending on turbulence
intensity, can exceed laminar burning velocity several times under the same

experimental conditions.
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unburnt gases

s,

() (b)

Figure 2.1. Schematic representation of an expanding laminar premixed flame. The solid line
represents reaction layer while the continuous line represents the flame front preheat zone ((a)

&f and vr are the flame thickness and radial velocity, respectively, b) Grey-scale laminar flame)

unburnt gases

(a) (b)

Figure 2.2. a) Schematic representation of an expanding turbulent premixed flame. a) The solid
line represents the reaction layer while the continuous line represents the flame front preheat

zone [19]. b) Grey-scale turbulent flame

10
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1.10 Safety Considerations

Combustion processes can pose serious safety risks, especially in industrial
settings. Turbulent flames can exhibit complex behaviors, such as flame instabilities,
flashbacks, and flame quenching, which can lead to hazardous conditions and even
explosions. Engineers can design safer combustion systems and develop effective
safety measures by understanding the turbulent flame speed and its interaction with

various factors, such as fuel properties, flow conditions, and geometry. Alternative .
1.11 Fuels and Energy Sources

As the world seeks to transition to more sustainable energy sources, studying
turbulent flame speed becomes crucial for evaluating the combustion characteristics
of alternative fuels, such as biofuels, hydrogen, and synthetic fuels. Understanding
how these fuels interact with turbulence can help assess their feasibility,

performance, and emissions when used in different combustion systems.

Climate Change Mitigation: Combustion processes significantly contribute to
greenhouse gas emissions, particularly carbon dioxide (CO2), the primary driver of
climate change. By studying the turbulent flame speed and combustion processes,
researchers can explore techniques for reducing CO2 emissions, such as low-
emission combustion strategies, carbon capture and storage (CCS), and utilization

of renewable energy sources.

The study of turbulent combustion is important for practical applications and
advancing fundamental scientific knowledge. Turbulence-chemistry interactions in
flames are complex and still not fully understood. Studying the turbulent flame speed

and its interaction with various turbulent flow phenomena provides insights into

11
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combustion's fundamental physics and chemistry, helping to refine and develop

more accurate combustion models and simulations [20].

In summary, studying the turbulent flame speed combustion process is crucial for
Improving combustion efficiency, reducing emissions, ensuring safety, advancing
alternative energy sources, mitigating climate change, and advancing fundamental
scientific understanding. This research has broad implications across various
industries and is essential for sustainable and efficient energy conversion and
utilization. [21].

12
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CHAPTER TWO LITERATURE REVIEW

Chapter two
2.1 Introduction

The mechanism of blended turbulent combustion is extremely intricate and poorly
understood. The turbulent flame velocity of two fuels in different harsh
circumstances is still difficult to compare (Lipatnikov and Chomiak 2007)[22],
Although much work remains, our understanding of the broad characteristics of the
development of a blended turbulent flame has advanced significantly. Using the
most recent experimental datasets on turbulent flame velocities (ST), Lipatnikov and
Chomiak (Lipatnikov and Chomiak 2002)[23] conducted a thorough assessment
Some of the most crucial findings from that meta-analysis and others are presented

here.

1. The wrinkle of turbulent eddies increases the surface area of the flame, leading
to a higher ST compared to laminar flames. "Turbulent extending" describes this
phenomenon. A material's surface area grows exponentially due to the energy
cascading between big and minor eddies. (Lipatnikov 2012)[21] the surface area
created by turbulent stretching is constrained by self-propagation processes, which
enable wavy laminar flames to merge.
2. Turbulent flame speeds exhibit nonlinear behavior as a function of turbulent
intensity increases ST rises as turbulent intensity levels rise, reach a maximum, and
then fall (bending effect), culminating in flame quenching by excessive turbulences
The maxima intensity level strongly depends on the fuel and the equipment and
cannot be generalized.

3. The main cause of this disparity is the absence of datasets concentrating on the
impact of turbulent scales of length on ST, it was shown that a decrease in the

13
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mixture's thermal diffusivity as pressure increased ST decreased the flame's
thickness and favored flame instability, Recent studies by Liu et al,(Kobayashi,
Tamura et al. 1996) [24] found that a rise in turbulent Reynolds number (Re) with
pressure is responsible for increased turbulent combustion velocities, They showed
that, like laminar flame velocities at a fixed Reynolds number, ST dropped with
increasing pressure in a fan-stirred explosive, However, they keep Re constant at

high pressures by adjusting the intensity levels and integral length scale.

As a result, the reduction in ST seen with increased pressure may also be explained
by a fall in u’ Low Lewis numbers (defined as the ratio of the thermal diffusivity of
the mixture to the mass diffusivity of the deficient species in the diluent) are related
to higher ST values, whereas higher ST values are connected with mixes with Le >
1.

Mixtures containing Le dramatically boost the local burning rates of extended
flamelets (laminar flame segments in a turbulent flow), leading to higher ST values.
4. Because ST is very non-linear, it is difficult to determine the sensitivity of the
technique to a single parameter. The primary motivation for this research was to find

a method for autonomously adjusting the magnitude and size of turbulence.

The classification of these vocabularies into useful subsets allows for easier
exploration. At first, a quick review of laminar flames is provided.
The turbulent flame brush is developed to classify the many flame shapes often used
in investigations of premixed turbulent combustion.(Domingo and Vervisch 2022)
[25]

The concept of reaction progress variables is explored in depth, leading to the
finding of different flame surfaces using various diagnostics. As a result, the

14
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uncertainty associated with estimating turbulent propagating rates is no longer
definition-dependent, Various regimes of turbulent combustion (shown by the

Borghi diagram) have been analyzed.

Turbulence can have a significant impact on flame propagation in combustion
processes. Turbulence refers to the chaotic and irregular motion of fluid flows, which
Is characterized by fluctuations in velocity, pressure, and other flow properties. In
the context of combustion, turbulence affects flame propagation through a variety of

mechanisms:

Enhanced Mixing: Turbulence enhances the mixing of fuel and oxidizer, leading
to a more efficient and rapid combustion process. In turbulent flows, small-scale
eddies and vortices continually stretch and fold the flame front, exposing fresh

reactants to the flame and promoting faster combustion rates.

Increased Surface Area: Turbulence creates a higher surface area for contact
between fuel and oxidizer due to the creation of numerous small-scale eddies and
mixing zones. This increased surface area accelerates the reaction rates and promotes

a faster flame front propagation.

Turbulent Flame Speed: Turbulence can increase the effective flame speed
compared to laminar (non-turbulent) flames. The turbulent flame speed is influenced
by the interaction between the flame front and the turbulent eddies. This can lead to

a higher propagation rate for the flame.

Flame Stretching: Turbulence can stretch and distort the flame front, causing its
shape to become more convoluted and complex. Flame stretching is influenced by
the local flow velocity gradients, and it can either enhance or suppress flame

propagation, depending on the conditions.
15
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Turbulence Intensity: The intensity of turbulence can impact flame propagation.
High turbulence intensity might lead to better mixing and faster combustion, while
excessive turbulence can also lead to flame extinction due to poor fuel-oxidizer

mixing.

Turbulent Combustion Regimes: Turbulent combustion can exhibit different
regimes based on the interaction between turbulence and flame dynamics. These
regimes include the laminar flamelet regime, distributed reaction regime, and the
thin reaction zone regime. Each regime is characterized by different interactions

between turbulence and combustion chemistry.

Turbulence Modeling: Predicting turbulent flame propagation accurately
requires complex modeling approaches, as turbulence is inherently challenging to
simulate and analyze. Researchers often use techniques such as Reynolds-Averaged
Navier-Stokes (RANS) simulations, Large Eddy Simulations (LES), and Direct

Numerical Simulations (DNS) to study turbulence-flame interactions.

Turbulent Combustion Instabilities: In some cases, turbulence can lead to
combustion instabilities, where pressure fluctuations couple with the heat release
from the flame. These instabilities can result in undesirable effects like flame

blowout, increased emissions, and even damage to combustion systems.

In practical applications, understanding and controlling the interaction between
turbulence and flame propagation are crucial for optimizing combustion processes
in various industries, such as energy generation, transportation, and manufacturing.
Proper design and operation of combustion systems require a balance between
enhancing combustion efficiency through turbulence and avoiding detrimental
effects like combustion instability

16
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2.2 Turbulent flame speed

The term "turbulent flame speed” describes how a flame spreads within a
turbulent flow. It determines how rapidly the flame front travels through the
fuel/oxidizer combination in turbulent conditions Because of its relevance to the
Issue, this discussion will be limited to flames that spread spherically Measurements
of the velocities of laminar flames are discussed in detail by De Vries (De Vries
2009)[26]. A spreading flame in a sphere is one of the most common geometries for
studying laminar propagation velocities The experimental setup is a sealed cylinder

or spherical container with a central hole for a spark plug.

A spherical flame starts to spread at virtually constant pressure, and then the
pressure rises dramatically (usually by a factor of 10 to 7) Flame propagation rates
can be estimated by visually monitoring the flame's expanding radius or applying a
thermodynamic model to the dynamic pressure trace of the combustion process.
Flame grenades may be observed at two different velocities (Bradley, Gaskell et al.
1996)[27]. For starters, the rate at which the flame's front edge spreads into the
unburned meélange (or any other surface within the flame, as determined by
diagnostics) is a key factor. This measurement is the rate at which unburned gases
are consumed at the flame front and is also known as stimulation, engulfment, or
displacement speed. Using the pressure tracer from a dynamic pressure sensor
located within the flame explosion, one may calculate the rate at which burned gases
are produced by multiplying the pressure trace by the density of the burned gases.

The term "laminar combustion velocity" describes this phenomenon.

Designers of internal combustion engines (IC engines) are interested in flame

speeds (how far a flame goes when ignited). When calculating the pressure rise due

17
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to an explosion, the latter value (burning velocity) is relevant in safety applications.

For non-stretching, planar flames, the two speeds are the same.
2.3  Turbulent flame brush

A turbulent flame brush refers to the structure and behavior of a turbulent flame, a
combustion process involving a mixture of fuel and oxidizer in the presence of
turbulence. In a turbulent love, the flame front is not a simple, smooth surface but a

complex, wrinkled structure known as a flame brush.

Various flame fronts with varying curves and intensities characterize the flame
brush. It consists of a network of flame surfaces, with areas of high flame intensity
known as "flamelets" interspersed with lower-intensity regions The flame brush
structure arises due to the interaction between the turbulent flow and the chemical

reactions occurring in the flame.

Turbulence plays a crucial role in enhancing combustion by increasing the mixing
of fuel and oxidizer, which leads to quicker reaction rates and higher heat release.
The turbulent flow causes the flame to fold, stretch, and interact with different
regions of the mixture, resulting in a highly complex flame brush
structure(Tamadonfar and Gulder 2015)[28].

The flame brush concept is essential in understanding the fundamental
characteristics of turbulent combustion, such as flame propagation, flame
stabilization, and pollutant formation. It is particularly relevant in practical
combustion applications, such as internal combustion engines, gas turbines, and
industrial furnaces, where understanding and controlling turbulent flames is crucial

for efficient and clean combustion.
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Contact a turbulent flame A laminar flame front is a high-temperature zone (light
wave) that travels into an explosive mixture at laminar flame speed. In contrast, a

turbulent flame brush (t) is denser than a laminar flame.(Benim and Syed 2015) [29]

Depending on the flow turbulence, the laminar flame structure may be
maintained. The combustion zone, bounded by burned and unburned gases, is called
the flame brush. Based on the turbulent flame brush, the numerous flame
morphologies typically employed in premixed turbulent combustion can be divided

into two main categories(Lipatnikov 2012) [21]:
(a) developing or growing a flame brush
(b) fully evolved flame brush

Examples of the former include Bunsen burners, v-flames, and fan-stirred
explosives. In contrast, the latter consists of twin counter-flows, stagnation flows,

and low-swirl flames (see Fig. 2.1).

