QATAR UNIVERSITY
COLLEGE OF ENGINEERING
IGNITION DELAY TIME INVESTIGATION OF GTL FUEL BLENDS
BY

ABUBAKER MOHAMMED AHMED ELBASHIR

A Dissertation Submitted to
the College of Engineering
in Partial Fulfillment of the Requirements for the Degree of

Doctorate of Philosophy in Mechanical Engineering

June 2022

© 2022 Abubaker Elbashir. All Rights Reserved.



COMMITTEE PAGE

The members of the Committee approve the Dissertation of

Abubaker Elbashir defended on 10/05/2022.

Dr. Samer F. Ahmed

Thesis/Dissertation Supervisor

Dr. Saud Abdel Ghani

Committee Member

Dr. Fadwa Eljack

Committee Member

Dr. Mostafa H. EIShargawy

Committee Member

Approved:

Khalid Kamal Naji, Dean, College of Engineering



ABSTRACT
ELBASIR, ABUBAKER MOHAMMED., Doctorate : June : [2022],
Doctorate of Philosophy in Mechanical Engineering
Title: IGNITION DELAY TIME INVESTIGATION OF GTL FUEL BLENDS
Supervisor of Dissertation: Samer Fikri Ahmed.

Ignition delay is a vital combustion characteristic of any fuel that directly affects
the development of internal combustion engines (ICEs) and exhaust emissions,
especially in diesel engines. Considering the global interest in alternative fuels, GTL
(Gas to Liquid) can be considered one of the promising new alternative fuels,
especially for compression Ignition engines (CIE). In this dissertation, an
investigation of this property experimentally for different types of heavy
hydrocarbon fuels such as diesel, GTL, GTL/diesel blends, and GTL/biodiesel
blends under a wide range of operation conditions like initial pressure, initial
temperature and equivalence ratio; starting from a deep survey of the previous
studies. The shock tube facility is used to investigate the fuel's combustion delay
above. The works initially characterized the shock tube at Qatar University
experimentally and numerically by determining the best location for the diaphragm
(three different diaphragm positions (1m, 2m, and 3m)) alongside pressure ratio
across the diaphragm (five pressure ratios (6-10)) since those parameters affect the
tube performance and then the measurement of the ignition delay. The parametric
study results showed that at high-pressure ratios, diaphragm positions 1 and 3 could
generate a 7.4% rise in the Mach number of the incident shock wave compared to
the diaphragm position-2 model.

Moreover, the diaphragm position-3 model tends to have a 2% increase in the

temperature behind the reflected shock wave compared to the other two positions.
iii



The ignition delay results are presented for three types of fuel: Diesel, GTL, and 50-
50 Diesel-GTL blend for a variety range of pressure (6, 10, 14, and 20 bar),
temperature (980 to 1120 K), and equivalence ratios (0.5, 0.7, 1.0, and 1.3). The
ignition delay time measurements confirm a previous study by Joshua et al. that GTL
has the shorter ignition delay period for all conditions. The Diesel-GTL blends data

vary in different temperatures; however, it was noted between Diesel and GTL.
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CHAPTER 1: INTRODUCTION

This thesis chapter begins by providing context and rationale for the proposed
thesis subject. Then, the present trends and necessity for this study are discussed,
emphasizing Qatar's involvement in the GTL sector and research and the relevance
of assessing the ignition delay attribute of a fuel. Finally, dissertation goals and
objectives were established based on the provided reason.

1.1 Background

Parallel to boosting renewable energy sources such as wind and solar, the
worldwide issue of developing clean, sustainable alternatives to fossil fuels or
additives is urgent, given that combustion is of critical importance now, as it has
been in the past and will be in the foreseeable future, and is globally the dominant
means of energy release. While a drop-in replacement to conventional fuels is
unlikely in the foreseeable future, complementary renewable alternatives are
emerging, with biofuels gradually becoming an integral part of the energy mix.
Although the pandemic of COVID19 influences in March & April 2020, petroleum
consumption takes back the lead in the first half of the year 2021 out of all other
fuel sources [1] According to Energy Information Agency (EIA), despite the boom
in the use of alternative fuels and increasing electrification recently, for the primary
energy consumption 2020 in the U.S., there is still a vast difference between
petroleum and the natural gas consumptions and the other mentioned fuel sources
as per figure (1). Based on the U.S Department of Energy reports, the petroleum
and natural gas contribution in the U.S has reached 69% of the total energy
consumption in 2020 which was 92.92 quadrillion Btu [2]. Petroleum consumption

indicates that fossil fuels are still dominating the energy sector. However, high-



energy-density energy carriers such as liquid fuels are preferable in maritime
transportation, long-distance trucking, and aircraft. The data in figure (1) show that
the energy transition process is essential to investigate since it is directly reflected
in the economy and environment. Thus, scientists' intention is still to find the proper
methods of energy conversion, which imply an effective combustion process with
less amount undesirable emitted gases. To do this, we must first get a fundamental
understanding of the combustion reaction. Fluid flow and heat transfer are critical
components in engine combustion modelling. However, because the combustion is
eventually governed by chemistry, a chemical process must be good for a modelling
or Simulation package to succeed. In other words, a chemical mechanism is like a
path model that describes how to fuel, and oxidants are converted into final products
by using specific chemical reactions. The breakdown of fuel molecules is the first
step in these processes. For example, gasoline, Jet-A fuel, diesel fuel, and bio-diesel
all have average carbon counts over 7; as a result, large hydrocarbon molecules

account for a significant amount of the energy used (per molecule).
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Figure 1. U.S. Government Total Energy Consumption by Source (Trillion Btu) [2]



1.2 Low Vapor Fuels

In current civilization, low-vapor-pressure fuels have been and continue to be
extensively utilized. These fuels are appealing because of their low volatility under
atmospheric conditions, which reduces the chance of unintentional explosion,
making them challenging to deal with practically. Diesel fuel, which has low
volatility (it has low volatility in standard atmospheric conditions than other
hydrocarbon fuels such as gasoline, making it more stable regarding safety storage),
is one of the most effective forms of low-vapor-pressure fuels. The widespread use
of diesel fuel in different applications (trucks, trains, generators, boats, farms, and
construction equipment).
1.3 Gap and Significance of the Research

According to the U.S Energy Information Administration (EIA) [[3]], the ever-
increasing fuel prices due to the 37% growth in global energy consumption over the
last 20 years, in addition to currently legislated reductions of specific exhaust gas
emissions, have forced the engine manufactures to look for alternative fuels for
ICEs. For example, the European Union ordered in 2005 that around 2 % of
conventional fossil fuels be replaced with biofuels, a percentage increased to 5.75
% in 2010. [[4]] GTL fuels (approximately 70% super pure diesel fuel, naphtha
around 25%, and some percentage consisting of LPG and others) have received
increasing attention to be excellent alternative fuels for combustion engines. As the
leading producer of GTL fuels, Qatar is interested in using these alternative fuels,
especially diesel engines. Moreover, Qatar is currently moving to use GTL diesel
fuel and its standard blends with regular diesel in all public transportations. The
GTL diesel fuel production scale may not be enough to completely replace

conventional diesel fuel. Therefore, blends of this fuel are essential to be
3



extensively studied in terms of their combustion characteristics before using these
blends on a wide scale in diesel engines. From the previous studies, the auto-ignition
characteristics of the GTL and its blends have not been investigated yet; however,
only the GTL influence on the engine performance and emissions for an engine
fueled by GTL diesel has been investigated in the literature [[5]-[12]]. Therefore,
deep research needs to be done to fully evaluate and assess the ignition delay of the
GTL fuel.

When it comes to the effective operation of a diesel engine, the ignition and
burning of the fuel utilized are crucial factors. One of the most critical things that
affect these processes is the ignition time it takes for the combustion to start up. The
duration of this period can affect power output, combustion efficiency (and hence
fuel efficiency and exhaust emissions), and engine maintenance. Furthermore, the
ignition delay is influenced primarily by the fuel and engine design and operation
characteristics. As a result, this parameter must be thoroughly investigated for new
alternative blended fuels to improve engine design and operation and reduce
emissions.

To date, researchers on GTL have mainly focused on engine experiments rather
than fundamental studies. As we have seen above, engine studies, while extremely
useful, involve too many variables and processes that render generalization
difficult. There is a pressing need, therefore, for fundamental studies that enable the
development of predictive tools to account for the complexities of the fuel as well
as the multitude of processes that take place in spray combustion from primary
atomization, to coalescence and dispersion, to evaporation, mixing and the
formation of pollutants. Of course, it is impossible to complete such a massive

endeavour without a thorough understanding of fuels' fundamental physical and
4



chemical characteristics. Chemical kinetic mechanisms and basic properties such as
ignition delay times have already been generated for diesel and some alternative
fuels. However, for GTL, there is still no sufficient complete understanding of it.
Few kinds of research have been conducted to characterize such phenomena. The
current research aims to fill this gap and enhance the current understanding of one
of the fundamental properties of GTL and its blends with diesel, ignition delay time.
In addition to that, the produced capacity of the GTL would not be sufficient to
meet the fuel market demand, so a study of blending the Diesel with GTL could be
a solution of having the merits of both fuels; thus, it is necessary to investigate the
blend behaviour under the fuel test requirements.
1.4 Objectives and Organization of This Thesis

The study's objective was to initiate a feasible technique for testing heavy
hydrocarbon fuels in a shock-tube facility. Under average temperature and pressure,
these fuels are in the liquid phase focusing on the following points:
1. To design, build and characterize a shock-tube test rig that can be a method to
study the autoignition of all fuel types.
2. Measuring the ignition delay time as a function of several variables such as initial
pressure, initial temperature and equivalence ratio.
3. Measuring the ignition delay time of fuels: (a) pure diesel fuel (b) pure GTL fuel
(c) blends of diesel/GTL

These fuels' ignition delay durations were measured under actual engine
circumstances. The new data can be utilized to validate mixture fuel kinetics
processes. Chapter 2 generally discussed the combustion characteristics of the
heavy hydrocarbon fuels focusing on Diesel and GTL since they were the main aim

of this study. Furthermore, reviews the property that needs to be investigated
5



(ignition delay time) and sees the various methods for measurements. Chapter 3
presents an overview of the facility, covering a shock tube theory as a tool for
ignition delay time measurement and a shock tube survey. Chapter 4, the primary
components, DAQ, devices needed to conduct experiments. Diagnostics setup,
Ignition delay time measurement methodology, mixture preparation procedure, and
the parametric study for the shock tube in Qatar University. Chapter 5 shows the
study results starting with validation and comparison of the test facility results with
the published studies in the literature.