A fluctuating flame with a spatially airable flame brush is stabilized at the burner
periphery for the Bunsen flame. The thickness of the flame brush increases as one

moves away from the flame receptacle.
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(a) Bunsen burner (b) v-flame ] (c) Fan-stirred bomb

dy(t)

Fft
(d) Twin- Counter flow flames (e) Stagnation- stabilized Flame (f) Low-swirl flame
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Figure (2.1) Turbulent flame brush thickness. Developing flame brush (brush thickness
varies spatially or temporally) - (a) Bunsen burner (b) v-flame (c) fan-stirred bomb. Fully
developed flame brush (characterized by constant brush thickness) (d) stagnation flow

burner (e) low-swirl burner

The result is the formation of an inverted conical v-flame, which is stabilized by
recirculation zones behind the rod Figure (2.1) Turbulent flame brush thickness.
Developing flame brush (brush thickness varies spatially or temporally) (Halouane,
2017) [30].

For the Bunsen flame, a fluctuating flame with a spatially variable flame brush is
stabilized at the burner's periphery. As one proceeds away from the flame receptacle,

the flame brush increases in thickness. Putting a rod in the center of the burner's
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outlet produces a V-shaped flame. As a result, recirculation zones behind the rod

stabilize the formation of an inverted conical VV-flame.

Extends in a spherical manner. The turbulent flame brush is created by turbulent
eddies' random advection of the flame's surface (Lipatnikov 2012)[21]. In such a
framework, Taylor's law of turbulent diffusion governs the development of the
mixture layer, comparable to the flame brush's expansion. Consequently, the

increase in bristle thickness can be represented by(Renou, Mura et al. 2002) [31].

0.5
S, =V2m L {Zt’ [1 —% (1- e—t’)]} (2.1)
Ly = LT/<1 + SE/Zu,> (2.2)
T =Ly/u’ andt' =t/ty (2.3)

Statistically, stationary flame brushes can also be attained in premixed turbulent
combustion. The mean brush thickness is constant after the initial ignition transient
for twin-counter flow, stagnation, and low-swirl flames. Nevertheless, the principle
regulating these flames' vegetation growth differs from the developing flames
discussed earlier. Here, the mean flow is decelerating away from the burner for the

completely developed brush case.

For example, the velocity fields of a stagnation flame can be characterized as ux
= U — atx and ur = atr/2 for the axial and radial velocities respectively (x is the
distance from the burner output) (Lipatnikov 2012) [21].

As we move away from the stagnation surface, the random advection of the flame
by turbulent eddies is countered by the strong mean flow gradient (at the mean strain

rate).
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The mean strain rate then limits the flame brush's fluctuations The same principle
can be applied to twin-counterflow and low-swirl stabilized flames with divergent
mean flows (from the burner output). While this class of flames is useful for
determining the properties of fully developed turbulent flames, practical flames (IC
engines and gas turbines) are developing in nature and take considerably longer
(~ttSL2) to reach full development. (Lipatnikov 2012) [21]

2.4  Reaction progress variable

In the context of chemical reactions, the reaction progress variable (also known
as reaction extent or reaction coordinate) is a measure that describes the progression
of a chemical reaction from the starting materials to the products. It quantifies the
time to which a reaction has occurred and provides a way to track the transformation

of reactants into products.

The reaction progress variable is typically represented by a parameter, denoted as
"x" or "&" (x1), which ranges from 0 to 1. At the beginning of the reaction, when no
products have formed, the value of the reaction progress variable is 0. As the reaction
proceeds and products are created, the value of the reaction progress variable

increases towards 1.

The reaction progress variable ¢ in a tumultuous flame brush identifies surfaces
by determining the degree of combustion completion, typically ranging from 0
(unburned gas) to 1 (burned products) defined as the normalized temperature,
density (Eq. 4),
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T— Ty ='0__ Pu
Tb_Tu Pp — Pu

(c) = (2.4)

The reaction progress variable is often related to the stoichiometry of the reaction.
For example, in a simple reaction where reactant A is converted to product B, the
reaction progress variable can be defined as the ratio of the amount of A that has

reacted to the initial amount of A present.

In fan-stirred explosives, optical techniques such as Schlieren imaging and
indirect methods, such as the pressure-trace method, are frequently employed. The
c of the average flame surface identified by the two techniques is distinct. Bradley
etal. (De Vries 2009) [26] discovered that the Schlieren edge coincided statistically

with a flame surface with an average c of 0.1. In the same investigation, they also

(a) (b)
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Figure 2.2 (c) Isocontours for various flame configurations- (a) stagnation flow-stabilized
burner (b) V-Flame (c) Bunsen burner (d) spherically (statistical) expanding flame. The

various isocontours in spherical flames are identified by their corresponding radii

23



CHAPTER TWO LITERATURE REVIEW

determined that the ¢ = 0.6 flame surface correlates directly with the radii deduced
from the dynamic pressure trace. Figure (2.2) shows different contours for a few
flame configurations. The reaction progress variable is useful for understanding and
analyzing reaction kinetics, as it allows scientists to determine the rate at which a
reaction occurs and to compare reaction rates under different conditions. It also helps
in the development and optimization of chemical processes and the design of

reaction mechanisms.
2.5 Turbulent propagation rates

Turbulent propagation rates refer to the speed at which turbulence propagates
through a fluid or gas. Turbulence is characterized by irregular and chaotic motion
of fluid particles, which can occur at various scales, from large-scale eddies to small-

scale fluctuations.

The propagation rate of turbulence depends on several factors, including the
nature of the flow, the Reynolds number, and the length and time scales involved. In

general, turbulent propagation rates are relatively fast compared to laminar flows.

In a turbulent flow, energy is transferred from large-scale eddies to smaller scales
through a process called energy cascade. This transfer of energy leads to the
propagation of turbulence throughout the fluid. The speed at which this propagation

occurs can vary depending on the specific flow conditions.

It is important to note that turbulent propagation rates are highly complex and can
be challenging to predict accurately. Numerical simulations and experimental
measurements are often used to study and characterize turbulent flows and their

propagation rates in specific situations.
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Dependency in the definition Two common measures of turbulent combustion
rates are global consumption (UT, c) and displacement speeds (ST, c), both of which

appear in the literature(Renou, Mura et al. 2002) [31].

The rate of global consumption is calculated by dividing the mass burned over a
mean flame surface by the product of the flame's surface area and the density of any

extra gases that aren't being consumed.

The measured wave speed is subtracted from the velocity of the unburned gas in
a direction normal to the flame to determine the displacement speed, also known as

the entrainment speed or engulfment speed.

ST, cis often calculated at the flame brush's periphery, whereas UT, c is typically
measured at the brush's center, where ¢ = 0.5, with a value of ¢ of 0.05 or 0.1

measured at the flame's front.

UT, ¢ might be used if the rate of consumption of reactants was required. ST, ¢
is sufficient for determining the rate at which the flame's leading edge will travel a
certain distance (for instance, within an engine). There should be no direct
comparison between consumption and displacement speeds It's only possible to

compare flame forms by their respective speeds within each category.

An easy way to illustrate the difference between the two definitions is to consider
the case of a planar turbulent flame with an evolving flame brush. Inside the brush,
you can make out several distinct "'c" surfaces, all moving at different velocities but
having the same total area (A) For spherical flames, this difference is proportional
to dT/dt, whereas for burner flames stabilized at the flame holder, it is proportional
to U/dT/dx (where U is the mean flow velocity and x is the axial distance from the
flame holder) (Lipatnikov and Chomiak 2002) [23].
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Therefore, the rate of displacement is what distinguishes one surface from
another. As a result, the displacement velocity inside the flame brush varies with ¢

and cannot be accurately defined for a flat scenario.

The global consumption speed for the planar turbulent flame(Lipatnikov and
Chomiak 2002) [23] is obtained by dividing the global burning rate over the flame
brush, d dt (c A dx), by u A; UT is independent of ¢ and is well-defined (a single
value) for the fundamental planar shape. Curved and defined by an evolving flame

brush, real flames have not yet been observed in practical applications.

Using the same reasoning, we can show that the curved flames cannot have a fixed
ST, ¢ value Since the areas of the different surfaces vary due to flame curvature, the
estimation of UT, c, also depends on the titer surface used. The divergence in
optimization, dependent on the flame shape, significantly affects the changes in

adjustments, speeds, and fuel consumption (Wabel, Skiba et al. 2017)[32].

Displacement speeds exceed consumption speeds in devices with diverging
streamlines, such as low-swirl burners and fan-stirred bombs. On the other hand,
Bunsen burner flames display an opposite pattern because of the negative-stretch
configuration, which is convex toward the unburned gas (Renou, Mura et al. 2002)
[31].

The turbulent combustion regime diagram is a graphical representation that
illustrates the relationship between turbulence intensity and combustion regime in a
combustion system. It helps to understand how the level of turbulence affects the

combustion process and the resulting flame behavior.

In the diagram, the x-axis represents the turbulence intensity, which is a measure

of the turbulent motion or agitation present in the combustion system. It could be
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quantified using parameters such as the turbulence kinetic energy or the turbulence
intensity scale. The y-axis represents the combustion regime, which refers to the

nature of the flame and its characteristics.

The diagram typically consists of multiple regions or zones that correspond to
different combustion regimes. These regions may vary depending on the specific

classification scheme used, but some commonly recognized regimes include:

Laminar Flame: This region represents low turbulence conditions where the
flame is steady and exhibits laminar characteristics. The flame front is smooth and

well-defined, with minimal flame wrinkling.

Turbulent Flame: As the turbulence intensity increases, the flame transitions into
the turbulent regime. In this region, the flame becomes highly wrinkled and exhibits
increased flame surface area due to the interaction with turbulent eddies. Turbulent

mixing enhances fuel-air mixing and combustion rates.

Distributed Combustion At higher turbulence intensities, the flame becomes more
distributed and fragmented. The combustion process becomes more chaotic, and the
flame no longer maintains a well-defined front. Flame structures become smaller

and more dispersed throughout the combustion region.

Turbulent Combustion In this regime, the combustion process is dominated by
turbulence. The flame is highly unstable, with intense flame front wrinkling and
significant flame interactions with turbulent eddies. Turbulent mixing becomes the
primary mechanism for fuel-air mixing and combustion (Poludnenko and Oran
2011)[33].
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The specific shape and boundaries of the regions on the diagram can vary
depending on the combustion system and the characteristics of the fuel being burned.
Experimental data and computational simulations are often used to determine and

validate the boundaries of each regime.

The turbulent combustion regime diagram is a useful tool for understanding and
optimizing combustion processes in various applications, including internal
combustion engines, gas turbines, and industrial furnaces. By analyzing the

combustion regime and its relationship with turbulence,

According to Damkohler (Peters 1999) [34], turbulent flame propagation may be
broken down into two distinct regimes: large-scale turbulence and small-scale
turbulence. The relationship between the furrowed flame front and the turbulent flow

field in large-scale turbulence is fundamentally kinematic and scale-free.

A function for a ratio of turbulent to laminar burning velocity in terms of the
turbulent magnitude u’ and SL (Eq. 5) (Pocheau 1992)[35]- with n, C =1) was
obtained by comparing the mass flux of unburned gas of a wrinkled flame surface
burning at the laminar flame speed with that of a mean flame front burning with the

turbulent burning velocity.

As turbulence altered the reaction zone and the unburned reactants, he
demonstrated that this ratio depends on the ratio of turbulent to molecule diffusivities
(Eg. 6). It is obvious that the turbulent burning speed is always greater than the

laminar flame, and this holds throughout all turbulence regimes.
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2.6 Spherically expanding turbulent flames

Measurement of turbulent flame speeds (ST) inside a fan-stirred vessel was first
demonstrated by Semenov (Yakovenko, Kiverin et al. 2022)[36]. Subsequently,
several research groups have developed similar apparatus. The flame kernel is
initiated at the center of the vessel and grows radially outwards while subjected to a
zero-mean, uniform turbulence. High-speed schlieren imaging, laser tomography,
and pressure trace measurements are the commonly employed measurement
techniques used to track the flame propagation rate. This configuration offers several
advantages over a burner-type setup wherein high mean flow velocities are required
to achieve strong intensity levels and to stabilize high SL flames on the burner.
Moreover, the uniformity of the flow field is difficult to control in a burner and is
affected by the downstream decay of turbulence due to boundary layer
interference(Renou, Mura et al. 2002) [31].