Chapter 6 summarizes the thesis and includes recommendations for further
research. The raw data samples for all delay period time tests undertaken in this

work are included in the appendix sections, and calibration data are provided.



CHAPTER 2: FISCHER-TROPSCH DIESEL FUEL REVIEW

2.1 Introduction

Biodiesels are a renewable biofuel that shares many characteristics with fossil-
based diesel, such as high cetane values. They can be used as pure, blended, or even
directly in engines. Biodiesels are fatty acid esters generated from non-edible plants,
food waste, animal fats, or algae. Their fatty acid chain length spans from C8 to
around C22, from fully saturated to unsaturated, and their composition is dependent
on the feedstock. Many countries have previously embraced different biodiesel
production technologies as a long-term strategy for maximizing resource usage by
turning waste into energy. Gas-to-liquid conversion produces synthetic crude, which
may be processed and separated into a range of helpful hydrocarbon fractions by
chemically converting natural gas, including liquid transportation fuels, into several
usable hydrocarbon fractions (GTL). It is also possible to use this technology to turn
coal and biomass, both abundant globally, into fuels and chemicals with additional
value. It is possible that, this alternative would be advantageous for Qatar in
conjunction with the country's large expenditures in GTL production from natural
gas using Fischer-Tropsch processes [13].

Fischer-Tropsch synthesis (FTS) has piqued scientists' interest in recent decades
since it is considered that producing liquid hydrocarbons using this promising clean
technology might be a viable alternative option for addressing the lack of liquid
transport fuels [14]-[16].

Hydrocarbons may be extracted from synthesis gas (C.O. and H2) using the Fisher-
Tropsch technique. The Fisher-Tropsch method is used to make diesel fuels. Making

diesel fuels using the Fisher-T process can be broken down into three stages:
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Creating syngas, catalyzing Fisher-Tropsch reactions, and completing the product
[Fischer—Tropsch reactions and the environment] are all steps in the manufacturing
process. Syngas may be produced from any carbonaceous resource, such as natural
gas, coal, or biomass, and is used to power vehicles. The production of synthetic gas
is a capital-intensive process. Syngas production accounts for 70% of overall costs,
according to estimates. The F-T product may be transformed into diesel of high grade
during post-processing. Hydrocracking and hydrotreatment of Fischer-Tropsch fuels
result in long-chain hydrocarbons, which enhance the cold flow qualities of the fuel.
[17]. Post-processing removes any oxygenates that may have formed throughout this
F-T conversion. This chapter generally discussed the combustion characteristics of
heavy hydrocarbon fuels focusing on Diesel and GTL since they were the main aim.
Furthermore, reviews the property that needs to be investigated (ignition delay time)
and sees the various methods for measurements.
2.2 Fuel Properties

Sulfur content in Fischer-Tropsch diesel fuels is shallow. As a result, catalysts
utilized in synthesis compounds are poisoned by sulfur compounds, essentially
removed during syngas production. An example of a property is a Lubrication is
provided by aromatic hydrocarbon chemicals found in diesel fuels. Low aromatic
concentration and exceedingly low sulfur level in F-T diesel fuel result in poor
lubrication features of a fuel. To increase the lubricity of diesel fuels, commercial
additives may be used. Manufacturers and batches might have different fuel
characteristics. Specific synthesis factors, including temperatures, catalyst type, and
syngas generation technique, may be used to adjust properties. Because of their
higher n-paraffin concentration, F-T diesel fuels may have poor cold flow qualities.

Post-processing of the gasoline allows manufacturers to modify its cold flow
8



qualities. Hydro-isomerization is one method that has been utilized to induce
splitting [18]. An abridged list of fuel properties is presented in table (2.1) due to the
enormous number of fuels discovered in the literature and in that table. In addition,
the table shows the average qualities of conventional diesel fuel worldwide and the
variety of additional Fisher-Tropsch diesel fuel specifications listed in Appendix
table (A).

Table 1. Fuel characteristics of some Fisher-Tropsch and standard diesel fuel. [13]

Fuel Densit Viscosit Flas  Cetane Sulfur  Pou HHV
y y [cst] h Number [ppm] r [MJ/kg]
[kg/m  @40°C Poin Poin
3@ t°C t°C
15°C
PetroSA  0.8042 2.98 97 48.9 <5% <-60 46.69
(Feedstoc
k:
Natural
Gas)
Shell F-T  0.7845 3.57 109 >74 Below 0 47.11
(Feedstoc (above the
k: measurem  measure
Natural ent ment
Gas) capacity  capacity
Typical 0.8705  3.199 82 45.5 300 -81 456
No.2
(Diesel)

2.2.1 Diesel Fuel

There is a paucity of high-quality, precise chemical Kinetics data for heavy
hydrocarbon ignition, which are crucial for the combustion modelling of
compression ignition engines. Furthermore, with the widespread use of diesel fuel
in different applications (trucks, trains, generators, boats, farms, and construction
equipment) [1], a complete survey for each study that dealt with diesel's combustion

characteristics since a lack of deep investigation must be considered along with the



fact that diesel consumption still represents. Diesel fuel is considered one of the low-
pressure fuels. Therefore, it has low volatility in standard atmospheric conditions
than other hydrocarbon fuels such as gasoline, making it more stable regarding safety
storage. Today, diesel fuel is among the most commonly utilized crude oil fuels.
Diesel fuel is often used in massive, high-output engines. Heavy-duty diesel engines
power everything from commercial vehicles and SUVs to heavy equipment, front-
end tractors and bulldozers, vessels of all sizes, and other industrial machinery [19].
However, some may claim that the environmental impact of diesel engines
outweighs their fuel-efficiency advantages.

Diesel is distilled and produced during the crude oil refining process. Crude oil
refers to any combustible liquid containing many hydrocarbon molecules, which is
what crude oil is. The crude oil is heated to a higher temperature than usual to begin
refining and cracking. Phase changes are seen in specific components when the
temperature increases. The chemical composition of the liquid varies over time due
to the varying responses of the various components to the temperature rise.
Condensed gas-phase molecules are collected in a separate container. Crude oil may
be divided into various "cuts" and put to various uses depending on the temperatures
used to begin and conclude this process. A set of rules may define a distillate, yet
each batch is unique. Figure (2) shows several distillation curves for standard fuels.
At a certain temperature, the condenser recovers a specific volume of liquid. Fuels,
including gasoline, jet fuel, and diesel, are all cut at temperatures between 50 to 350
°C, although kerosene and liquified petroleum gas are lower temperature cuts.

Distilled from oil products, these are the most common forms of fuel [20].
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Figure 2. Typical crude oil inventories distillation curves [21]

As a result of its evaporation window's high temperature, the diesel cycle is
difficult to understand. Diesel fuel burns at temperatures ranging from 700 K to 2500
K, at which point all of the fuel's constituents are in a state of equilibrium in the gas
phase. The fuel must go through a phase transition before a combustion chemistry
experiment can be carried out in the gas phase. The fuel must be heated to at least
400 degrees Celsius to ensure that it is entirely in the gaseous phase. Slow breakdown
and pyrolysis are possible at these temperatures, even though oxidation is impossible
(and probably does occur in the distillation process). The evaporation effect makes
evaluating most peer-reviewed research on fossil fuel combustion difficult. Some
experts believe that preheating the fuel may be an effective way to avoid this issue.
[22]

As a consequence of overheating the fuel, the fuel will begin to disintegrate
prematurely, while failing to raise the temperature to a sufficiently high level leads
to fractional distillation. This may be true when doing experiments to determine

ignition delay time, which is the time needed for the fuel to attain autoignition at a
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given pressure and temperature [23], [24]. Few studies have been done on low-
pressure fuels, which could be a valuable resource for validating Arrhenius models
(illustrates how temperature affects the pace of physical and chemical reactions
[25]). The information that does exist is dispersed. In figure (2), representative data

is depicted.

2.2.2 Fuel from F-T or Gas to Liquid

The conversion during the chemical process, or what has called (GTL), is the
inspiration for this clean alternative fuel. When a carbon-rich feedstock is
transformed into a wide variety of synthetic fuels, the process is known as GTL.
Natural gas, coal, or biomass can all be used as the raw resources for the final
product. Gas-to-liquid production is on the rise, particularly in regions where natural
gas is abundant. However, its sources are difficult to access or where excess gas is
burned off into the atmosphere. Oil-producing countries have heavily regulated
flaring and natural gas venting, so they are looking into developing cleaner GTL
fuels. In order to alleviate fuel shortages and provide cleaner fuels and less pollution
to the environment, many companies, including Shell, Sasol, and Chevron, are
pursuing GTL production technologies.

German scientists Franz Fischer and Hans Tropsch invented the Fischer Tropsch
(F.T.) process in 1923, which allowed natural gas to be transformed into a
hydrocarbon mixture that could then be refined into oil products. Liquid petroleum
products may be manufactured from natural gas, most notably diesel fuel, using the
F.T. technology to replace traditional crude oil refining. GTL manufactures its
products using the three-step production chain process: Syngas formation, Catalytic

synthesis of syngas, and Cracking as a method of product creation [26]. Figure (3)
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depicts a high-level view of the GTL formation process [27].

Processing
Syngas F-T Post-
Formation Synthesis Processing
Inputs Outputs
-Sulfur -Synthesis
- Feedstock removal - Fuel Products
(Natural Gas) -Partial -Dehydration (Diesel, Gasoline,
Oxidation compression let, Kerasene)
-Steam '
- Utilities (H20) Reforming -H2 Recovery

- Heat
Recovery - Hydrocarbon - By-Products
- CO2 removal recovery (CO2, Waste
water)

Figure 3. GTL fuels production process through Fisher-Tropsch technology [28]

In the first phase of the F-T GTL process, natural gas is converted to Hz, CO», and
CO., primarily methane. Syngas is the name given to this mixture. Because of the
risk of contaminating the catalyst with sulfur, water and CO,, the syngas is cleaned
prior to use. Carbon monoxide and hydrogen combine in the F-T reaction to produce
various liquid hydrocarbons. After that, various refining techniques are used to turn
these liquids into liquid fuels. Iron catalyzes the F-T reaction, which typically occurs
at high pressures of 40 atm and temperatures of 500°-840°F. An expensive reaction
vessel must be built to handle these temperatures and pressures and produce the
required volume of fuel or product. Different reactor designs (called "micro-channel
reactors™) and proprietary catalysts are being investigated by several companies as

an alternative method for producing GTL at much smaller scales.
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Table 2. Properties of different petroleum fuel products, including the GTL diesel

(F-T diesel) [29]

Fuel Chemical Net calorific Octane Cetane
Formula value, MJ/L number number
Oil Petrol Cs-Cr2 31.2-32.2 90-95 -
Oil Diesel C15-C20 35.3-36.0 - 45-53
Oil naphtha Cs-Co 31.5 50 -
FT naphtha Cs-Co 315 40 -
FT Diesel C12-C20 33.1-34.3 - 70-80
BioDiesel C12-C22 32.8 - 51-58
Methanol CH30H 15.4-15.6 110-112 5
DME CH3OCHs3 18.2-19.3 - 55-60
Hydrogen H> 8.9 106 -

The above table shows the main properties of GTL processing that may provide
F.T. naphtha, F.T. diesel, methanol, dimethyl ether (DME), and H, all of which are
appropriate for use in road transportation. The present research's primary objective
is to examine and concentrate on GTL-diesel, a fuel that is intended to be used
instead of conventional diesel fuel. Since both fuels have different combustion
characteristics, it is necessary to compare their attitude, particularly the ignition
delay time and see whether GTL may be used as an alternate fuel.

2.3 Performance parameters and Emission of F-T Diesel Fuels

Historically, there was much attention on the emissions data and the usage of GTL
in engines as a primary fuel in previous reviews and studies. ClI engines fuelled by
conventional diesel, GTL, and GTL combined with conventional diesel were
compared in performance data and exhaust pollutants. The performance and

emissions of engines may be compared by blending biodiesel and alcohols with
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GTL. An investigation of combustion characteristics has been conducted on a single-
cylinder direct-injection diesel engine coupled with an electric dynamometer in the
Heat Engine lab at Qatar University. The specifications of the used engine, fuel
details, and a complete description of the testbed can be found in the publications
[12], [30], [31]. The following sub-titles are the combustion characteristics,
parameters of engine performance, and emission measurements discussed in the
below sections. The study involved three alternative fuels to observe the effect of
changing the fuel type on the combustion characteristics and emissions of the engine
compared with those of conventional diesel that were tested in the previous study
[32]. These fuels are; Gas-to-Liquid (GTL) fuel, waste cooking oil biodiesel and
corn oil biodiesel. The GTL fuel was supplied by a local oil company (Qatar
SHELL), while the waste cooking oil was obtained from the local market. For the
corn oil, the corn seeds were dried in an oven at around 50 °C for 24 h. Once dried,
the seeds were mechanically crushed, and oil was extracted. According to the ASTM
standards, all the fuels and fuel blends were characterized in the Chemical
Engineering Department lab at Qatar University. Pure fuels' main physical and
chemical properties are listed in Table 2.3. It can be observed that GTL fuel has a
lower density and viscosity and higher cetane number (C.N.) than diesel fuel.

On the other hand, corn oil has a higher density and viscosity and lower C.N. than
diesel fuel. Finally, the waste cooking oil has comparable properties, in general, with
those of diesel fuel, except that it has the lowest C.N. among all the tested fuels. This
can be related to the fact that waste cooking oil is usually a blend of many vegetable
oils. The waste cooking oil of the current study has been obtained from what is
available in the local market. Therefore, its properties are related to the blend ratio

of each component of this oil. Similar observations have been reported in previous
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investigations working with waste cooking oils [33]-[36].

Table 3. Main properties of the pure fuel used. [37]

Properties Dhesel GTL Corn oil Waste cooking
oil

H/C Ratio 2125 21-215 L1920 1.82

Approx. Formula CysHsy CigHsy CigHsys  GsHy 04

Density at 15°C (ke/m?) H66 760 915 863

Flash Point (*C) a5 o 270 160

Cetane Moo 55 70 37.6 2.5

Calorific Value (MJ/kz) 44 3 47.3 36.3 427

Viscosity at 40 °C (mm*/s) 5.2 2 45 4.9

Distillation Temperature 190-200 190 160 316

("C)

2.3.1 The maximum pressure rise rate (dP/d0)

Figure (4) compares the selected fuels for dP/d6. It can be noted that dP/d6 was
found to be the lowest with GTL fuel, and the highest dP/d0 was obtained with the
DGCW fuel blend. The dP/d6 of other fuels (Diesel, DG, D.W. and DGW) are close.
The main properties that affect the physical ignition delay of any fuel are its
viscosity, density and distillation temperature. However, for the chemical ignition
delay, the C.N. is the responsible fuel property. Therefore, since GTL fuel has the
highest C.N. and the lowest viscosity among all the selected fuels, as shown in Table
2.3, it is expected that dP/d6 of this fuel is the lowest due to the short ignition delay.
It should be mentioned that the reduction in dP/d6 of the GTL fuel compared with
that of the diesel fuel is about 18%. As the C.N. of the fuel decreases and the
viscosity increases, dP/dO increases due to the longer ignition delay. This can be
observed in Fig. 4. Diesel, DG, D.W., and DGW fuels have nearly similar viscosity,
density and C.N. Therefore, their dP/d6 are close. However, for the high viscosity
fuel blend (DGCW), dP/d0 is the highest even though its C.N. is comparable to that
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of the other fuels. The high viscosity of the fuel results in poor fuel atomization and
big droplet size, which reduces the fuel-air mixing quality. This indicates that the
effect of the physical ignition delay on the total ignition delay period is higher than

that of the chemical ignition delay.

2.3.2 Peak pressure

The variations of the peak pressure for all the optimized manifold designs
concerning the fuel type are shown in Figure (5). Theoretically, the in-cylinder
pressure reaches higher levels as the engine load rises. The increase of load means
more fuel injected, which leads to high pressures and temperatures inside the
cylinder. Therefore, the trend in Figure (5) is the same as expected from the
theoretical point of view. As the peak pressure increases, the 1.D. decreases due to
the improvement of air-fuel mixing. Good air-fuel mixing inside the engine reduces
emissions [38]. The reduction of the peak pressure of diesel is about 7% on average
lower than that of GTL. Therefore, the peak pressure values at high engine loads for
diesel, GTL, and GTL blends are almost the same. The high C.N. of GTL is
responsible for reducing ignition delay time, which leads to lower dP/d6.
In contrast, the high viscosity of diesel fuel controls the ignition delay by the
injection of large droplets, which results in no well homogeneous air-fuel mixing
and atomization. Poor atomization leads to incomplete combustion, which lowers
the peak pressure inside the cylinder. It could be observed that, for most engine loads,

the diesel-GTL blend has almost the same peak pressures as GTL fuel.
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Figure 4. A comparison between the tested fuels using the 1D manifold for dP/d6 as

a function of engine load. [37]
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Figure 5. A comparison between the tested fuels for peak pressure as a function of

engine load [39]
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2.3.3 BSFC of the engine

Figure (6) shows the Brake Specific Fuel Consumption (BSFC) for diesel, GTL,
and diesel-GTL blend as a function of engine load. For this manifold, the lowest
BSFC was achieved by the diesel-GTL blend. The BSFC is inversely related to the
calorific fuel value. However, itis hard to observe this relation, as the calorific values
for the three fuels used are almost the same [43,44,46]. However, at high loads, the
BSFC of diesel-GTL blend is about 30% lower than diesel fuel, which shows
superior complete combustion over diesel fuel. This is also evident from the highest
peak pressure generated from this fuel compared to diesel fuel, as shown in Figure
(5). This is due to the fuel's reduced viscosity and increased C.N. content, compared
with diesel fuel, which helps achieve a high degree of complete combustion and

burns less fuel to get a certain amount of energy release [39]
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Figure 6. A comparison between the tested fuels for the brake-specific fuel

consumption as a function of engine load. [39]
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2.3.4 CO emission
As shown in Figure (7), it could be observed that the highest CO emissions were
recorded when using diesel fuel compared to GTL and blended fuels. The high CO
emissions for diesel fuel could be related to the high viscosity. The lower the
viscosity, the more efficient is the fuel atomization, which leads to good air-fuel
mixing and complete combustion. This is the case with GTL fuel compared with
diesel fuel. The blended fuel had almost the same level of C.O. as GTL or slightly
higher. This could be related to the viscosity and C.N. of the blended fuel, which are
average between diesel and GTL. Moreover, these results demonstrate the significant
advantages of blending diesel with GTL fuels. A high reduction of CO emissions
was achieved by blending only 50% of GTL with diesel.
|——Diesel
1200 | . - GTL

Diesel-GTL-blend |
1000 | :

CO(ppm)
S
o

600 |
400 |
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Figure 7. A comparison between the tested fuels for C.O. emissions as a function of

engine load. [39]

2.3.5 Unburned Hydrocarbons emission
Hydrocarbon emission behaviours for all tested fuels are shown in Figure (8). It
could be observed that the lowest H.C. emission was obtained with GTL and blended

fuels. The H.C. emissions, in the case of diesel fuel, are about 70%
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Figure 8. A comparison between the tested fuels for H.C. emissions as a function of

engine load [39]

2.3.6 NO emission

Figure (9) shows the trends of NO emissions for all the tested fuels. The lowest
NO emissions were achieved when using GTL and blended fuels. On the other hand,
the highest reading was recorded for diesel fuel. GTL fuel has a high C.N., higher
than 70, as shown in Table 2.3. A higher C.N. value results in a shorter 1.D. and a
lower peak pressure. The low peak pressure inside the cylinder leads to a low
temperature, which contributes to forming NO. As the temperature inside the engine
gets lower, the NO emission will be below. There was a reduction in NO emissions
using GTL by about 50% rather than diesel fuel. However, in the case of diesel fuel,
the growth in NO emissions signified the complete combustion process, which

resulted in high peak pressures and higher temperatures inside the cylinder.
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Figure 9. A comparison between the tested fuels for H.C. emissions as a function of

engine load [39]

2.3.7 Smoke Emissions and Particulate Size Distributions emission

Of all emissions produced from a diesel engine, particulate matter (PM) is perhaps
the most problematic. The conventional diesel combustion mechanism results in a
relationship between soot and smoke opacity, which is affected by the absorption of
elemental carbon [40][41]. Figure (10) compares smoke emissions between diesel
and GTL fuels. GTL fuel reduced the smoke emissions considerably for constant
speed and constant load operations. Figure (10-a) shows that using GTL fuel has
managed to reduce the smoke opacity by about 60% at low loads and about 10% at
high loads. With the increase in engine speed, Figure (10-b), considerable reductions

with about 60—70% were obtained with GTLfuel.
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Figure 10. Smoke emissions for diesel and GTL at (a) a constant speed of 1800 rpm

and (b) a constant load of 1.5 N.m [41]