Table 1. Experimental conditions

Fuel/air
Conditions mixture u' (m/s) u'/U (%) Lo (mm) 77 (ms) ® S.” (m/s) «//S? Rer Le

Cl C;Hg/air (.34 9 6.5 191 1.00 040 0.85 146 1.40
C2 CHy/air (.34 9 6.5 9.1 1.00 037 092 146 1.01
3 H,/air 0.18 4 3.0 6.7 027 018 1.00 36 0.33
C4 C;Hg/air  0.51 12.5 6.0 [1.8 1.00 040 1.28 202 1.40
CS CHy/air ~ 0.51 12.5 6.0 [1.8 1.00 037 1.38 202 1.01
C6 H,/air 0.34 9 6.5 191 027 018 1.89 146 0.33
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A fan-stirred vessel eliminates such disadvantages associated with a flowing
system and enables flame speed measurements in HIT conditions even at large
values of u’. However, turbulent explosion vessels are extremely challenging to

design and are highly cost prohibitive to build.

Additionally, the problem of unsteady flame propagation is compounded by the
lack of a well-defined surface that can be used to tag the measured 46 burning
velocity. Nevertheless, recent studies ((Renou, Mura et al. 2002) [31]) have shown
these difficulties can be circumvented through appropriate assumptions. Table 2
surveys some of the existing facilities developed to study spherically expanding,
turbulent flames. Some cells in the table are left blank as data were not provided in
the literature. The two parameters that are commonly used to describe such flow
fields are the turbulence intensity (u’) and the integral length scale (LT). There is
sufficient clarity on the effect of u’ on turbulent flame speeds. ST initially increases

with u’, reaches a maximum and then decreases until flame quenching is observed.

Table 2. Mean direction cosine

Fuel fair /S, 1f{feost])  STD((C).t)  1/{e,)) STD((CLe)  (I|eost]) STD({C).t) (Ula}  STD({C).1)
mixture

Propane/air 083 1.60 0.015 192 0.017 i 0.158 316 0.173
Methane/mr 092 1.58 0.024 190 0.019 2% 0.313 310 0.230
Hydrogen/air 100 1.50 0.018 181 0.018 17 0332 191 0.293
Propane/air 1.8 1.5 0.012 189 0.013 30 0.166 319 0.189
Methane/mr 138 1.57 0.015 188 0.016 1% 0.267 308 0.219
Hydrogen/mr 189 1.54 0.017 1.83 0.014 250 0.197 196 0.188
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At low-intensity turbulence (u’ < SL), flame propagation dominates the flame
wrinkling caused by turbulence, and this regime is not of relevance to industrial
systems. However, at higher intensity levels (u” > SL), marked intensification of
flame speeds due to the enhanced heat and mass transfer rates is affected by turbulent

diffusion.

The turbulence intensity inside a fan-stirred vessel is typically varied by adjusting
the rotational speeds of the fans. The mean velocity is negligible at the center of the

vessel and gradually increases as the fans are approached.

A majority of the facilities listed in Table 1 report a uniform velocity field in a
spherical region at the center of the vessel with the exception of two studies.
Leisenheimer and Leuckel (Zhen and Leuckel 1997)[37] and WeiB et al. (\Weil3,
Zarzalis et al. 2008)[38] have indicated the existence of a non-linear, radial velocity

distribution inside a spherical flame speed vessel
2.7  Turbulent combustion regime diagram

The turbulent combustion regime diagram is a graphical representation that
illustrates the different combustion regimes experienced in turbulent flow
conditions. It typically plots the turbulence intensity (or turbulence level) against the
Damkdhler number (Da) or the Karlovitz number (Ka)(Martinez-Sanchis, Sternin
et al. 2022) [39].

The turbulence intensity characterizes: The level of turbulence in the flow,
indicating how turbulent the mixture of fuel and oxidizer is. It is usually measured
using parameters such as the turbulent kinetic energy or the root-mean-square

velocity fluctuations.
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The Damkohler number (Da) and the Karlovitz number (Ka): provided
information about the relative timescales of chemical reactions and turbulence in the
combustion process. It is defined as the ratio of the characteristic turbulent timescale

to the characteristic chemical reaction timescale.

The Damkohler number compares the turbulent mixing timescale with the
chemical reaction timescale, while the Karlovitz number compares the turbulent

eddy turnover timescale with the chemical reaction timescale.

The turbulent combustion regime diagram typically consists of multiple regions

or zones that represent different combustion regimes. These regimes include:

Laminar Flamelet Regime: This regime occurs at low turbulence intensities and
low Damkohler or Karlovitz numbers. In this regime, the combustion process is
primarily governed by laminar flame propagation, and the flame structure is

relatively unaffected by turbulence.

Distributed Reaction Regime: This regime occurs at moderate turbulence
intensities and intermediate Damkdohler or Karlovitz numbers. In this regime, the
combustion process is influenced by both turbulent mixing and chemical reactions.
The flame structure becomes more wrinkled and fragmented due to the interaction

between turbulence and combustion.

Turbulent Flame Regime: This regime occurs at high turbulence intensities and
high Damkohler or Karlovitz numbers. In this regime, the combustion process is
dominated by turbulent mixing, and the flame structure becomes highly convoluted
and fragmented. Turbulent eddies promote rapid mixing of the reactants, enhancing

combustion.
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The boundaries between these different regimes on the diagram are not sharply
defined but rather represent transitional regions where the influence of turbulence

and chemical reactions gradually changes.

In turbulent flame propagation, Damkoéhler hypothesized that large-scale and
small-scale turbulence could be distinguished. In large-scale turbulence, the
interaction between the furrowed flame front and the turbulent flow field is

inherently kinematic and scale-free.

The ratio of turbulent to laminar burning velocities can be calculated in terms of
the turbulent intensity u’ and SL (Equation 2.5) (Pocheau 1992) [39]- with n, C =1)
by comparing the mass flux of unburned gas from a wrinkled flame surface burning
at the laminar flame speed to that of a mean flame front burning at the turbulent

burning velocity.

Because turbulence altered both the reaction zone and the unburned reactants, he
demonstrated that this ratio is proportional to the ratio of turbulent to molecular
diffusivities (Equation 2.6). The turbulent flame travels faster than the laminar

flame, regardless of the turbulence regime.

' 1
ForIarge-scaleturbulencel,ssl =1+C (’;— )™ )n (2.5) For
L L
st _ (Pe\*® _ curlryos
small-scale turbulence, 5 = (D) = (SL 5 ) (2.6)

Where LT represents, respectively, the integral length scale of turbulence and the
laminar flame thickness, several regimes of turbulent combustion have been
identified and classified in the Borghi diagram (Fig. 2.4) (Borghi 1985)[40] since
the classical Damkdhler formulation. Re, Da, and Ka define the boundaries of the
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Borghi diagram, a log-log plot of the normalized intensity (u’/SL) and the

normalized turbulence length scale (LT/).

The region below ReT = 1 defines laminar flame propagation. In the region
circumscribed by ReT 100, a weak turbulent sub-regime exists in which the turbulent
field does not adhere to the classical Kolmogorov scaling. Re > 1 characterizes the
numerous tumultuous combustion regimens considered here. When chemical time
scales are longer than turbulent ones, the well-stirred reactor regime corresponds to
Da 1. When Ka 1 and Da > 1, the flame mode of turbulent flame propagation is

present.

In the flamelet mode, the laminar flame structure, which consists of the reaction
and preheats zones, is unaffected, and the flame front propagates as laminar flame
segments furrowed by the superimposed turbulent field. In the flamelet regime, the

smallest eddy present in the turbulent flow is larger than the laminar flame thickness.

The increase in turbulent burning rate is controlled by two competing processes:
the creation of the flame surface area via wrinkling by turbulent eddies and the
destruction of the flame surface area via self-propagation of the leading edge of the
flame brush(Lipatnikov 2012) [20].
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The flamelet mode can be subdivided into the wrinkled and corrugated flamelet
regimes (mild and moderate turbulence, respectively), and u’/SL= 1 separates the
two regimes. Ka = 1 (the Klimov-William’s limit) distinguishes the flamelet from

the distributed-reaction-zone regime (Ka > 1 and Da > 1) of turbulent combustion.
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Figure (2.4) Classical turbulent combustion regime diagram (Borghi

diagram).
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2.8 summery

The terms employed in premixed turbulent combustion pertinent to this study
were thoroughly discussed. As a flame is rippled by eddies in a turbulent flow, a
dense zone with density fluctuations and heat release proportional to the

concentration of unburned gas is produced.

Such dense zones are typical of turbulent premixed combustion and are known
as the turbulent flame brush. The numerous geometrical configurations of premixed
turbulent combustion were categorized as flame brushes that were either growing or
fully developed. The flames of a Bunsen burner, a V flame, and a spherically
expanding flame varied. The density of the bristle For the Bunsen burner and V-
flames (spatially variable), the brush thickness increased in the axial direction away

from the burner outflow.

In contrast, for fan-stirred explosives (temporally variable), the brush thickness
decreased as the flame expanded. Flow deceleration away from the burner exit in
twin-counterflow, stagnation flow, and low-swirl-stabilized burners enabled the
brush to adjust to flow perturbations, resulting in nearly constant thickness or a fully

developed flame brush.

Similarly, the growth in flame brush thickness can be predicted using Taylor's law
of diffusion, and flames in practical combustion systems such as gas turbines and

internal combustion engines are also characterized by expanding flame brushes.

The reaction progress variable, whose values ranged from 0 (for reactants) to (for
products), was used to distinguish between different flame surfaces within the flame
brush. The propagation rates for all geometries varied based on the response progress

variable.
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The reaction progress variables (c) were specified at various radii within the flame
brush of fan-stirred explosives, and their corresponding flame surfaces expanded at
different rates. The c of the two most commonly used diagnostic methods in fan-
stirred explosives, Schlieren imaging and the pressure-trace method, was (100, 200

and 300 kPa) respectively

Two definitions of turbulent combustion rates have been clarified in depth Global
consumption speeds were the rate at which gases were burned, while global
displacement speeds were the rate at which a tumultuous flame front diffused into
an unburned mixture. Streamline divergence led to a disparity between the two rates.
While consumption speeds can be unambiguously defined for planar and tumultuous

flames, propagation rates are not well defined for curved flames.

Moreover, within each group, the rates varied based on the flame surface used (a

variable for reaction progress).

Finally, the traditional Borghi diagram for turbulent combustion regimes was
discussed. The flamelet mode, which maintains the laminar structure of the flame,
and the narrow reaction zone regime, in which turbulent eddies penetrate the
preheating zone and modify radical transport, have been identified. Using the non-
dimensional parameters Reynolds, Damkohler, and Karlovitz numbers, the
boundaries between the creased and corrugated flamelet, restricted reaction zones,

and well-stirred reaction regimes were determined.

Laminar-flamelet instability (Darrius-Landau) persisted only at low turbulence
levels (u’ SL), and the region affected by the instability was depicted on the 1Borghi
diagram.
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2.9 Aims of The Study

The main aim of this study is to use ammonia as fuel is a practical approach to have
the way towards allowing a carbon economy. Ammonia consists of approximately
18% of hydrogen in mass and is accepted as an enabling factor for the combustion

of hydrogen with current transport and storage infrastructure.