Figure (10) shows comparisons between the two fuels for different PM sizes. It
is evident from Figure (11) that the total numbers of PM had been reduced
significantly for fins sizes with GTL fuel as a function of engine load; about 80%
reduction for 0.3 um (Figure (10-a)), 85% for 0.5 um (Figure (10-b)), and 85% for
1.0 um (Figure (10-c)) comparing with those with diesel fuel. However, for the

coarse PM size, 5.0 um, the total number of particles is comparable (Figure (10-d)).
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Figure 11. PM distributions at a constant speed of 1800 rpm for diesel and GTL
fuels. Total number of PM that its diameter equal or less than: (a) 0.3 um, (b) 0.5

um, (¢) 1.0 um, and (d) 5.0 um. [41]

2.4 Ignition Delay Time

The ignition delay (1.D.) measurement in Internal Combustion Engines (ICES) is
essential as this characteristic directly affects the engine's output power, emissions,
and noise. For compression ignition (CI) engines, this phenomenon has received
much attention whereby the combustion process is based on the non-premixed
condition hence separate feeding of fuel and oxidizer. However, for Spark Ignition
(S.1.) engines, the uncontrollable manner of some charge ignition that leads to the
knocking phenomenon is problematic. The ignition delay time, which indicates the

self-ignition occurrence for different fuels, is essential. The definition of I.D. time is
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the time needed for the air-fuel mixture to reach the self-ignition (auto ignition)
conditions or to detect the time interval between the start of ignition (a moment in
which the injector needle is raised) and the beginning of combustion [42]. Ignition
delay periods are a good measure of combustion reactors' overall conduct and are
commonly utilized for precise chemical mechanisms as performance standards.
However, the process of combustion initiation is challenging to be determined
precisely; thus, the in-depth investigation of I.D. time is eventually one of the crucial
aspects of scientists' efforts to study combustion kinetics for different fuels and
various measuring techniques. The total ignition delay time depends on several
factors involved in two phases: physical and chemical delay. The fuel first
decomposes into tiny atoms and then evaporates and combines with air. As a result,
fuel mist, air pressure, temperature, and speed affect the ignition delay. Therefore,
the previous parameters should be considered when handling the fuel injection
system design, combustion chamber design, and engine operating conditions).
Simultaneously, the chemical delay wherein the influence of pre-combustion
reactions is the main reason. Therefore, it is necessary to handle ignition delay by
preparing the fuel before injecting it into diesel spray engines' combustion chamber
and considering the optimum injection timing. The ID property can be defined as the
time required to detect heat release once the air-fuel mixture reaches the self-ignition
(autoignition) temperature and pressure or the time interval between the start of
ignition (a moment) injector needle is raised up) and the start of combustion.
Producing a flash of fire is very difficult to be detected precisely. However, scientists
agreed that the best method for determining it is from the heat release slope, as per
the figure (12) profile. It shows the diesel engine's heat release rate as a function of

crank angle. There are three distinct phases of combustion, according to Heywood
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(1988). The cylinder pressure rises fast for a few crank angles, and the combustion
duration is brief. The first stage is known as the premixed phase. This is the primary
heat release phase, which lasts around 30 C.A. degrees and is characterized by a
progressive decrease in HRR. A minor but distinct HRR can be seen throughout the
expansion stroke in this third stage of combustion, which corresponds to the tail of

the heat release diagram.
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Figure 12. heat release profiles for IDI diesel engine [42]

For a historical demonstration of studying the ignition delay, several types of
research have been carried out using different techniques such as constant volume
bombs (CVB), Rapid Compression Machines (RCM) and Shock Tubes (S.T.). Shock
tubes are used to measure I.D. in this dissertation, and more specifics will be
provided in the following chapters. The RCM may also be used to investigate the
chemical kinetics of fuels and, as a result, determine the ignition delay time. It may
be used in low-to-medium-temperature auto-ignition circumstances. When it comes

to light hydrocarbon fuels, the shock tube method cannot detect a duration of fewer
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than 10 milliseconds, making this methodology ideal [43]. The RCM, on the other
hand, may be programmed to restart an experiment (a repetitive process) more
quickly than the shock tube approach. Compression strokes in internal combustion
engines, in which an oxidizer-fuel combination is quickly compressed in an adiabatic
compression chamber utilizing two pistons, are similar to this process. In this way,
the properties of a reactive mixture, such as ignition delay, pressure tracing, and heat
release, may be determined. A heated RCM was utilized to conduct an experimental
examination of gas-phase autoignition of commercial diesel fuel, as described in
various recent published publications [44]-[61]. The autoignition of commercial
diesel has been demonstrated using the solid and dashed traced pressure curve, which
led to the value of total and first phase ignition delay time directly from this
representative pressure traced curve for conditions of stoichiometric diesel/air
mixture and compressed pressure and temperature of 15 bar and 701 OK,

respectively, as shown in figure (13) [62].
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Figure 13. Ignition delay time for RCM [61]

2.4.1 1D Time of Diesel Fuel

The diesel ignition fuel has been studied extensively throughout the last century.
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In 1938, Wolfer became the first to measure the diesel fuel 1.D. time [63]. Numerous
experiments employing constant volume combustion facilities [64]-[66], rapid
compression machines (RCMs) [67], [68], flow reactors, and shock tubes [20], [69]—
[71] have been carried out nowadays, yielding a variety of results on I.D. time. The
absence of data on clean diesel fuel makes it difficult to compare ignition delay times
for various kinds of diesel fuel over time and a shortage of data on pure diesel itself,
given that most of past experimental attention has been on diesel surrogates. Kei et
al. [67] used the rapid compression machine to study the behaviour of diesel ignition
and applied the hot motor technique to detect the onset of the ignition. They observed
that the dependency of the 1.D. on higher temperature was low, and that was
attributed mainly to the vaporization effect. A strong relation between their I.D.
results in a fuel-air mixing rate for a temperature range below 750 °K. Later in 1991,
the spray injection method to investigate the 1.D. time focused on the influence of
Kown et al.'s residual gas fraction and composition or constant volume combustion
bomb[64]. They figured out that It was discovered that repeated fuel injection had
caused an increase in the bomb's residual gas percentage, and when the ambient
mixture included less than 4% residual, the 1.D. time was the shortest. Haylett et al.
[70] investigated the ignition Kinetics of diesel fuel (DF-2) in 21 per cent Oxygen
gas diluted in Argon using an aerosol shock tube in 2009. These studies were carried
out at pressures ranging from 2 to 8 atm, an equivalency ratio of 0.3 to 1.35, and
temperatures ranging from 900 to 1300 K. Their heavy work on this study explain
how to accelerate the evaporation of diesel which improved the homogenously of
the diesel air mixture and then the diffusion process. After that, the same author [20]
did second research in which several different diesel fuels were included. A variety

of fuels were tested, including US DF-2, European DF-2, Low aromatic DF2, and
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high aromatic DF2, to see which ones ignited best. Smaller derived cetane numbers
(DCNs) have shorter ignition delay durations than more significant derived cetane
numbers (DCNs). Before 2004, most of the published research had used either
aerosol technique in shock tubes, rapid compression machines (RCMs), or direst
engines, although other experiments have used flow tube reactors. Diesel surrogate
sprays (P=41-118 atm, ®=1) were examined by Kobori et al. [68] in an RCM.
Clothier et al. [66] investigated diesel ignition delay durations in a single-cylinder
gasoline engine converted to diesel operation (P=16 atm, ® =1). Boiko and
colleagues used shock waves (P=23 atm, ® =1) to study the ignition of droplets
(usually 2mm in diameter) behind them. A spray of light fuel oil (P=10 atm, ® =1)
sprayed into a shock tube was explored by Tsuboi and Kurihara [72]. In addition to
the Hurn and Hughes [73] work on fuel-spray shock tubes for partly refined diesel
fuels, Mellor et al. [74] mention further early work (P=35 atm, ® =1). In a flow
reactor, Tachina [75] researched the ignition of diesel fuel. Tevelde [76] and
Spadaccini [77] employed a customized flow reactor with entirely evaporated flows
to evaluate the ignition durations of diesel at increased pressures [76]. As shown in
Figure 1.2, there is a wide variety of these pieces. Based on the correlation of
Spadaccini and Tevelde [77], the data have been scaled by Haylett et al. [70] to 6
atm, and the equivalency ratio ® =0.5 has been calculated for these experiments,

which are plotted in Figure (14) below:
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Figure 14. previous I.D. time measurements standardized to 6 atm and ®= 0.5 [70]

It takes longer for the spray injectors in shock tubes and the RCM to create I1.D.

times than for the flow reactor data to evaporate and mix/diffuse the fuel/air

combination. Table 4 outlines a few recent diesel fuel ignition investigations that

have been conducted recently.

Table 4. Recent Diesel Fuel ID Studies

Ref Author Fuel Techniqui Pressure Temp ()
[atm] [’K]
[78] AGMB et al St. diesel Engine 1.2 int 300 int N/A
[79] Assad et al St. diesel reactor 4.7-10.4 1065 - 0.5~2
1838
[80] Abdullah  Diesel+BioD RCM 1100 inj  950-750 N/A
[69] Davidson DF-2 ST 6-60 1000-1400 0.85-1.15
[81] Kukkadapu FD9A RCM 10-20 678-938 0.5-1.02
[71] Gowdagiri F-76 ST 10, 20 671-1266 0.5,1.0
[79] Penyazkov DF-2 ST 4.7-10.4  1065-1838 0.5-2.0
[82] Haylett DF-2 ST 1.7-8.6  838-1381 0.1-2.0
[70] Haylett DF-2 ST 2.3-8.0  900-1300 0.3-1.35
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2.4.2 1D Time of GTL Fuel

It is critical for the combustion community to study the start of auto-ignition in
GTL fuel for gas turbine and internal combustion engines in the transportation
sector. Autoignition begins when a set of thermodynamic circumstances is reached
in which all of the combustible mixtures spontaneously and instantaneously ignite
[83]-[86]. As far as auto-ignition goes, temperature and pressure are the most
important factors to keep in mind for any given combination of fuel, oxygen, and
diluent. A pressure transducer may detect pressure waves generated by the unburned
gas when auto-ignition requirements are met. Auto-ignition happens when the
unburned gas's circumstances, which cause the pressure waves, are similar to those
found in a combustion system, such as those seen in internal combustion engines.

Kumar and Sung [82] studied the autoignition properties of GTL and
conventional fuel/air mixes. They noticed a two-stage ignition delay response. They
found that S-8 GTL creates a more robust flame than Jet-A in a laminar burning test
[87]. Wang and Oehlschlaeger [84] tested numerous conventional and GTL fuels for
igniting behaviour with a heated shock tube. At temperatures greater than 1000 K,
the ignition delay times measured by GTL and JetA were almost identical.

On the other hand, lower temperatures revealed considerable variations between
GTL and Jet-A fuels. Many organizations have attempted to establish a surrogate
mixture for GTL fuels to imitate the combustion behaviour of GTL fuels. Huber et
al. [85] generated GTL fuel surrogates based on the thermophysical characteristics
and volatility data. Naik and coworkers [88] used the findings of Ji and coworkers
[89] to forecast the GTL fuel's chemical kinetics model and compared it to the

experimental data. The model adequately predicted GTL fuel laminar burning rates;
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however, ignition delay time calculations were limited to very high temperatures due
to a lack of data. Chemical kinetic models based on iso-octane/n-dodecane mixtures
were developed by Dooley and colleagues [90] to simulate the burning of GTL fuels.
Reports of the experimental data confirming the predictions of extinction limits and
species concentrations were relatively accurate. Various experimental designs have
been used to test the ignition behaviour, including counterflow burners, fast
compression machines, and shock tubes [91]. Compared to traditional jet fuels, GTL
fuel has far greater resilience to flame stretch effects and more robust combustion
behaviour. The shorter ignition delay of GTL fuel compared to its conventional
equivalents was the most striking aspect of its combustion behaviour. Atmospheric
pressure or discrete intermediate pressures have been used in all investigations
above; therefore, it is vital to highlight them. It has not been thoroughly tested under
the same settings as internal combustion engines for GTL fuel's auto-ignition
commencement. Table 5 outlines a few recent GTL fuel ignition investigations that

have been investigated recently.

Table 5. Recent GTL Fuel ID Studies

Ref Author Fuel Techniqui Pressure Temp ()
[atm] [°K]

[84] YuGetal GTL model 1.0-10 885-1500 0.5,1.0,
surrogate 2.0

[92] Kitano et al GTL JsNs Engine 20 inj N/A N/A

[93] Askari et al GTL CVvCB 8-12 450 int 0.8-1.2
surrogate

[94] Choietal GTL+ Engine 1600 inj N/A N/A
BioDiesel

[95] Joshuaetal GTL, DF2, ST 5-10 950- 0.5,1.0

Jet-A 1250
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2.4.3 Fuel Ignition Quality

The principal reference fuel (PRF) for diesel is a blend of cetane and iso-cetane,
a standard specification for a fuel's cetane number. The ID time of fuel is tested
through an engine in a Cooperative Fuel Research (CFR) to determine its cetane
number. Afterwards, the ignition delay period is set following a certain cetane and
iso-cetane combination. Compared to cetane, iso-cetane has a longer ignition delay.
Some 15 (the lower limit for cetane number is derived from alpha-methyl
naphthalene (CN=0), which is the lowest constraint for cetane number). The cetane
number of a mixture is calculated as the weighted average of the cetane numbers of
its constituents. Based on Heywood [42], cetane number (C.N.) is given by:

CN = percentn — cetane + 0.15 X percent HMN
1)

Where HMN s the ratio of isocetane heptamethylnonane which has a very low
ignition quality. High cetane numbers are a characteristic of F-T diesel fuels, with a
high n-paraffin concentration. Compared to other F-T diesel fuels, PetroSA's fuel
has a lower cetane number because it contains less paraffin. Although the cetane
scale extends up to 100, several of the cetane figures in Table A in the appendixes
are recorded as >74. This is because it is the top limit of ASTM D613 requirements
for working standards [18]. The ID is highly affected by the C.N. Combustion
processes may spread across a larger area if the delay period is less than long. As a
result, diesel knock may be prevented, and emissions can be reduced due to a better-
regulated heat release rate and pressure increase. Fuels with a high cetane number
have a short ignition delay. Measuring the fuel ignition delay time is possible by
precisely a CVCA (Constant Volume Combustion Apparatus) [66]. As seen in

Figure 15, the ignition delay vs cetane number is shown. The ignition delay is
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inversely proportional to the cetane rating [96].
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Figure 15. The fuel cetane number affects ignition delay time.[96]

Finally, to conclude this chapter, the only investigation of GTL diesel fuel that
has been conducted is the study conducted by Joshua et al. [93]. Because using a
shock tube, the authors were able to evaluate the ignition delay time across a wide
temperature range. In contrast, they performed their studies for the lean combination
(=0.5). However, they did not investigate the mixture's stoichiometric or rich
conditions due to the challenges of attaining test durations longer than a few
milliseconds and the non-idealities associated with the testing facilities. In the
present study, the three conditions of the air-fuel combination are covered for a range
of intermediate temperatures between (980 and 1120 K) and the same range of
pressure up to 20 bar. The temperatures and pressures studied are 980 to 1120 K and
(6, 10, 14, 20) bar, respectively. In addition, a combination of diesel and GTL is
being examined to see whether there are any dire impacts, so it would be

recommended that it be utilized and have the advantages of both diesel and GTL.
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CHAPTER 3: SHOCK TUBE FACILITY FOR IGNITION DELAY
MEASUREMENT
3.1 Introduction

The shock tube has gained widespread acceptance as an experimental instrument
for studying reactive gas mixtures' chemical kinetic behavioral patterns in a confined
space. It has been used in several research papers since its development in the early
1950s. With the availability of shock tubes, special reaction rates, ignition delay
times, and other combustion characteristics have been completed to investigate
several fuels. It comprises two sections, the high-pressure driver and the low-
pressure driven section, divided initially by a diaphragm. Then, the driver portion is
pressured to a level of a pressure value sufficient to produce the diaphragm to
rupture, resulting in the generation of a shock wave that moves throughout the driven
section.

3.2 Fundamentals of Shock Tubes

Shock tubes are constructed of a rigid tube with a diaphragm at the beginning,
which divides the driver gas from the test gas or driven gas in the shock tube's first
section. Other names for high and low-pressure spaces include compression
chambers and expansion chambers, which are two different types of chambers [97].
When the diaphragm abruptly bursts, an incident shock wave is generated and
propagates through the test gas, elevating the temperature and pressure of the gas in
question. As the shock wave travels through the test gas, a rarefaction wave is
created, which travels back into the high-pressure gas at the speed of sound and
reflects off the driver endwall when it reaches the driver endwall. The "contact

surface,”" which travels down the tube behind the shock front, is where the test gas
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and the driving gas touch. Shock waves strike the end wall and reflect into the test
zone, boosting the temperature and pressure of the shocked gas in the test region.
Consequently, the energy release and chemical reaction begin, culminating in the
occurrence of an ignition. The experiment comes close when the expanding fan
reaches the driven tube endwall or when the reflected shock interacts with the contact
surface, whichever comes first, and the experiment is over. Testing periods in the
shock-tube trials are often just a few milliseconds, which is typical. Usually, the
diaphragm is assumed to rapture at t = 0, and before the rapture, only two regions
exist, 4 and 1, which indicates the high and low-pressure regions, respectively. After
the rapture, a compression wave is developed in the driven section (low pressure),
generating region (2) behind it. In addition to the compression wave, an expansion
wave is formed at the driver section lowering its high-pressure value and forming a
new region (State 3). Next, the compression wave is reflected from the high
temperature and pressure of the driver end-wall, creating a region (5). Finally, the
expansion wave is also reflected when it reaches the driver's left end and
significantly increases pressure and temperature. The region behind the reflected
expansion wave is illustrated as Stage 6 in Figure (16). The flow pressure of the
shock tube, alongside its temperature changes, is shown in Figure (17) using a
schematic approach. Eventually, all the regions will reach a steady-state condition

with constant pressure and temperature throughout the inner volume of the S.T.
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Figure 16. Shock tube ideal flow (reproduced from Ananthu and Asok Kuma [79])

Discussion of shock tube theory has been restricted to shock tubes with circular
cross-sections propelled by compressed gas. The Rankine—Hugoniot relations
describe the thermodynamic parameters on both sides of the shock front (also known
as the jump conditions). By assuming inviscid flow and compliance with an ideal
gas equation with constant specific heat. Equations below are the governing

equations for the conservation of mass, momentum, and energy:

Pu; = Py (2)
P, + pyu5 = Py + pyuf (3)
P2 1. 2_P 1 2

p2+e2+2u2—p1+e1+2u1 4

There are four variables in these equations: P (pressure), u (velocity), p (density),
and e (internal energy). It is possible to rearrange a gas equation for the conservation

equation (Pv=RT).
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tube is shown schematically. [99]

3.3 Shock Front Flow Relationships

The 1D conservation equations for mass, momentum, and energy for an ideal gas,
which is a logical hypothesis for several gaseous with modest pressure and
temperature fluctuations along with the head of the shock, may be used to derive

these correlations [100]

y+1p: .

P_v—1p 1
Py y+1_ ps
y—1 p

(5)
where Ms indicates the shock wave incident Mach number, u and p symbolize gas
velocity and density, index 1 represents pre-shock circumstances, and index 2

implies post-shock conditions. is the ratio of a gas's specific heat capacity. The
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following two equations show the pressure and temperature fluctuations along with

the head of the shock:

p =1t oM -1 (6)
T, 20— ) yM2 41, 5
—=1 3 M -1 7

The initial pressure ratio P4/P1 and the subsequent incident shock Mach number,

Ms, may be calculated using the formulae mentioned thus far. It's as follows:

24 . "—lﬁ'[ 1 _I
Py= |1+ ——(M -1)|[1 -—— (M, —— |
11 +h+1( 5 }jH ;-—|—1.-::4( ' Mj)]

i

(8)
P5/Pl and T5/T1 may be expressed as a function of Ms1. The following formulae are

established by combining the previous two equations (P2/P1) and (T2/T1).

Ps _ [20:May = (G = 1] =200 = ) + MGy, — 1)
P 1+ 1 24+ My, = 1) ()
Ts _ [2(y, — DM, +3 — ?lf[_{-?‘}ﬁ - ”M_i -2y, — 1] (10)

T, (v, + 1)*M2,

The above set of equations represents how to find the conditions through all
phases of the transient flow of the shock wave.