Liquefied gas petroleum is a good catalyst for ammonia gas during the combustion
process due to the high flame speed of LPG compared to ammonia gas, the Boiling
point for ammonia equal (-33.34 ° C), and the Boiling point for LPG equal (- 44 °C)
the fuel (ammonia and LPG) and air with pre-calculated data into the combustion
chamber, an ignition system, consisting of a coil, electronic push-button, and two
opposite electrodes are used to ignite fuel/air mixtures and used in this optical study
technique, Schlieren photography, and high- speed camera. the experiment
conducted with different initial pressure (100 — 200 — 300 kPa) and initial
temperature of (298K). Besides.

the tested equivalence ratios range (0.8, 1, 1.3). The objectives of this work are to

use different percentage ammonia and LPG as fuel

To measure experimentally the turbulent flame speed of premixed LPG/ ammonia

/Alr mixture.

e To use different percentage ammonia and LPG as fuel

e To measure experimentally the turbulent flame speed of premixed LPG/

ammonia /Air mixture.

e To calculate the turbulent burning velocity
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Chapter three

3.1 Introduction

An existing laminar flame speed bomb was upgraded to measure turbulent flame
speeds as a part of study, to that effect, mixing impellers were installed inside it to
generate HIT conditions. The impeller geometry was optimized model of the vessel,
The objective of this chapter is to provide a complete description of the features of
the upgraded flame bomb and the associated experimental procedure, and is
organized as follows, First, the high-pressure, cylindrical laminar flame bomb is
introduced. The features of the fan-stirred vessel are then described. For simplicity,
schlieren photography was adopted as the diagnostic technique for both laminar and
turbulent combustion studies. The post processing procedure used for laminar flame

studies was modified for turbulent flames.
3.2 Experimental setup

A description of the experimental rig the chamber and measuring instruments used
to investigate experimentally effect of ammonia blending ratio with LPG on
combustion system safe operation and flame stability are presented. All experiments
were conducted in the Mechanical Engineering Department Laboratories at the
University of Babylon [41] The complete setup rig is shown in figure (3.1). It

consists of the following units:

. Combustion chamber unit

. Ignition system and Control unit

1
2
3. Impeller Unit
4. Mixture Preparing Unit
5

capturing unit
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A
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Figure (3.1) photograph of the experimental rig and tools used in the study
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3.2.1 Combustion Chamber Unit: -

valve vacume punp

—— - o 10 atmosphere

%—%— H3&—t0 atmosphere

mq /comk)ustion chmber

nirror
I _ igh-speed camara

—91
I——I

ulse circuit

lom

pressure transmittersenser CDI circult Syl o

Figure (3.2) schematic diagram for the experimental rig setup
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3.2.1.1 Combustion Chamber

A cylinder with a fixed size made of stainless steel that is resistant to
experimental conditions, material type Stainless — steel type 304, and its

thickness is 12 mm and contains six holes with a diameter of 15 mm .

The volume of the cylindrical chamber is (0. 04899 m?) with an inner diameter
of 395 mm, length 400 mm, two flanges with 12 mm thick lower and upper
flanges with diameters of 407mm and 570 mm respectively, which have been

made of stainless steel in order to resist the external conditions.

These flanges have been joined with the combustion chamber by sixteen of the

hex bolts type 12.1 for every one of the flanges.

The resister—pressure quartile windows of (100 mm, 140 mm) size have been
installed on two combustion chamber sides by the flanges for the purpose of

allowing the processes of combustion to be accessible optically [42].

The cylinder was provided with two electrodes that was connected centrally to the
system of the ignition as shown in figure (3.3). A pressure gauge of type QYBO?2
SERIES PRESSURE AND DIGITAL PANAL METER - SERIES.

A fan system was added to obtain turbulence inside the combustion chamber.
Four electric motors were installed at an angle of 45 degree using channel iron.
And 10 mm thickness plate was welded to it, with four holes perforated for the

purpose of installing the electric motor base.

The electric motor was connected to a rotating shaft, and the rotating shaft
was connected to a mechanical system containing rollers and a seal. Mechanical,
and the group was connected to the fans of the electric motor that needed

cooling, so a system of pumps was connected to circulate water inside the
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electric motor through a special passage for this purpose. Has been installed in

the combustion chamber as shown in figure (3.4).

Figure (3.3) Photograph of the Combustion Chamber Unit.

3.2.1.2 Pressure Gauge Transmitter: -

This series of products is suitable for petroleum, chemical, metallurgy, electric
power, water conservancy, scientific research, environmental protection, and other
various enterprises and institutions, to realize the measurement of fluid pressure and
Is suitable for various occasions all-weather environment and all kinds of corrosive
fluid.
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- Features Pressure Gauge Transmitter

1.
2.
3.
4.
S.
6.

-Specifications Pressure Gauge Transmitter

Multi measure range selection

Digital LCD display

Convenient debugging for zero range
Intrinsically safe explosion-proof
High performance-price ratio

High precision & stability

Measure range -0.1 - 100 MPa Precision 0.2% - 0.5%
Overload Output Output wi h
Stability <0.1% /year Power supply
Display 5—digit LCD Display range -
Operating - Relative humidity <80%

temperature
Thread M20 * 1.5 Interface material | Stainless steel
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SE B W A

Pressure Transmitter Control Pressure Transmitter

e

Figure (3.4) QYB102 Pressure Transmitter
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3.2.1.3 Thermal Gasket: -

To get the required scaling for the combustion chamber and to make sure that no
leakage between the flanges. Two thermal gaskets are utilized for every one of the
flanges of (1.5). The gasket has made of material thermal asbestos gasket, which is
partly yielding such that it can be deformed and fill spaces that they have been
designed.

Figure (3.5) Detailed views of the using Thermal Gasket

3.2.1.4 Safety Valve: -

A safety Valve is installed in the lower edge of the combustion chamber for the
prevention of any extreme increase of the pressure, which results from the burning
procedure within a chamber, and is seized for opening at a high level of the pressure

(i.e. 60 bar) for the purpose of avoiding explosions or damage of cylinder.
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3.2.1.5 Impeller Unit: -
3.2.1.5.1 Motor

The electric motor was used for the purpose of moving the fan and making
turbulence, as a special type was chosen for this purpose. This electric motor has
several advantages, including speed control by controlling the frequency, as it can
work from 0-400 Hz and a capacity of (2.2) kilowatts.

— 2 .25-HP Motor

— Flexible bellow coupling

Cartridge Housing

Angular contact ball bearings

Grease-packed spacers

Custom-made lip seals

Impeller shaft (finely balanced)

Impellers

Figure (3.6) Detailed views of the impeller assembly. Various components

namely, coupling, cartridge housing, bearings, spacers and seals are shown
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Figure (3.7) Detailed views of the spindle motors

Water-cooling is a common method used to cool down spindle motors during
operation, especially when they generate significant heat. Water is circulated
through the motor to dissipate the heat and maintain the motor's temperature within
safe operating limits. This cooling method helps improve the motor's performance,
reliability, and longevity 2.2 kW power rating suggests that the motor can deliver
2.2 kilowatts of mechanical power during operation. This power level determines
the motor's capability to drive the spindle and perform cutting, milling, or other
machining tasks. It is important to consider the power requirements of the specific

application to ensure the motor can handle the workload effectively [43].

When using a water-cooling spindle motor, it's necessary to have a water-cooling
system in place. This typically involves a pump, hoses, and a radiator or heat

exchanger to facilitate the circulation and cooling of water through the motor. The
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water-cooling system helps maintain the motor's temperature, preventing

overheating and ensuring optimal performance.

Overall, a 2.2 kW water-cooling spindle motor is a powerful component used in
various industrial machining applications, providing efficient cooling and reliable

operation for demanding tasks [44].
3.2.1.5.2 Controller speed

Frequency control is one of the important parts that have been added, as this
device controls the amount of fan speed using frequency, where the speed is
controlled by increasing or decreasing the frequency value. This device has the
ability to connect four electric motors and they are controlled at the same time, and

this gains a lot of time and gives High accuracy of work

pla—c
=

s —

Figure (3.8) Details views of the Controller speed
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Ente’r 38.0v Spindle motor plug

3 4

Ground

Figure (3.9) Details views of the Controller speed

Inverter advantages

1. The output voltage adjustment method is PWM control and easy to use
2. Protection functions are very strong

3. Built-in fan overheat protection

4. Overload, overcurrent protection

5. Powful function
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Inverter characteristics

Restart after instantaneous power failure: after instantaneous power failure, it can

be restarted by frequency tracking mode

1.

2.

Stall prevention: Stall prevention during acceleration/deceleration operation.
Short circuit of output terminal: electronic circuit protection

Protection function: return current, overvoltage, under voltage, overload,

overheating, voltage anti-stall, current anti-stall, etc.

Other functions: reverse rotation limit, direct start and fault reset function after

booting, parameter lock, etc.

Overload protection: G type machine: 110% rated current for 10 minutes; 150%
rated current per minute, 180% rated current per second
P type machine: 100% rated current for 10 minutes; 150% rated current per

second

Overvoltage: 220V line: DC voltage>400V; 380V line: DC voltage>800V
Insufficient voltage: 220V line: DC voltage <200V; 380V line: DC voltage
<400V

3.2.1.5.3 Water pump

Water pumps were used for the purpose of cooling the electric motors and were

carefully chosen in order to cool them well. A tank of 1000 liters of water was used

in order for the pumps to withdraw water from the tank and push it through plastic

tubes and into the electric motor, where there is a water inlet that surrounds it,
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allowing water to enter around the motor. And his exit from another special hole
with another plastic tube to reach the tank

80W 220V
3.5M 3500L/H

Voltage ~ 220-240

frequency 501
108mm i
power -+ S0}

UG WWES

head -, 3, 5n

flow ; 3300L/H
Outlet : 13mm, 16mm, 19mm, 25mm

size  + 15, 3X8.8X10.8cm

Water pump must fully immersed in water

Figure (3.10) Details views of the water pump
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3.2.1.5.4 Mechanical rotation and fans

A mechanical rotation part was added to control the rotation of the fan, as well as
isolation of the combustion chamber due to the work of holes for the fan and to give
friction to the rotor axis with the outer hull of the combustion chamber and to prevent
fuel leakage from the combustion chamber, so a part called the mechanical seal was
placed A mechanical seal is a device used to seal the gap between two surfaces in
mechanical equipment, typically rotating shafts or spindles, to prevent leakage of

fluids such as liquids or gases. It is commonly used in various industrial applications,

including pumps, compressors, mixers, and other rotating equipment [45].

Figure (3.11) Detailed views of the spindle motors and assembly part
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Mech. seal Eaft coupler

Bearing

Bolt and nut ' ‘

o &
(@R
o @®

‘ assembly part |

Figure (3.12) Detailed views of the assembly part

The primary purpose of a mechanical seal is to create a barrier between the process

fluid inside the equipment and the external environment. This barrier prevents the
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fluid from leaking out and contaminants from entering the system. Mechanical seals
are designed to withstand high pressures, temperature variations, and the rotational
movement of the shafts,[46] Here are some key components and features of a typical

mechanical seal:

Seal Faces: Mechanical seals consist of two primary seal faces, known as the
stationary seal face and the rotating seal face. These faces come into contact with
each other to create the seal. Common materials used for seal faces include carbon,

ceramic, tungsten carbide, and silicon carbide [47].

Secondary Sealing Elements: In addition to the primary seal faces, mechanical
seals may include secondary sealing elements such as O-rings, gaskets, or
elastomeric bellows. These components provide additional sealing and flexibility to

accommodate shaft movements.

Seal Housing: The seal housing holds the seal components in place and provides
support. It typically includes a gland plate or gland follower that applies the
necessary force to maintain proper contact between the seal faces. Springs:
Mechanical seals often incorporate springs to apply a consistent force between the
seal faces. These springs compensate for wear and thermal expansion, ensuring an

effective seal over the life of the equipment.
3.2.1.5.5 Impeller

in the study, radial-type fans used experiments. These fans were designed to
direct the flow towards the walls of the vessel rather than towards the center. This
particular configuration was chosen because it was found to result in higher
turbulence intensities, which are beneficial for mixing applications in chemical

reactor designs [48].
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The study focused on two important geometric parameters of the fan blade
design: the pitch angle (measured in degrees) and the number of blades. These
parameters were systematically varied to understand their effects on turbulence

intensities and mixing efficiency.

Figure (3.13) Detailed views of the Impeller

Pitch Angle: The pitch angle refers to the angle between the fan blade's chord line
and the direction of the fluid flow. By adjusting the pitch angle, control how
aggressively the fluid was pushed by the fan. Higher pitch angles might generate

more turbulent flow patterns, potentially leading to better mixing.

Number of Blades: The number of blades on the fan is another critical design
parameter. A higher number of blades could lead to more frequent interactions with
the fluid, enhancing turbulence and mixing. On the other hand, too many blades

might also create more resistance, affecting the overall efficiency.
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Figure (3.14) Detailed views of the Impeller inside the combustion chamber

Experiments with different combinations of pitch angles and blade numbers to
observe how these variations influenced turbulence intensities and mixing efficiency
within the chemical reactor.

The results of the study could provide valuable insights into optimizing the
design of radial-type fans for high-shear applications in chemical reactors, allowing
for more efficient mixing processes and potentially improving the overall reactor

performance.
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3.2.1.6  Vacuum pump

The chamber of the combustion is emptied from the products of the combustion
and then cleaned by the air after every process of combustion utilizing by using
vacuum pump type an %2 HP, 220V-50HZ.