3.4 Literature Review of Various Shock Tubes

Various shock tubes have been and are still being utilized across the globe during
the last century; Chapter one of [101] provides a historical overview of
investigations on shock and blast wave phenomena. As early as 1899, a French
scientist named Paul Vieille conducted the first shock-tube studies, which focused
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on varying diaphragm materials and driving gases. However, it was not until 1946
that Payman and Shepherd published their first important paper on the shock tube
[102] There are many uses for the contemporary shock tube discussed in this paper.
They also discovered that the diaphragm thickness, the length of the driver and
driven tubes, and the molecular weight of the driving gas are all essential factors in
shock tube experiments. Refer to Gaydon and Hurle's well-known book on shock
tubes for further information on the history of shock-tube development. (1963).

Figure (18) shows a schematic of historical works for S.T.s until the 20" century.

1900 1920 1940 1960 1980 2000

1899: Vieille 1940's: 1970's: Firstuse ~ Primary uses
(France) first US/Canada/GB of lasers for o Astrophysics/
shock tube mine safety, species detection comets
constructed shock-induced (Stanford/Ames)  « Blast waves (e.g.
explosions, nuclea'r
aerodynamics 1960's: re-entry explosions)
studies + Chemical kinetics

s Gasdynamics/

1950's: first C
applications to aerodynamics
high-temperature ¢ Heat tr.ansfer
chemical kinetics (radiation +
(CalTech) convection)

s Spectroscopy

Figure 18. historical progress of S.T.s usage. [102]

A shock tube is the most practical and safe means to create regulated shock/blast
waves in labs. The flow is to be identified and created within the heated tube (test
section), determines the shape and size (geometry parameters) and the range of
beginning conditions to be employed (P and T). Following is a short overview of a
few standard shock tube designs and a summary of investigations completed in these
shock tubes. The authors chose the mentioned tubes based on their knowledge at the
time.
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3.4.1 Shock Tube [UTIAS], Canada

University of Toronto Institute for Aerospace Studies (UTIAS) built the UTIAS
combustion-powered hypersonic shock tube to mimic the high enthalpy, actual gas
flow characteristic in hypersonic flight. Combustion drivers can deliver shocks at
velocities up to 7 Km/s. The Institute for Aerospace Studies at the University of
Toronto, Canada, constructed it in 1964. A quick explanation of this tube follows; a
more in-depth description may be found in Boyer's article [103]. Even though it was
designed to generate high-velocity flows, it may be used to analyze shock waves
with Mach numbers as low as one and as high as roughly 20. There is no requirement
for a flammable gas combination while investigating flows formed behind
weak/moderate impact shock waves with Mach numbers less than 5, and
conventional high-pressure gases emitted from compressed gas containers are
employed instead. BenDor used a wide range of starting conditions in his
experiments, which you can see in Table (6) below:

Table 6. Initial conditions of UTIAS [102]

Driven section gas (N2) Driven section gas (Ar)

Incident P4/P1 Driver gas Incident P4/P1 Driver gas

Mach Mach
2.0 110 CO. 2.0 60 CO;
3.7 220 He 3.0 70 He
4.8 690 He 4.4 350 He
6.2 800 He 5.2 800 He
7.0 1550 H: 6.1 520 He
7.8 3320 H: 6.9 1000 H2
7.9 1900 H2

3.4.2 Shock Tube [Prefectural University], Japan

The drag coefficient of a tangible item in a gaseous medium must be known to
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evaluate its mobility. Shock tubes have been used in experiments to estimate the drag

coefficient of a solid sphere travelling through a fluid, among other ways. Shock

waves were used in these investigations, and the movement of the spheres was

tracked. We determined the appropriate drag coefficient by looking at the recorded

sphere trajectories. Technical difficulties emerge while doing shock tube studies,

such as protecting the object of study from contacting the tube walls. The following

explains Suzuki et al. [104] proposed solution. Experiments were performed in a

horizontal shock tube shown schematically in Figure (19) to determine the sphere's

drag coefficient in a nonstationary movement. 75 cm long and 11 cm inside diameter

with a cross-section area of 7.5 cm? for the test section; the driver part had the same

length.
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Figure 19. schematic of the described shock tube in section 3.4.2 [103]
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3.4.3 Ben Gurion University Shock Tube, Israel

There are seven different shock tube systems at Ben Gurion University's Shock
Tube Laboratory for performing various studies. Each apparatus has its
specifications of orientation, cross-section geometry and section lengths. Starting
with mitigation of shock wave experiments, passing through testing of shock
reflection phenomenon and finally structure study of the blast waves. Table
(7) summarizes the tube specifications. For example, Figure (20) shows the vertical,
4.5-meter long shock tube that was updated and completely automated using a quick

opening valve between the driven and driver tubes.

Table 7. Characteristics of Ben Gurion University Shock Tube [105]

Experiment Maximum Orientation  Cross-Sestion ~ Driver Driven

Mach dimension length Length

[cm?] (m) (m)
ST-01sh 1.7 Horizontal 8x8 2.0 3.5
ST-02sv 5.0 Vertical 8x8 2.0 4.5
ST-03ch 2.0 Horizontal Dia=20 cm 2.0 8.0
ST-04sv 1.8 Vertical 3.2x3.2 1.0 15
ST-05sv 2.0 Vertical 3.6x3.6 15 35
ST-06sv 2.5 Vertical 5.6x5.6 15 3.0
ST-07sv 2.0 Vertical 25x12.5 2.0 6.0
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Figure 20. schematic of the described shock tube (ST-02sv) in section3.4.3 [104]

The following table (8) summarizes various shock tubes around the world and shows

the main features of geometry and shock conditions

Table 8. Review of Shock Tubes

Main Features

Ref Affiliation Driver  Driven
length  length
[106], Ernst Mach Institute 150 cm 380 cm
[107]
[108] Aix-Marseille 1.5m  5.04m
University

An experimental
was  employed
shock tube that
produced  shock
waves in 1 to 5
Mach to explore
various shock
wave patterns.
Allows for the study
of flows without the
influence of wall
boundary layers.
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[100]

[109]

[110]

[111]

[112]

Russian Academy of
Sciences

Texas A&M

University

Texas A&M
University/Qatar

Stanford University

KAUST

2.24m

6.6m

7various
lengths

3-9m

13m

4.72

5.2m

7various
lengths

9m

employing hydrogen
as the

driving gas at
temperatures up to
750 K and pressures
up to 500 atm
High-Pressure
Shock Tube with
different diaphragm
material usage and
having long test
times for the runs up
to 50-atm

Aerosol Shock Tube,
Using an external
holding tank, a set
amount of aerosol
was injected into the
driving part of the
shock tube.

The new aerosol
loading scheme uses
two large S.T. gate
valves,

a mixing plenum and
dump tank, and plug
flow loading. Laser
diagnostics (U.V. to
MIR) provide fuel
loading, uniformity
measure, and species
concentration time-
histories

Two types of S.T.s
low-pressure  S.T.,
are designed to reach
reflected shock
pressures of 1 - 20
bar and temperatures
of 500 — 4000 K, and
high-pressure S.T.

3.5 Improvements in S.T.s design

3.5.1 Diaphragm

A shock wave is generated when the diaphragm separating the driver and driven
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portions ruptures. The diaphragm is punctured with a needle, or a differential in
pressure may be created. In order to simulate spontaneous rupturing of an aluminium
or iron metal diaphragm, it is advised that the diaphragm be scraped across. In 1962
[95], Bradley suggested using the cross-scratched layer design to avoid the
reproduction of spontaneous rupturing in the case of the flat layer. Figure (19)

illustrates the layer rupture shapes for the cross-scratched diaphragm.

Figure 21. Diaphragm before and after rupture of cross-scratched layer [95]

Diaphragm-less shock tubes with fast action valves have been recommended
because of their outstanding repeatability and quick turn-around time for
experiments [113]-[116]For example, in the shock Mach number range of 1.1 to 2.5,
Kim (1995) [117] reports shot-to-shot repeatability in shock speed of better than 0.2

% scatter utilizing air as both the driver and driven gas.

3.5.2 Variable Cross-Section STs
With a powerful shock wave projected, a driver portion bigger than a driven part
was contemplated [118]-[122]. Alper and White (1958) [123] calculated the Mach

number of shock waves produced in the driven portion for varyindriver/driven gases
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configurations. Their findings are shown for four alternative cross-sections of the
driver and driven cross-section. The authors found that the Mach number of a shock
wave may be raised by up to 1.1 times if the cross-sections of the driver and driven

portions are equal.

3.5.3 Aerosol S.T.

The Aerosol shock tube as in figure (22) is designed to meet the challenge of
having the test conditions when examining the liquid fuels. However, maintaining a
regionally uniform dispersion of the aerosol test composition is the fundamental
problem when researching aerosols in shock tubes. A non-uniform aerosol
concentration may degrade shock tube results, as was the case in previous research
[70], [124]-[126]. Remember that the heated S.T. method would include heating the
shock tube and mixing assembly to allow for a more significant fuel vapour pressure
in the system. When the fuel temperature is too high for an extended period in the
shock tube or mixing tank, the issue with this approach manifests itself prior to the
shock start. Preparation for the combustion experiment, including mixing and filling
the shock tube, will cause the fuel to disintegrate prior to the start of the experiment.

Mixing
Plenum

Driven Section |

|

: Test Section

Driver Section

£
L

' Ball Valve
Driven Gate

Valve

Diaphragm Nebulizers
Endwall Gate

Valve

Dump Tank

Figure 22. illustration of the aerosol S.T. [69]

The following is the technique for filling the shock tube, To begin, a combination of
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oxidizer and diluent is used to establish the gas pressures in all volumes (with all
valves closed). The pressure in the mixing plenum and the shock tube test section is
adjusted to P.a. The dump tank's Pg. pressure is lower than P a's. When the dump
tank ball valve is opened, and the pressures in the other streams equalize, the pressure
in the whole of the driven section is adjusted to the specified target pressure P1. Then
comes the aerosol concoction. A fan within the aerosol mixing tank mixes the whole
volume. The fan has six blades evenly distributed along the axis of rotation and spins
at about 100 rpm. Then an ultrasonic nebulizer array creates liquid droplets that
rapidly catch up in the mixed flow. This is done until the liquid loading in the mixed
gas reaches a desirable level. Then they are switched off. Large droplets may then
settle. Third, the test part of the shock tube receives the aerosol composition. There
is no flow through the endwall gate valve since the pressure difference over it is zero.
When the ball valve in the test section has been opened, gas may flow into the dump
tank from the test section. The aerosol mixture is pulled into a plug flow from the
test portion into the dump tank as gas flows through it. The aerosol mixture is sent
into the dump tank through a ball valve. Currently, the driven segment gate valve
does not experience any pressure change. Close the endwall gate valve and the ball
valve to prevent any flow. Smooth-walled tubes with a homogenous aerosol
approaching the endwall are produced.
3.6 Diagnostics and Visualization

There were outcomes from tests done in shock tubes given when discussing
various shock tubes. After that, surveying some of the techniques and procedures

utilized to achieve these and other comparable outcomes.
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3.6.1 Pressure Transducers

Dynamic pressure gauges with a fast reaction time (approximately 1us) are often
used in shock tubes. Like PCB transducers, they come in two varieties: piezoelectric
and piezo-resistive. The main selection criteria of the pressure sensor are based on
the geometrical and operational conditions since the last one will affect the
sensitivity of the measurements. When subjected to pressure oscillations, certain
natural crystals develop an electric potential difference between their sides. The
crystal response is linear and proportionate to the measured potential difference and
pressure differential. For piezo-electric gauges, it may be converted into a voltage
fluctuation or a variation in electric resistance. The tube's incident and reflected
shock waves and the various pressure values may be measured by determining the
distance and time elapsed between the triggering of two pressure gauges. Using the
formula Mi=W/a, the Mach number of a shock wave is calculated. Where W is the
incident shock wave velocity, and a is the sound speed in the gas. Flexible pressure
transducers are installed at various positions along the shock tube walls, allowing for
the production of the (x, t) graph of the fluid domain under consideration [127]-

[130].
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Figure 23. a- PCB piezo-electric, b- transducers, and c- During the same run, they

collected signals indicating the proximity of their faces to one another. [130]

PCB transducers (Figure 23) can detect shock or blast wave passes; however, a
0.5 mm layer of silicone covering is required for reliable pressure measurement
[131].
3.6.2 Visualization Techniques

Different devices are used to detect the ignition inside the shock tube. For the
Shock tube, flow field parameters may be studied using a broad range of
spectroscopic approaches, both steady and transient, that can be applied to a wide
range of samples and environments. These approaches use the known spectroscopic
features of electronic and rovibrational transitions of specific target species and may
offer quantitative and non-invasive diagnostic measurement findings. Shock tubes
have been used to measure the chemical composition and gas-dynamic parameters
using absorption and emission techniques. Recently, Using the external photoelectric
effect, photomultiplier tubes (PMTSs) in figure (24) are better in reaction time and

sensitivity (low- -light-level detection) [132]. Medical devices, analytical
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instruments, and industrial measuring systems all use them. It is critical to be aware
of the circumstances of the incident light before beginning any measurement. The
quartz window in the shock-tube body may be fitted with a photomultiplier tube to
detect the ignition delay based on C.H.* emission signals formed during the
combustion process at 431.5 nm using a narrow band-pass filter, which is generated

during the combustion process.

Figure 24. complete assemblies in protective housings of PMT [111].

51



CHAPTER 4: TEST RIG DESIGNING, FABRICATION AND
CHARACTERIZATION

4.1 Introduction
This chapter of this study will go over all of the stages involved in designing

and manufacturing the test rig arrangement chosen to achieve the objectives. The
significant elements of the suggested experimental approach and setup are discussed
in detail in the first section of the chapter. In addition, several design and
manufacturing changes were made to the chosen design before it reached its final
form, which is detailed in further depth in the concluding portion of this chapter.
4.2 Method for Experimentation

The literature study stated that the shock tube would be a suitable method for this
study's experiments. Under various beginning temperatures and equivalency ratios,
a specifically developed state-of-the-art spherical bomb test rig will be used to
determine the laminar and turbulent flame speed of liquid fuels. As seen in Figure
25, an experimental design plan was created by analyzing past designs and

incorporating the essential aspects of those designs into this dissertation.
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Figure 25. schematic view of the shock tube experimental setup using the evaporated

heated pot

The measurements will be conducted in a standard shock tube as explained in the
introduction of this proposal; the test rig design can be described as follow: It
consists of a long tube with 6 m length, which is supposed to be 120 times [99] the
tube diameter (50 mm) this due to avoiding catching up of the reflected rarefaction
wave with the incident shock wave before the incident shock is generated inside the
tube. The given shock tube is divided into two parts: driver section (3m) and driven
section or test section (3m), Figure 7. A thin aluminium diaphragm separates the two
sections. The driver section is supplied with helium as the main driver gas, and
Argon is added to match the acoustic impedance of the shock heated driven gas. The
two gases are pumped to the driver section using two high-pressure mass-flow
controllers. The flow of helium and Argon are controlled by mass flow controllers
(MFC). The driven section will be fitted with an Oxygen detector to measure the
mixture O, content ratio. The driven section (test section) is provided with a quartz
window towards the end of the tube. The driven section was also heated using nine
standard electric heaters [133] and 90 cm in length for the one heater. A total capacity
of 90 W per heater is applied to maintain the test section at a temperature ranging
from 150°C to 250°C in order for liquid fuel to evaporate. Each segment of the driven
test section is heated by mounting three heaters around its surface area distributed

by 120 ° apart. Figure (26) shows the arrangement of the heater around the tube.
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Electric heaters

Figure 26. Electric heaters around the tube

Several exposed locations were covered with fibreglass insulation (see Figure
(27)). The insulation properties can be found in Appendix E. In addition, there was
a temperature controller for each heated jacket. Finally, a heating tape was put
around the manifold that connects the mixing tank to the shock tube to prevent

condensation during the filling operation.
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Figure 27. Insulation of the test section and air inlet connection

There are two ways of loading the fuel inside the driven section. The first method
(see Figure (25)) uses the direct evaporated fuel prepared by heating fuel inside an
insulated pot surrounded by an electric heater and a heater below the pot to convert
the fuel phase to vapour. However, the main challenge of this method is the
occurrence of fuel condensation in the connections before the inlet to the tube. The
second technique (see Figure (28)) is to inject the fuel droplets directly into the shock
tube in two ways: either to use the fuel injector and which requires high pumping
pressure of the fuel, or to use the injector gun that uses the compressed air to suck

the fuel and deliver it to the tube in automized spray fuel with more homogenously
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mixture with air. The first injection method is challenging to apply due to the poor
mixing with air, and the mixture will be difficult to ignite. The other injection is the
method utilized for fuel injection;. However, the compressed air lowers the fuel
temperature of the mixture, the heating inside the driven section will maintain the
temperature at the required value. The electric heaters of the test section will be
switched on for about 45 minutes prior to the experiment to ensure the evaporation
of the tested fuels fully and set the required initial temperature of the experiment.
Fabrication of the shock tube will be made from steel. Different sealing materials
will be used to ensure no leakage from the two sections of the shock tube. An external
electric heater will control the inside temperature of the test section. The test section
of the shock tube will be covered with fibreglass insulation (made from a ceramic
fibre that withstands till 1260 °C) to avert any probability of fuel vapour
condensation inside the shock tube. Insulation must also be placed in all fuel lines to
avoid condensation of the vaporized fuel. Air is delivered to the shock tube using a
heat gun since it can efficiently control the airflow rates and air temperature. The
test section is fitted with a quartz window capable of withstanding the high
temperature and pressure of the shock waves. Independent temperature
measurements inside both sections of the shock tube will be carried out using a type

k thermocouple connected to a data acquisition system (DAQ).
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Figure 28. schematic view of the shock tube experimental setup using the fuel

injection method

4.3 Measurement Devices
This section contains the components and characteristics of all of the
measurement devices and an explanation of the methods used to place them on the

shock tube.

4.3.1 Pressure Measurement

The pressure transducer is a device used to monitor the pressure inside the shock
tube, as mentioned in Chapter 3, section 3.6.1. It converts the pressure into an
electrical signal, and then it is essential to convert this electrical signal to a physical
property which is pressure, for our purpose. In this study, five pressure transducers
were used to detect the pressure across the tube. They were distributed four in the
driven section and one in the driver section. Their location is explained in Figure
(29), and the first sensor is located 2 cm apart from the endwall of the driven section
for detecting the onset of ignition when it has occurred. The four pressure transducers

in the test section have recorded the pressure amplitude in which the incident shock
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velocity slope across the driven section will be determined and thus the Mach
number.

In the first two positions from the endwall, the mounted pressure sensors are PCB
Piezotronics (PXM01MDO) [134], which have a pressure measurement range of 0 to
25 bars and an operating temperature range of 0 to 120°C. The required power source
is 28 DCV. Their features a pressure output response of 10pC/psi, which is converted
to a voltage measurement by employing an inline PCB Pierzotronics charge

converter on the circuit board (Model 422E35)

Figure 29. schematic view of the five pressure transducers distribution across the
shock tube

A calibration unit in the hydraulic machine laboratory in Qatar University
(Beamex Multifunction Calibration unit Figure (30-C)) was used to finish the
calibration process before using the transducers in our experiments under power
excitation of 28 DCV. The pressure transducer was connected to the testing machine
and delivered specific pressures as a calibration procedure. It was necessary to record
the output signal and then compare it to the calibration charts that came with the
sensors. In the end, it was determined that both pressure sensors were functioning
correctly and providing accurate data. Furthermore, the result as is shown in figure
(27):
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Figure 30. Substantial convergence between the datasheet and the actual data

obtained from the calibration unit (Beamex Multifunction). (a) Driver section

transducer (SN 185489). (b) Driven section transducer (SN 185510) (c) Pressure

sensor calibration unit in Qatar University.