CULMI MFP-86CC (28 L/MIN) 2-IN-1 VACUUM & PRESSURE TEST PUMP (220V/50HZ)
Pressure Test Vacuum Test (28L/Min Or 0.99 CFM)

Vacu nnect —

With Safety Valve

Active Pressure
320PSI

Note:

Without Safety Valve
Can Achieve Beyond
The Pressure In PSI!

!
./
R
\

Figure (3.15) Detailed views of the using vacuum pump

3.2.2 Ignition Circuit: -

For the purpose of producing a strong spark, an electronic circuit has been utilized
for providing power to the electrodes as shown in Figures (3.5 a and b) A continuous
current energy source is produced from a current—line converter (220 VF). The
transformer (2*5000 V) HOSEL) is 10 KV at peak. The electronic circuit is utilized
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for controlling the spark duration, it is placed in front of the transformer for the

production of on/off for the initiation of spark in the chamber of the combustion

Ve 16x2 Character 1L.CD
Wt 7805 ournt L P
612V | | 5V V-
% (11}
[}V [ AN
o § |
>
\ o ), Sv - 2 10K (hen now o
Ne & g 908 B2, 25883885
H |
'“" u’ = - Tnj0 hOIO’IOv—wuv
ts - GND
“le R1 *
o 10k
== U1 10 RV1
3 3| REsEr vee PCOSCL |-
i PC1/SOA —Z% 10k
L u PCTCK —gg
XTAL2 PCaTH (=2
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Figure (3.16) Schematic Diagram of Electronic Circuit for the Ignition Unit.
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Figure (3.17) Photograph of The Electronic Circuit Controlling the Duration of
Ignition. (CDI)

Figure (3.18) Photograph of Transformation Type

Ignite the mixture at appointing along the central axis of cylindrical with the use

of intensive discharge flaring (CDI). The spark electrode diameter is 2.0 mm and the
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spark gap is fixed at 1.5mm. Electro-static energy that is charged in the CDI circuit

capacitor

/ .
B ra

_

Electrode

Figure (3.19) Modified Electrode Used in the combustion chamber
3.2.3 Mixture Preparing Unit: -

The mixing process is based on Gibbs — Dalton law of partial pressures for
each component depending on the blend, equivalence ratio, and the total mixture
pressure. The preparation of the mixture is done inside the combustion chamber in

the following steps:

. The recalculated volume of liquid is injected by syringe to the combustion chamber
through the liquid fuel injection valve. the required volume of the fuel is calculated

from its vapor partial pressure according to the ideal gas law PV=mRT

The required gaseous fuel is admitted from its tank to the combustion chamber
according to its partial pressure, while opening the inlet and pressure transmitter

valves, and closing the other valves.
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. Evacuated the gaseous injection unit, and the tube which connects it to the
combustion chamber, because it contains a gaseous fuel from step (c). This process

takes place by turning the switch of vacuum pump on, while closing the inlet valve.

. Air is admitted to the combustion chamber until reaches the required total pressure,
by turning the switch of the air compressor on, while opening the inlet and pressure

transmitter valves, and closing the other valves.

The mixture is left for 5-6 minutes to ensure perfect mixing before igniting the

mixture.

3.2.3.1 Air Compressor: -

One compressor (OD DARI type, DEC 720/520HP4 40068, IT., 2002) has been
utilized for providing air at high pressure to the unit of the mix-preparation. The
capacity of the compressor is (270 Liter), works at (1160 RPM), and maximal

working pressure is (10.50 bar) as shown in Figure (3. 7).

Figure (3.20) Photograph Air Compressor
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3.2.3.2 NHzs Storage Tank: -

The ammonia fuel tank is a cylindrical bottle with a capacity of 40 kg a height of
1.20 m and a diameter of 30 cm, it contains a high-pressure valve with a value of
100 bar and is resistant to acid corrosion, and is connected to 1/2-inch stainless steel
tubes, and these tubes are connected to each other by welding and connected to the

ammonia gas pressure gauge.

To control more precisely the ammonia gas entering the combustion chamber, the
operation is carried out by placing a valve before the combustion chamber before
the position of the ammonia pressure gauge, as the ammonia gas needs a pressure

gauge of a special type within the required quantity.
3.2.3.3 LPG Storage Tank: -

The LPG Storage Tank is a cylindrical bottle with a capacity of 30 kg and
connected with a gas regulator that controls the amount of gas leaving the fuel tank.
This regulator is connected with the control unit through high-pressure plastic tube

that withstand 6 bar pressures.

Note that the pressure of a fuel tank during the opening of the fuel tank valve and
regulating the flow rate using the second regulator, the gas flows to the control unit

for the purpose of entering the gas into the combustion chamber,

The switch for the LPG gas is opened from the control unit, which in turn opens
the celluloid from closed to open to allow the passage of gas towards the combustion
chamber to complete the injection process, the main valve of the combustion

chamber is closed.
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3.2.3.4 Ammonia Gauge Pressure: -

Ammonia gauge Regulator, Dial size: 4° (100mm), connection: %2 * range (-1 to
12 bar) the gauge gives the gas pressure before entering the combustion chamber.
Also, a pressure gauge was used to control the amount of entering the combustion

chamber. As shown in Figure (3.8).
3.2.3.5 LPG Pressure Regulator: -

A pressure gauge was used to control the amount of LPG in the model AW40
and port size ¥4, 3/8, Y%, set pressure range 0.05 to 0 .85 Mpa, drain capacity (cm 3)
45, and Mass (kg) 0.72 to prevent the occurrence of ignition or Gas leakage because
the regulating meter has the property of non-leakage and non-return of gas in the

opposite direction as shown (3.22).

vac
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Figure (3.21) Photograph of Ammonia Gauge Pressure
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Figure (3.22) Photograph of the LPG Pressure Regulator

3.2.4 Control Unit: -

The control unit is an electric board. It contains a three-way solenoid valve in order

to control the type of gases entering the combustion chamber type Festo, so
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Figure (3.23) Detailed views of the control unit

Itis in a closed state in the normal position and linked to an open and close switch
to control the flow of gases entering the combustion chamber. The control unit, as
shown in figure (3.10) contains a transformer for the purpose of operating the
solenoid valve. It is operated on 24 volts, and the transformer converts the current
from 220 volts to 24 volts. The control unit is equipped with two display screens,
one of which helps to display pressure readings during the injection process, and the
other displays the temperature before conducting the experiment. The main purpose
of the control unit is to control the gases entering the combustion chamber during
the charging process and to measure the temperature of the laboratory during the

experiment.
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This unit is equipped with pipes connected with solenoid valves, and these pipes
are equipped with two valves on both ends of the control unit. The function of one
of these valves is to prevent gas from returning in the opposite direction during the
injection process. The second valve and its function are to empty the pipes from the

previous gas for the purpose of injecting the next gas.

PRESSURE
TRANSMITTER
combustion

solenaid valves : : ¢
QUTSIDE /
MOTIR
et O
Transformer suteagn-off GAUGE
] @
| VACUME PUP ONVERTER

Figure (3.24) Schematic Diagram of the Operation of the Control Unit
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The switch for the LPG gas injection is opened, as the gas begins to flow into the
combustion chamber at a rate of (0.06 - 0.16 m?% sec) as well as for the air. The
remaining gas is disposed of in the pipes after closing the combustion chamber valve
and opening the gas outlet valve for the purpose of unloading the pipes from the

previous gas, where the values and quantities of materials inside.
3.25 Capturing Unit: -

An optical system has been utilized for the visualization and recording of flames
and flame flashback process with a camera of high-speed. A source of light and a

concave mirror is depending on Schlieren photography from [49].

ombustion chmber
lirror

///ﬂgh-speed camara

ulse circuit

L £

lam

CDI circuit P ol

Figure (3.25) Schematic diagram for capturing unit
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3.2.6 Concave Mirror

A concave mirror is used for the generation of virtual as well as real object images.
Parabolic shape focuses the parallel ray’s o one point. The mirrors focal length was

68 cm and its diameter 40.5 cm. This mirror is shown in Plate (3.26a) and (3.26b).

Figure (3.26a) Concave mirror

light
g
Concawve mirror =
P

II i'll _/"’ ——

| | | ~ estarsa High speed camera
|\

|
- — B - -, J
| Facal length | Facal length

Figure (3.26b) Schematic diagram for capturing unit
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3.2.7 Camera and Light Source: -

The high-speed portable camera type (AOS-Q-PRI) with high accuracy of the
picture (3 M Pixel) and an inner memory of 1.3 GB and 16000 fps. Is used for the

purpose of measuring the spread of the flames as can be

As seen from Figure (3.11) the preparation that used in the experiment was
576x500 lams for 4,000 tyros/sec., the total time for recording was 1.10 seconds,

and 10% of the time designated as pre-operating for the purpose of ensuring

The fact that all of the operations were recorded in the case of operating the
operators, the ignition unit and the camera. A NE-2 Narrator with a size of 5 mm
(continuous current 12-volt energy) was placed in a closed box with one exit; a lens
(5 mm) focal length placed before the lamp to assemble and then disperse light, then

scatter it out.

Figure (3.27) AOS -Q PRI High-Speed Camera.
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3.3  Test Procedure: -

The mixing process relies on the Gibbs - Dalton Law for partial pressure of each
component of the mixture to obtain a precise parity ratio. The mixture was prepared

within the mixing combustion chamber. The total absolute pressure (5bar) per test
by: -
3.3.1 Combustion Chamber Preparation Processes

To make a homogenous mixture for exact equivalence ratio and Ammonia — LPG

—air blending, there are steps to prepare the mixing chamber.
3.3.2 Cleaning Process

The outer flanges are opened and then the rig lining is cleaned with a clean cloth
to get rid of the soot generated after the explosion process if any, as well as cleaning

the windows quartzes.
3.3.3 Vacuum Process

The vacuum process takes place by closing all the valves except the valves of the
vacuum pump and the vacuum gauge so that the pump can sufficiently clarify the
combustion chamber from any previous air until its pressure reaches approximately
(-0.95 bar). After the unloading process, leave the rig for five minutes, noting the
pressure transmitter and tracking the pressure to make sure that there is no leakage

of the mixture during the injection process inside the combustion chamber.
3.3.4 Mixing Process inside the Combustion Chamber

The gases are admitted into the combustion chamber after it is completely emptied
from the air. Ammonia gas is injected, then liquefied petroleum gas, and then air
from the special storage tanks for each gas. The mixture enters into the combustion
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chamber at required initial pressure, and after that, it closes all the fuses and waits
for a period of 10 minutes prior to the ignition for the purpose of stabilizing the
mixture, obtaining laminar flame, and sustaining a mixture free of the eddies and

turbulence.
3.3.5 Combustion and Recoding Processes: -
The homogeneous mixture was prepared in the preceding steps thereafter.

a) The initial values of the temperature and pressure shall be adjusted on the initial

status of the test.
b) The electronic transformer of pressure begins recording the pressure of combustion.
c) Determine the ignition duration (5-second ms).

d) D. High — Speed camera have to size at the time of formation (1.1) seconds with

10% pre — operability and the illuminating system begins to lighten
a) Both the ignition logging operators and the camera are moved.

b) The data is recorded and photos are captured. Step (a) has been repeated with a

variety of initial conditions.
3.4 Analysis Assumption

Laminar burning velocity can be calculated through a series of calculations, from
the Schlieren photographs taken during each test. To make use of data from the
bomb, many assumptions need to be made. These have been developed by many
authors. [50] Which include

The non—burned regular gas is in a state of restin principle

The total mass and volume of the contents of the receptacle are preserved
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. Pressure is supposed to be regular through flame during combustion analysis
. The mixture is burning in the middle of the pot with a small temperature entrance.

. The preface of flame extends to the outside spherically and remains the smooth flame

speed is fast enough to buoyancy is negligible

. The flame front itself is an external heat constant system

. The flame front is infinitely thin

. No chemical reaction and no dissociation occur in the unburned gas.
. There is no heat transfer between the zones

3.3.6 Mixing Ratio and Combustion Processes: -

A MATLAB program was written to calculate the induction pressures of mixing
for Ammonia, LPG fuel, and air according to the blend of ammonia. LPG is a

mixture of many types of hydrocarbons (Ethan, propane, butane, and pentane)

The volume percentage of a component of LPG is shown in table (3.1). Analysis

of LPG components provided from Hilla Gas plant shown in Appendix (B).
Table (3.1) LPG composition

Theoretical Analysis

Composition C2Hs CsHs C4H10 Cs5H12

Volumetric fraction % 0.95 66.01 32.42 0.62

The general form of chemical combustion equation
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aJNH; + (1-J)Z a1CaiHnmi [%](Oz‘f' 3.76 Ng)_> e, H,O +e,C0O;, +e3CO+Xx1 Oy

+e4N>
(3.1)

While:

2. a1 C niH mi= a1 CoHeta2CsHg+asCaH10+a4CsHa
Where:

n i: Equivalent NO. of Carbon atoms= 3.327

m i: Equivalent NO. of Hydrogen atoms =8.6542

Table (3.2) Symbols Definition

Symbols Meaning

J Ammonia volume fraction

%] Equivalence Ratio

ni Equivalent No. of carbon atoms

m Equivalent No. of Hydrogen atoms

e NO. of moles of H,O in products

e1 NO. of moles of CO, in products

es NO. of moles of CO in products

€4 NO. of moles of N in Products

X NO. of moles of O; in reactant

X1 NO. of moles of O, in products
x=3+ A=) @+ 7) (32)

Ammonia fraction J is calculated as: -
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= VnHs (3.2a)

VNH3+VLPG

Where Vpcand Vnps are the volumes of LPG and Ammonia respectively.

overall equivalence ratio for duel fuel calculated using the equation : -

(3.3)

Daltons Law of partial pressures indicates that the ratio of the partial pressure of

the fuel and the air is equal to their molar ratio : -

P=(—2—) i (3.4a)

nf+nair

For per unit mole of fuel from equation (3.2)

1
1+(4.76%x

Pr=( )Pmix (3.4b)

For a non — stoichiometric mixture, this is modified to:

1

Pf— Z767%. Pmix (34C)

1

While partial pressure for air is calculated from equation (3.4a) the partial pressure

of each constituent of the blend can be calculated by the same method

Pr = Pyyz + Prpg (3.4e)
Pyps =] * Pr (3.4f)
Ppg =(1—]) =P (3.4.9)

This should be done at a fixed temperature to obtain the best accuracy, although
changes in temperature can be compensated in proportion to the temperature
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accuracy measured before and after each gas added to the mixture, the mixture of
NHs/LPG is prepared in the ratio indicated in table (3.3) volumetric fuel is adjusted

to represent the composition.

Table (3.3) tested Fuel Blends

CsHa2 Stiochmetric air

/ fuel ratio (\Vol)

0 0.95 66.01 32.42 0.62 14.240
0.1 0.855 59.409 29.178 0.558 15.226
0.2 0.76 52.808 25.936 0.496 16.358
0.3 0.665 46.207 22.694 0.434 17.672

3.3.7 Stoichiometric Mixture are tested and the calculation for each test are
shown below
Ideal combustion, where fuel is ideally burned as equal combustion, full

combustion is the burning of the air  and fuel mass ratio leading to full fuel

combustion [ 51]. Stoichiometric Combustion for LPG gives: -

e1=(1-J).Ya n; (3.5a)
e, LDz m (3.5b)
es=0 (3.5¢)
e 4= 3.76% (3.5d)
x1=0 (3.5e)

x=e1+05e (3.5f)
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3.3.8 Rich Mixture are tested and the calculation for each test are shown
below
The rich mixture occurs when the amount of air available is lower than the

stoichiometric quantity , which means that there is not enough air to burn all
available fuel It is supposed that the hydrogen combines completely with the oxygen
and the rest of oxygen does not have sufficient carbon to be burned completely to
produce carbon dioxide This results in partial oxidation of part of the carbon-to-

carbon monoxide.

e1:3§-J-(1—J)za(n+?) (3.6 a)
e, =002 (3.6b)
e3:3%-e2—2e1 (3.6¢c)
e 4= 3.76% (3.60)
X 1=0 (3.6€)
x=e;+05e (3.61)

3.3.9 Lean Mixture are tested and the calculation for each test are shown
below
A lean mixture means excesses in the available air , where the reaction kinetics

and dissociation are neglected This excess air traverses the process without
participating in combustion, However, although it does not react chemically, it has
a consequence on the combustion process basically because it reduces the
temperature due to its capacity to absorb energy [52] The equation for the

combustion of a lean mixture is
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e1=(1-J).XYan, (3.7a)
FELPEESSR (3.7b)
es=0 (3.7¢)
e 4= 3.76% (3.7d)
x=e1+05 (3.7e)
X1= X * (1D — 1) (3.7)

3.4 Density Calculations

The density of the burning mixture to the non-burn mixture density is recognized

as the density ratio calculated assuming adiabatic equilibrium of burning gases .

Applying ideal gas law for the initial and final state to get |,

Pi=pRT; (3.8)
Ro

Where R specific gas constant. From equations (3.8 and 3.9) then,

PxM,y, ;
(pu)i = ' (3.10)

R-T

The unburned gas density (py) is computed by using the following equation that

derived from Dalton’s law

pu= Xair.p air + X fuel. P fuel (311)

Where X is the mole fraction for each component . This equation can also be used
to find the density of burnt mixture at adiabatic flame temperature . The initial and
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final temperature, the pressure, the components of fuel affect the density ratio and

equivalence ratio and density ratio will be: -

Density Ratio = Po (3.12)

Pu

3.5 Flame Propagation Analysis

The density ratios obtained from the GASEQ program to be used with the
experimental data obtained from analysis of the Schlieren photos to complete the

analysis of the process [54], [53].
3.6 Stretched Flame Speed Analysis

The density gradient appears inside the combustion chamber when the flame
radius is measured directly by Schlieren photography , the radius of the flame may
be in the shadow image, unlike the actual image because the photographic image

does not display the edge of the flame directly.

Flame radius is measured from Schlieren photography , the laminar flame speed

(Sn) from the radius — time of flames.

_drsch
Sn=—" (3.13)

The stretched flame speed is calculated using software (Tracker version 4.87) to
collect the Cartesian coordinates , by observing the front of the flame for each
subsequent frame, then the film is recorded by the high-speed camera and the output
data would be (S, r, and t) the table (3. 4) shows the setup of the Tracker Software
and how to measure the speed of the flame.

_dr _ rj+l-rj
dt  tj+1-tj

S, — (3.14)

The mean radius is assumed to be the radius that corresponds this speed.
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R +12) = rj+;+rj — (3.15)

The data are necessary as a result of this method, the data is dispersed, making it
Impossible to see a distinct pattern, because of averages of four half—diameters for
time per direction to calculate the speed of the flame given by.

((ri,j+n+1 - ri,j+n+2) + (ri,j—n—l - ri,j—n—2) + (ri+n+l,j - ri+n+2,j ) + (ri—n—l,j - ri—n—2,j )%

dt t -t (3.16)

The only advantage of the average technique with the tracking software is
particularly sensitive to small elevations compared to the endpoints. Large radius
effect becomes apparent due to the consequences of the thickness of the electrical
code and this increase the error due to a lack of the clarity in the photograph on film

and could arise from multi-sources [54].

Table (3.4) Setting of Tracker Software that Measuring Flame Speed.

Clip Setting

Start frame Changeable
Step size 5(frame)
End frame Changeable
Start time Changeable
Frame rate 4000f/s
Frame dt 2.50E-4s
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3.7 Flame Stretched Rate

A general stretch at any point on the surface of the flame is defined as the
Lagrangian time derivation of the logarithm of area (A) of any small element on the

surface

_ d(ind) _ 1 dA
dt A dt

(3.17)

For the outwardly propagating spherical flame, the flame stretch rate can be

deduced in the following form

da_z2dr_2 ¢ (3.18)

1
A dt rudt ru

The flame stretch rate o points out the expanding rate of the area of flame for
spherically expanding flame. Flame stretches rate expressions, regarding the
purposes an appropriate unified tensor expression, regarding the strain rate tensor os

and the stretch rate due to flame curvature, o that is:
o= O+ 0O (3.19)

During the pre-pressure period, there exists a linear relationship between the flame

propagation speed and the stretch rate that is:
Si-Sh=Lpa (3.20)

The Unstretched propagation speed, S; can be obtained as the intercept at =0
value in the plot of S, against a. The burned gas Markstine length L p, is the negative
slope of the S, — a fitting curve [55]. Markstine length can be defined as the decrease

in burning velocity per unit stretch.
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3.8 Turbulent Burning Velocity

In the initial stage of flame propagation, the total volume of the burned gases
is around 0.5% of the volume of the combustion chamber , the Unstretched laminar
burning velocity, uy, is related to S, through the mass conservation across the flame

front.

A ppSi=A py U (3.21)

—g Pb
u = S| o (3-22)
Where A is the flame front area, p,, and py are the unburned and burned gas
densities respectively. The Unstretched laminar burning velocity can be get from
equation (3.22), [56].

A universal turbulent burning velocity equation was developed by Bradley et al. [57]
using a constant-volume spherical combustion chamber. Experiments were
conducted under a uniform and isotropic turbulence at ambient pressure and

temperature conditions.

Flame imaging and spatial distributions of burnt and unburnt gases were performed
and measured by high-speed Schlieren images were also captured. In their
investigation, Bradley et al. [57] assumed that the volume of the unburnt gas (Vui)
inside a spherical flame of radius Rj is equal to the volume of the burnt gas (Vbo)
outside this radius, as indicated in Figure (3.28) where Rr is the root radius (the
smallest radius), Rt is the tip radius (the largest radius, located at the furthest tip of
the flame), Rj is the intermediate radius between Rr and Rt, muo is the mass of the

unburned gases outside Rj, mui is the mass of the unburned gases inside Rj, mbi is
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the mass of the burned gases inside Rj, and mbo is the mass of the burned gases

outside Rj

Flame Boundary B v e

Figure (3.28) Schematic representation of the reference radii and associated
masses of burned and unburned gases [57] Reference radii of a post-processed

turbulent flame

Thus, based on the volume assumption (Vui= Vbo), Rj is equal to the average radius,

Rv. By equating the two volumes, a mass conservation is deduced as follows:
mui/pu=mbo/pb (3.23)

where pu and pb are the burnt and unburnt gas densities, respectively for spherical
turbulent flame propagation, the mass rate of burning can be expressed in terms of

the spherical surface area 4mR;j2 and the unburned gas density as follows:

d(mbi+ mbo)

— = 4TRj?py Uy (3. 24)
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where utrj is the mass turbulent burning velocity indicated by the spherical
surface area 4Rj2. The mass burnt within the sphere of radius Rj can be expressed

by the product of its volume and density (pb) as:

mbl—(snR] pu)pb (3.25)

Thus, from equations (3.24) and (3.26), we obtain

. ) dR; dmy; dmp,
AR pyuer; = 47TR]2pud—t’—Z—Z%+% (3.26)

From the volume assumption, we found:

dmy; — dmpo (pu/l)b) (3 27)
dat dt '

the last two terms of Eq. (3.26) become zero, and hence the turbulent burning

velocity at radius Rv is determined as:

dRy
U (Ry) = Z_lljd_Rt (3.28)

Bradley et al. [57] plotted the turbulent burning velocity obtained from the above
equation based on the average radius, Rv, versus turbulent burning velocity
calculated by the Schlieren flame radius, as shown in Figure 3.31 Based on the
deduced linear relation, a final turbulent burning velocity equation was obtained (Eq.
3.29). The turbulent burning velocity calculated by this equation, either stated by St
or Uy, is widely used in the literature [58-59]. In this thesis, turbulent burning

velocity is expressed as St.

Uy (Ry) = (57 ) 2 et (3.29)

111/ pp dt

84



CHAPTER THERR EXPERIMENTAL SETUP AND PROCEDURE
7N
1.2 4 .
gradient = 1.11 o A
A
- pa=|
1.0 N ; e A,
T 0.8 = . . o A
E * ] A o A
S 1 = b Wis|
= 0.6 “-} "'vo -
E - ‘A' - &
= A" e
. 0.4- -
\9\-3 ) ..c > >
= v
L e 8
0.2- # * .
||
0.0 7 Y T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

u, (Rp ) (m/s)
Figure 3.30 Relationship between Schlieren flame radii and turbulent

burning velocity utr(Rv) [57]

() D@ it
e @ @5@@@@ e
 OF=o 22

(O ) =@ B 2322

N TN S o2 o2

\u/g@@@éé@gf:

Large : Intermediate | Small

Figure 3.31 Energy Cascade



CHAPTER THERR EXPERIMENTAL SETUP AND PROCEDURE

3.9 Calibration

The term calibration is defined as "a test during which the known measurement
values are applied to the energy transformer and corresponding release readings are
recorded under specific circumstances”. To ensure that all data is read from meters
and sensors, calibration has been conducted for all the measuring devices and

Sensors.
3.9.1 Pressure Gauge Calibration (QYB102 Pressure Transmitter)

The calibrating operation for this device is to be tested by Central Organization
for Standardization and Quality Control (COSQC) as shown in appendix (A).

3.9.2 Ammonia Gauge Pressure

The calibrating operation for this device is to be tested by Central Organization
for Standardization and Quality Control (COSQC) as shown in appendix (A).

3.9.3 Camera Calibration: -

The calibrating operation for this device is made by the same company that

manufactured the device as shown in appendix.
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CHAPTER FOUR
4.1 Introduction

The experimental results regarding turbulent flame propagation and turbulent
burning velocity will be displayed and analyzed in this chapter. The flame is initiated
by spark plug and spread in the (LPG - NH3- Air) mixture the combustion process

Is tested using a photographic approach after being ignited by central electrodes.

At varied initial pressures ranging (100, 200, and 300) kPa, the flame speed
and turbulent burning velocity were measured. The initial mixture temperature was
300 K Three NH3 blending ratios (NH3 10 %, 20%, and 30%) with LPG and with

different equivalence ratio were tested.
4.2 Repeatability Test

Experimental apparatus is specifically manufacturing and built for this study.
A repeatability test of one case study is used to confirm the rig validity and
measurement accuracy. Previously mentioned, the mixture is prepared inside the
CVC. The mixing process is based on the partial pressure blending method. Seven

experiments for the CC. the repeatability results are reasonable.
4.3 Validation

Figures (4a) show a comparison between the results obtained from present work with
results obtained of other researchers shows relation between Flame radius and Time
for pure NH3 with the initial pressure at 100kPa and temperature 300Kand u=3 m/sec
and @=1.3 it shows a comparison between the results of present work and the results
by [60]
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—@— represnts work
D. Bradley

0 10 20 30 40 50 60 70

flame raduis (mm)

Figure (4a) Flame radius and Time for 100%NH3 at equivalence ratio @=1.3

with initial pressure (100) kPa
4.4 Experimental Results

The combustion chamber was modernized for the purpose of studying the
turbulent burning velocity, where four symmetrical impellers were added to obtain
turbulence with a homogeneous effect of air swirls inside the combustion chamber,
and the flame speed was photographed using the Schliern imaging system for the
purpose of measuring the diameter of the flame and measuring the time by
calculating the number of frames and from Using Equation No. 3.16, we obtained
the values of the flame speed, and the rotational speed of the impellers was taken as

1400 revolutions per minute.

Thus, the value of the turbulence speed was 3 m/sec, and the Reynolds number
values were obtained, which were according to the results between (25-99), as
changing the pressure value changes from the value of density, which increases the
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value of the Reynolds number significantly, taking into account the molar fraction

of the components of the mixture and according to the ratio (ammonia - LPG - air).

where the proportion of air changes with the change of the valence ratio
(0.8,1,1.3) and this affects the Density as well as viscosity needed by Reynolds No.
After calculating the flame speed, we calculate the rate of expansion of the flame
brush from equation No. 3.18 and draw the rate of expansion against the speed of

the flame.

where the rate of expansion of the flame brush represents the x-axis and the
speed of the flame the y-axis. With the largest possible number of points to make a
linear equation and with making the value of the flame brush expansion rate zero,
we get the values of the y-axis, which represent y and give the value of (s1) show
table 4.2.

These results were placed in table No. 4 .1. We note that the difference in the
values of laminar and turbulent is only the impellers when not operating the

calculations call for a laminar, and when running.

the calculations are turbulent at a speed of 1400 revolutions per minute, and
then we apply equation 3.22 in order to obtain the combustion speed, noting that the

density value was theoretically extracted using the MATLAB code program.
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Table 4.1

SL cm/s St cm/s

P 0.8 1 1.3 0.8 1 1.3
100 kPa 28.64 39.33 33.78 100 kPa 49.11 50.58 35.93
100 kPa 2291 3246 27.05 100 kPa 42.93 4471 30.15
100 kPa 20.04 2755 24.17 100 kPa 37.78 39.85 26.94
200kPa 27.28 38.32 30.55 200kPa 44.03 46.38 32.54
200kPa 21.82 31.645 26.1 200kPa 37.78 40.22 27.99
200kPa 19.08 26.88 23.336 200kPa 33.87 35.79 25.23
300kPa 24.56 3495 28.49 300kPa 36.9 39.38 28.99
300kPa 19.64 28.94 23.734 300kPa 31.74 34.24 2454
300kPa 17.16 24.64 21.256 300kPa 28.36 3054 21.86

Table 4.2
S1 S1

P 0.8 1 1.3 0.8 1 1.3
100 kPa | 142.405 | 232.2021 | 152.5911 y 2441867 | 298.6215| 162.3031
100 kPa | 114.066 | 191.0426 | 127.4127 y 213.7431 | 263.1397 | 142.0146
100 kPa | 99.94571 | 161.5046 | 120.3677 y 188.4206 | 233.6102 | 134.1625
200kPa | 135.6427 | 226.2391 | 138.0006 y 218.9277 | 273.8249 | 146.9898
200kPa | 108.6391 | 186.2459 | 122.938 y 188.1019 | 236.7139 | 131.8404
200kPa | 95.15789 | 157.5769 | 116.2144 y 168.9202 | 209.8095 | 125.6466
300kPa |122.1182 | 206.3428 | 128.6951 183.4757 | 232.4973 | 130.9537
300kPa |97.78512 | 170.3257 | 111.7935 158.0295 | 201.5188 115.59
300kPa | 85.58226 | 144.4455 | 105.8559 141.4401| 179.0327 | 108.8638
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P=1bar, NH3=0.1 P=1bar, NH3=0.1 P=1bar, NH3=0.1 P=1bar, NH3=0.1

T=10ms T=20ms

P=2bar. NH3=0.1 P=2bar. NH3=0.1 P=2bar, NH3=0.1 P=2bar. NH3=0.1
T=10ms T=20ms

P=3bar. NH3=0.1 P=3bar. NH3=0.1 P=3bar. NH3=0.1 P=3bar. NH3=0.1
T=10ms

Figure 4.1 Schlieren’s photographs illustrate the effect of pressure
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P=200kPa, @=1, time =10.10101 ms, NH3 0.1%

P=200kPa, @= 1, time =10.10101 ms, NH3 0.1% P=200kPa, @= 1.3, time =11.27396 ms, NH3 0.1%

P=100kPa, @= 0.8, time =16.12062145 ms, NH3 0.2% P=100kPa, &= 0.8, time =15.10337 ms, NH3 0.3%

Figure 4.2 Schlieren’s photographs
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4.5 DISCUSSION
4.5.1 Adiabatic flame temperature

the adiabatic temperature was also calculated theoretically the adiabatic flame
temperature is an important parameter that represents the thermodynamic properties
of the combustible mixture. Adiabatic flame temperature indicates the heat release
capacities of the un-burnt mixture and it is related to various chemical phenomena

such as flame propagation speed, flame extinction, flammability limits, etc.

The adiabatic flame temperature has been calculated by MATLAB code
program shows Figure (4.3) relationship between adiabatic temperature and
equivalence ratio for (10,20 ,30) %NH3; with initial pressure (100) kPa.

4.6 Turbulent flame speed

Turbulent flame speed refers to the rate at which a turbulent flame front propagates
through a combustible mixture. It is an important parameter in combustion studies,
as it influences various aspects of combustion efficiency, stability, and pollutant

emissions in combustion systems.

Figures indicate the effect of increasing the flame radius with increasing time (4.4
to 4.18) shows relationship between Flame radius and Time for concentration (10
,20 ,30) %NH; at equivalence ratio @ (0.8 ,1 ,1.3) with initial pressure (100, 200 and
300) kPa, the effect of flame radius with time in a turbulent flame can be complex
and is influenced by various factors, including turbulence intensity, combustion

kinetics, and the initial conditions of the mixture.

We note from the figures that the increase in the radius of the flame is not the passage

of time, due to the increase in the burning mixture.
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From practical experiments, obtained the speed of the flame as shown figures (4.19
to 4.34) Turbulent flame speed S, with a flame radius Increasing the speed of the
flame as the initial pressure decreases due to the speed of the reaction and the

reduction of the chemical reaction.
4.7 stretch rate

note through figures (4.35 ,4.36) shows relationship between turbulent flame speed
Sn with a stretch rate The relationship between turbulent flame speed (S,) and stretch
rate is the stretch rate refers to the rate at which a flame front is being stretched or

compressed by the turbulent flow of reactants.

Turbulent flames are affected by the complex interaction between turbulence and
chemical reactions. The stretch rate plays a crucial role in determining the flame

behavior in turbulent flows.

The general relationship between turbulent flame speed and stretch rate can be
described Positive Stretch Rate (Compression)When the flame front experiences
compression due to the turbulent flow, the reactants are brought closer together,
leading to higher reactant concentrations, in regions of positive stretch, the increased
concentration of reactants can lead to faster chemical reactions and thus an increase

in the turbulent flame speed.

Negative Stretch Rate (Expansion) When the flame front experiences expansion due
to the turbulent flow, the reactants are spread apart, resulting in lower reactant
concentrations, in regions of negative stretch, the decreased concentration of
reactants can slow down chemical reactions and lead to a decrease in the turbulent

flame speed.
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4.8 Laminar burning velocity

and figures (4.37 to 4.41) shows relationship between Laminar burning velocity S
with a flame radius Laminar burning velocity for NH3 — LPG — air mixture with the
temperature of 298 K, at 0.1, 0.2 and 0.3 MPa. The results show that Laminar
burning velocity decreases as the initial pressure increases. This is due to the
decrease of thermal diffusivity of the fuel mixture with the increase of initial

pressure.

Effect with Equivalence Ratio and effect of Ammonia Gas Percentage show that
when the Epg -0 and Enns = 100%, the lowest value of the laminar burning velocities
Is on the lean mixture, and the highest value when it reaches the stoichiometric
mixture and begins to decrease on the rich mixture. Figure (4.38) shows that when
the E Lpc = 100 % and Enns = 0 %, the lowest value of the laminar burning velocity
Is on the lean mixture, and the highest value when it reaches the stoichiometric

mixture and begins to decrease on the rich mixture.

Whenever the concentration of ammonia exceeds 10% the increase in the laminar
burning velocity value begins. that when the concentration of ammonia gas
increases, the laminar burning velocity begins to decrease clearly. That is the higher
value of S, and its highest value at a concentration of 10% of ammonia. The

stoichiometric mixture has the highest value for the laminar burning velocity.
4.9 Turbulent burning velocity

and figures (4.42 to 4.46) shows relationship between Turbulent burning velocity S
with a flame radius and figure (4.47) shows relationship between Turbulent burning
velocity S; with a flame radius and Laminar burning velocity S; with a flame radius
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The results showed that the use of the turbulent system inside the fixed combustion
chamber leads to a clear increase in the combustion speed of the mixture of gases
(LPG, ammonia, and air) at the ammonia concentration ratios (10-20-30), as well as
when changing the pressure (100-200-300), where we obtained The best increase in
the combustion speed at pressure (100) and ammonia concentration 10% , because
the increase in pressure affects the combustion speed, as well as the concentration

of ammonia reduces the combustion speed (LPG) gas.

The higher the concentration of ammonia mixing, as ammonia has a very low
combustion speed compared to a high diffusion speed As mixing ammonia with gas
(LPG) improves the flame speed, but reduces the combustion speed with increasing

the ammonia concentration to a high percentage.

When comparing the combustion speed of turbulent conditions with the combustion
speed of laminar conditions, the results showed that the best increase in combustion
speed is when it is a turbulent state in ratios Mixing equivalence (0.8) then decreases
and approaches lamellar as we tend to increase the mixing ratio and equivalence
(1.3,1).

The reason for this is that the mixture of gases (LPG, ammonia and air) inside the
combustion chamber has a relatively high chemical reaction speed, but it needs a
good mixing tool and at high proportions Mixing (0.8), the percentage of oxygen
inside the combustion chamber is high, and when the air mixing engines are running

and relatively large vortices are formed.

The oxygen atoms approach well from the reactants, causing an increase in the
combustion speed. In the case of parity (1, 1.3), the percentage of oxygen atoms
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inside the combustion chamber Equal or less than the number of moles required, the

effect of the turbulent process is less, and the reaction turns from a fast chemical.
4,10 Density ratio

the density ratio the burned materials to the density of the unburned materials
decreases clearly when the equivalence ratio is (1) because the adiabatic
temperature, which is the highest possible when the valence is equal to (1), and this
leads to a significant decrease in the density of the burned materials and it is less
when the equivalence is (0.8) and less at equivalence (1.3), because the adiabatic

temperature is lower show figure (4.48).

figure (4.48) shows relationship between density ratio with a @ with initial pressure
(100) kPa with ammonia concentration (10 ,20 ,30) % NH3
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Figure (4.3) adiabatic temperature and equivalence ratio for (10) %NHs with

initial pressure (100) kPa
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lean mixture
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—@— p=200 kPa
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Figure (4.4) Flame radius and Time for 100%NH3 at equivalence ratio @=0.8
with initial pressure (100, 200 and 300) kPa
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Figure (4.5) Flame radius and Time for 100%LPG at equivalence ratio 3=0.8
with initial pressure (100, 200 and 300) kPa
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lean mixture
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Figure (4.6) Flame radius and Time for 90%LPG + 10%NH3 at equivalence
ratio @=0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.7) Flame radius and Time for 80%LPG + 20%NHs3 at equivalence
ratio @=0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.8) Flame radius and Time for 70%LPG + 30%NH;s at equivalence

ratio @=0.8 with initial pressure 100, 200 and 300) kPa
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Figure (4.9) Flame radius and Time for 100%NH3 at equivalence ratio @=1

with initial pressure (100, 200 and 300) kPa
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Figure (4.10) Flame radius and Time for 100%LPG at equivalence ratio @=1
with initial pressure (100, 200 and 300) kPa
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Figure (4.11) Flame radius and Time for 10%LPG at equivalence ratio @=1
with initial pressure (100, 200 and 300) kPa
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Stoichio mixture
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Figure (4.12) Flame radius and Time for 80%LPG + 20%NH; at equivalence
ratio @=1 with initial pressure (100, 200 and 300) kPa
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Figure (4.13) Flame radius and Time for 70%LPG + 30%NHs3 at equivalence
ratio @=1 with initial pressure (100, 200 and 300) kPa

103



CHAPTER FOUR RESULTS AND DISCUSSION

Rich mixture
35

30
25

20
—@— p=100 kPa

Time ms

15
—@— p=200 kPa

10 —e—p=300 kPa

0 10 20 30 40 50 60 70 80 90

flame raduis (mm)

Figure (4.14) Flame radius and Time 100%NH3 at equivalence ratio @=1.3 with
initial pressure (100, 200 and 300) kPa
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Figure (4.15) Flame radius and Time for 100%LPG at equivalence ratio @=1.3
with initial pressure (100, 200 and 300) kPa

104



CHAPTER FOUR RESULTS AND DISCUSSION

Rich mixture

50
45
40
35
30

»
§ 25 —8—p=100 kPa
= 20 —e—p=200 kPa
15 —8—p=300 kPa

10

5

0

0 10 20 30 40 50 60 70 80 90

flame raduis (mm)

Figure (4.16) Flame radius and Time for 90%LPG + 10%NH; at equivalence
ratio @=1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.17) Flame radius and Time for 80%LPG + 20%NHjs at equivalence
ratio @=1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.18) Flame radius and Time for 70%LPG + 30%NH: at equivalence
ratio @=1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.19) Turbulent flame speed S, with a flame radius for 100% NH3
at @ = 0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.20) Turbulent flame speed S, with a flame radius for 100% LPG at @
= 0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.21) Turbulent flame speed S, with a flame radius for 10% NHs and
90% LPG at @ = 0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.22) Turbulent flame speed S, with a flame radius for 20% NHz and

80% LPG at @ = 0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.23) Turbulent flame speed S, with a flame radius for 30% NHz and
90% LPG at @ = 0.8 with initial pressure (100, 200 and 300) kPa
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Figure (4.25) Turbulent flame speed S, with a flame radius for 100% NHs
at @ = 1 with initial pressure (100, 200 and 300) kPa
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Figure (4.26) Turbulent flame speed S, with a flame radius for 100% LPG at @
= 1 with initial pressure (100, 200 and 300) kPa
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Figure (4.27) Turbulent flame speed S, with a flame radius for 90%LPG and
10% NHs at @ = 1 with initial pressure (100, 200 and 300) kPa
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Figure (4.28) Turbulent flame speed S, with a flame radius for 80%LPG and
20% NH;s at @ = 1 with initial pressure (100, 200 and 300) kPa
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Figure (4.29) Turbulent flame speed Sn with a flame radius for 70%LPG and
30% NHz at @ = 1 with initial pressure (100, 200 and 300) kPa
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Figure (4.30) Turbulent flame speed S, with a flame radius for 100% NH3 at
@ = 1.3with initial pressure (100, 200 and 300) kPa
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Figure (4.31) Turbulent flame speed Sy with a flame radius for 100%LPG at &
= 1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.32) Turbulent flame speed S, with a flame radius for 90%LPG and
10% NH3 at @ = 1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.33) Turbulent flame speed S, with a flame radius for 80%LPG and
20% NHs at @ = 1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.34) Turbulent flame speed S, with a flame radius for 70%LPG and
30% NHs at @ = 1.3 with initial pressure (100, 200 and 300) kPa
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Figure (4.35) Turbulent flame speed S, with a stretch rate 70%LPG and 30%
NHs at @ (0.8,1, 1.3) with initial pressure (200) kPa
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Figure (4.36) Turbulent flame speed S, with a stretch rate 90%LPG and 10%
NHz at @ (0.8,1, 1.3) with initial pressure (100) kPa
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Figure (4.37) Laminar burning veloicty S; with a flame radius for 100% NH3
with initial pressure (100, 200 and 300) kPa
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Figure (4.38) Laminar burning velocity S; with a flame radius for 100% LPG
with initial pressure (100, 200 and 300) kPa
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Figure (4.39) Laminar burning veloicty S, with a flame radius for 90% LPG
and 10% NHz with initial pressure (100, 200 and 300) kPa
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Figure (4.40) Laminar burning veloicty S, with a flame radius for 80% LPG
and 20% NHz with initial pressure (100, 200 and 300) kPa
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Figure (4.41) Laminar burning veloicty S, with a flame radius for 70% LPG
and 30% NHz with initial pressure (100, 200 and 300) kPa
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Figure (4.42) Turbulent burning veloicty St with a flame radius for 100%
NHz with initial pressure (100, 200 and 300) kPa
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Figure (4.43) Turbulent burning veloicty St with a flame radius for 100%
LPG with initial pressure (100, 200 and 300) kPa
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Figure (4.44) Turbulent burning veloicty Stwith a flame radius for 90% LPG
and 10% NHz with initial pressure (100, 200 and 300) kPa
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Figure (4.45) Turbulent burning veloicty S; with a flame radius for 80% LPG
and 20% NHz with initial pressure (100, 200 and 300) kPa
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Figure (4.46) Turbulent burning veloicty St with a flame radius for 70% LPG

and 30% NHz with initial pressure (100, 200 and 300) kPa
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Laminar burning veloicty at p=100kPa
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Figure (4.47) Turbulent burning veloicty St with a flame radius for 70% LPG
and 30% NHz with initial pressure (100, 200 and 300) kPa
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CAPTER FIVE CONCLUSION

5.1 CONCLUSION

The study involving the combustion behavior of a mixture of gases (LPG, ammonia,
and air) within a combustion chamber. The study seems to have investigated the
effects of turbulent conditions, pressure, ammonia concentration ratios, and mixing
equivalence on combustion speed. Here's a summary of the key findings and

observations from your provided text:
1. Turbulent Conditions and Combustion Speed

The use of a turbulent system within the fixed combustion chamber leads to an

increase in the combustion speed of the gas mixture.

The presence of turbulence enhances the mixing of the reactants, which in turn

improves the combustion speed of the mixture.
2. Pressure and Combustion Speed
Higher pressure (100) leads to increased combustion speed.

An increase in pressure generally has a positive effect on combustion speed due to

its impact on reactant concentrations and reaction rates.
3. Ammonia Concentration and Combustion Speed

Lower concentrations of ammonia (10%) result in the best increase in combustion
speed, Ammonia has a low combustion speed compared to other components, and

higher concentrations can reduce the overall combustion speed of the mixture.
4. Mixing Equivalence and Combustion Speed

The best increase in combustion speed is observed in turbulent conditions with a

mixing equivalence ratio of 0.8.
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As the mixing ratio and equivalence increase (1.3, 1), the combustion speed

decreases and approaches laminar conditions.
5. Reasons for Combustion Speed Variations

Efficient mixing is crucial for achieving high combustion speeds. Turbulent

conditions promote good mixing, leading to faster chemical reactions.

In cases of higher equivalence ratios (1, 1.3), the effect of turbulence is reduced, and

slower chemical reactions occur due to insufficient oxygen availability.
6. Combustion Chamber Conditions and Density Ratio

Combustion chamber conditions such as adiabatic temperature and density ratios

play a role in combustion behavior.

An adiabatic temperature that corresponds to an equivalence ratio of 1 result in a

significant decrease in the density of burned materials, impacting combustion speed.
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5.2 RECOMMENDATION

We recommend several important points:

1-

2-

Repeat the practical experiments with the use of variable turbulent speed and
compare them to get the best results.

using propellers with multiple blade inclination angles and repeating practical
experiments and comparing the obtained results.

changing the type of fuel used, using multiple types, and comparing the results
obtained.

repeating the practical experiments, using an equivalence coefficient of less
than 0.8, and comparing the obtained results with the results of the practical

experiment of the current study.
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recognized i 1 dards,and to the units of measurement realized at the COSQC or other recognized national standards
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APPENDEX (A)
Calibration of Pressure Gauge Ammonia

Calibration Certificate
Central Organization for Standardization and Quality Control (€COSQC)
Metrology Department/Mass & Pressure Section /Pressure Lab,
P.0. Box13032 Al jadria street, Baghdad ,Tel:7765180 E-Mail : cosqc@cosqc.gov.iq
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Date ofissue: 4/ 11 /2021

Annex 1/ Results

APP.Pressure Reading Mean Reading| Deviation Error
(M-A)
Upward Downward 2 A .
Kglom® kglom? kalom? kg/cm kgicm % of F.S
0 0.0 0.0 0.00 0.00 0.00
2 2.0 21 2.05 0.05 0.42
4 4.1 4.2 4.15 0.15 1.25
6 6.1 6.2 6.15 0.15 1.25
8 8.2 8.2 8.20 0.20 1.67
10 10.2 10.2 10.20 0.20 167
[ Max. Expanded Uncertainty = | + 0.13 kglcm? ]
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Calibrated by: Revisid by :

Nabeel Lateef Saif Ali Saif Ali

Head of Maas & Pressure Section
page Zot 2
This certificate is issued in accordance with the laboratory accrediation requirements.It provides tracibility of measurement to
recognized national standards,and to the units of measurement realized at the COSQC or other recagnized national standards
laboratories. This certificate may not be reproduced other than in full by photographic process.This certificate refers only to the
particular item submitted for calibration



APPENDEX (A) _
Calibration of Camera High - Speed

Technologies AG

To whom It may concern

Baden August 8" 2015

CERTIFICATE OF CALIBRATION

We confirm that the delivered
Q-PRl camera with serial# 2121011648

has the following factory Installed calibration files are valid and loaded in the camera:

212101 1648_calib_coefficlents_low.coeff
2121011648_callb_coefﬂcients_hlgh.weff

Manufacturer

AOS Technologies AG
Stephan Trost
Managing Director
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Analysis of LPG components provided from Hilla Plant
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