The piezoresistive high temperature and pressure transmitter, called 35XHTC

[135], is the other three pressure transducers used in the experiments on velocity

measurements; therefore, it is suitable for working in places like this one. Pressure
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from the flush diaphragm moves through an oil-filled capillary to the silicon

measurement cell, where it can be readout. A schematic representation of the

35XHTC pressure transducer is shown in Figure 31.
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Figure 31. a schematic and graphic picture of the (model 35XHTC) pressure

transducer

A local Qatari company has calibrated the pressure transducer to create the

pressure-current calibration charts. Appendix B includes a calibration certificate

from the company that includes these charts. The sensor had to be calibrated first,

and then a suitable location on the Shock tube side wall was identified. The desirable

location to put the sensor as in Figure 27. By cutting a hole through its body and

installing a special adapter fitting created at Qatar University mechanical workshop,

G1/2 internal threads were marked, as illustrated in Figure 32.
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Figure 32. Side view of the mounting of the pressure transducer on the tube

4.3.2 (DAQ) GW:-Instek Oscilloscope

The GW-Instek oscilloscope (Model GDS-3152) has been chosen as part of this
dissertation. It includes a 150 MHz sampling rate and can record screenshots of
waveforms and sampling data in Excel spreadsheet CSV format. Using a
Photomultiplier tube (PMT) and two pressure transducers, 25000 sample points are
available for each test condition (Section 4.4). However, due to the need to read other
transducers, the GW-Instek can only register the readings of two transducers; a
Tektronix Digital Oscilloscope (Model TDS3032B) [136] is used with other two

pressure sensors. Both oscilloscopes are shown in Figure 33.
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Figure 33. Oscilloscopes used in experiments, a- GW-Instek oscilloscope (Model

GDS-3152) b- Tektronix Digital Oscilloscope (Model TDS3032B)

4.3.3 Temperature Measurement

Five different k-type thermocouples [137] (Figure (34)) were used in this study
to measure the temperature across the test section and to check the temperature's
uniformity through the 3 m length of the driven section. In addition, one
thermocouple is mounted on the outlet pipe of the driven section to the vacuum pump
to have an accurate reading of the temperature of the air-fuel mixture, to avoid the
shield radiation [138] issues due to the small volume of the tube, which affects the
reading of the thermocouple inside the tube. The other four thermocouples are fixed
on the tubular sidewall to check the uniformity of the temperature across the whole

length of the test heated section.
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Figure 34. Photo of thermocouple used in this study and schema showing

thermocouple distribution across the test section

The characteristics of the k-type thermocouple were found to be suitable for use
in this dissertation [137] (see appendix C).

A series of temperature calibration tests were carried out to ensure that the driven
area was kept at a constant temperature. The test section length of 300 cm is shown
in Figure (35).

Temperature uniformity within £5°C maximum of the fixed points of 100, 150, and
200 °C was attained. A more significant temperature decrease is approaching the
diaphragm section, as seen by these uniformity distributions over the driven

segment.
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Figure 35. Several Temperatures readings on different locations along the test

section.

Another calibration for the temperature readings is to know the time required to

reach a set point temperature for the four thermocouples mounted in the driven

section. Again, all sensors show acceptable agreement in temperature within time,

as seen from Figure (33). Finally, it is crucial to mention that the heating system's

maximum temperature was 246 °C as per Figure (34).
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Figure 36. The time required for the four thermocouples to read the set 200 °C

Figure 37. Photos show the temperature increase as the heating for the tube increases.

4.3.4 Driver Section Rupture Test

An inert gas combination of argon, helium, and nitrogen is charged in the driver
section to produce a shock wave that passes from the driver section to the driven or
test section. Then this shock initiates the ignition of the fuel-air mixture. The
description of the experiment in sectionn4.2 states that an aluminium sheet (based
on ASTM E252-06(2013) standard test method)[139] is sandwiched between the two
portions; when subjected to the high pressure created in the driver section, the

aluminium sheet ruptures, causing an ignition to occur as a result of the shock wave
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receiving the endwall of the driven section. The aluminium foil is 0.3mm thick and
had been cut to have the diaphragm shape, and it is necessary to consider the flatness
of the layers when it is doubled in case of using more than one layer.

The need of finding precisely the pressures used in the experiment to estimate
the number of aluminium layers required at this pressure. Figure (38) shows the
pressure transducer in the driver portion after the aluminium foil was ruptured,

illustrating how the pressure dropped.

Ruptured pressure
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Figure 38. calibration of the shock wave initial pressure based on the number of

aluminium sheets that separates driven and driver sections

Figure (39-a) illustrates the increase in the pressure of the driver section as a
snapshot from the DAQ, and Figure (36-b) explains the rupture moment and how the
pressure decreases suddenly across the diaphragm. The pressure signal is recorded

using the fifth thermocouple mounted 2 cm apart from the diaphragm.
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Figure 39. (a) Oscilloscope shows that the increasing pressure charges the inert gas

mixture. (b) Display of the moment when the aluminium diaphragm had collapsed.

The display of the diaphragm before and after the rupture is explained in figure
(40), in which obviously how a set of aluminum layers are fixed in the flange

explicitly designed for the diaphragm.
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Figure 40. The diaphragm before and after the rupture

4.3.5 Shock Tube leaking Test

The leakage test was done for both driver and driven sections. This is because
mainly the tube consists of six main segments connected by flange and screw-nut
connections and the possibility of leaking from ports of pressure transducers,
thermocouples, and O detectors. Furthermore, the leakage test for the driver section
was performed under cold conditions since no heating in this segment used the three
driver gases used in tailoring the experiment (He, Ar, and N2). Therefore, the process
starts by filling the driver section with the specified gas, then monitoring the pressure
using a standard pressure gauge (Bourdon gauge) (see figure (42)) and seeing how
it decreases with time. Finally, all gases were compressed into the tube till they
reached 20 bar. The system is withstanding for all gases in the first 30 minutes. This

time is sufficient to finish the transient experiment, as shown in Figure (41).
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Figure 41. Cold leak test in the driver section for all gases used in the experiments

Figure 42. The leakage test for the driver test

The leak test for the driven section was conducted for both cold and hot conditions
since this area of the shock tube has many ports and the influence of heating in the
silicon used between the segments. Therefore, the air was used to be increased its
temperature to test the leaking for different sets (100, 150, and 200 °C). The ideal
gas equation of state is used to compute the number of air miles, and the pressure
sensor is used to evaluate the pressure at each corresponding temperature:

PV =nR,T 9)
Where P [kPa] is the pressure inside the driven section, V [m®] is the total volume of
the test section, which is 5.9x10°m?3, Ry is the universal gas constant (8.3144 KJ/kg

K), T is Temperature [K] n is the number of air moles which is supposed to be equal
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to any value of P, and T. Table 9 summarizes the results of the hot leak test.
Based on the safety considerations and the computed dynamic and thermal
stresses created within the tube, the maximum pressure that this shock tube may

achieve before rupture is 20 bar.

Table 9. Hot leakage experiment

Reading 1 2 3
Temperature [K] 373 423 473
Pressure [Kpa] 101.377 114.967 128.556
Air Moles [mole] 1.93x10* 1.9286x10™* 1.929x10*

4.3.6 Equivalence Ratio (®) Control

Air-fuel mixtures may be described using the equivalency ratio (@), which
indicates whether they are rich (@ >1), stoichiometric (® =1), or lean. Therefore,
variations in the equivalency ratio must be examined for their impact on ID times in
this dissertation. As a consequence, the experiment's equivalency ratio must be
established. The gas detector apparatus is often used in safety applications to detect
the presence of hazardous gas in a place by measuring the quantity or percentage
volume of the gas present. In addition, it can emit an alert sound in the event of a
leak or when the quantity of dangerous gas is released beyond a specified threshold.
Such applications may be found in various places, including oil refining and stations,
boiler rooms, the petrochemical industry, mining, and others.
As part of this research, an OC-F08 fixed gas detector installed on the wall is used

to sense the percentage volume of oxygen in the shock tube heated section (0-30.0
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per cent Oz volume) before the ignition process in order to estimate the equivalency
ratio for each test scenario under consideration.

The OC-F08 gas detector has been adequately calibrated before being used in
studies, and the calibration certificate can be found in Appendix B. The calibration
certificate can be found in Appendix B. The OC-F08 gas detector, installed on the

wall and utilized in this dissertation, is shown in Figure (43).

Gas Datector

Figure 43. Explanation of different sets of O readings

This particular type of gas detectors was chosen for use in this dissertation due
to the nature of the equivalence ratio determination since the available gas analyzer
in Qatar University in Heat Engine Lab its operation principle is based on induction
of a sample of the air-fuel mixture to the device and then analyze it; however, this is
only suitable with the dry gaseous sample, and the mixture sucked from the test
section has a vaporized fuel that can be easily condensed before reaching the device.
So, the need after that for a device that can detect the oxygen ratio without
withdrawing a mixture sample. In addition to the mentioned justification of using

the gas detector, there are several, which are as follows:
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e Stable signal, strong repeatability, rapid reaction, and high accuracy are all

desirable characteristics.

e An LED screen that shows the gas type and concentration and the unit and

instrument status, among other things.

e A protection mechanism and an alert are provided to avoid excessive gas

concentration leakage or assault. The gas concentration is shown in % vol, parts per

million (ppm), % LEL, or milligrams per cubic meter (m3/hr).

e Operation of the remote control through infrared

e A data logger and a data restoration feature are included.

e Suitable for use in combustion-related applications.

e Resolution of 0.1 % LEL, the accuracy of 3% F. S., and repeatability of 1 % are

all achieved with this instrument.

e The reaction time is less than 20 seconds, and the sensor detects oxygen

concertation in the desired range (19.5 % to 20.2 %)

e It may also detect various other gases (such as CH4, C3H8, H2, NH3, and CO2).
The tested fuels' equivalency ratios are calculated by implementing the below-

mentioned processes. Initially, the Calculation of the stoichiometric equivalence

ratio (A/F)s from the complete chemical combustion reaction for one mole of diesel

fuel:
Ci6H34 + 24.5 (02 + 3.76N2) — 16C02 + 17H20 + 92.12N> (11)
y)

—~
RIS
Q

)

(A) __ Actual mass of air
a

F

(13)

" Actual mass of Fuel

In the above equations, the actual mass of fuel can be determined and injected
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inside the tube for the required value of the equivalence ratio. The below curve
correlation (Figure (44)) is developed to determine the relationship between the O

reading and the equivalence ratio.
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Figure 44. Calibration curve of the equivalence ratio based on the Oxygen detector

reading

4.4 Tested Fuel Blends

This study will test the following fuels: conventional diesel, GTL, and a 50/50
mix of conventional diesel and GTL (see Figure (45)). The chemical and physical
parameters of the examined fuels are listed in Table 2.3. However, properties in
detail are shown in the following Table 10. In a 50:50 volumetric ratio, diesel fuel
and GTL are blended. The preparation method for the fuel blend ad the mix physical

and chemical properties are explained by Sadig et al. [30]

Table 10. properties of experiment fuels

Parameter GTL Diesel Blend [D50:G50]
Known Formula Ci6Ha4 CisHa4 CisHa4
Density [kg/m®] 770 830 792
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Cetane No 77 55 64

Average Boiling Temp [°C] 260 275 263
Flash Point [°C] 77 55 71
H/C 2.125 2.125 2.125
HHV [MJ/kg] 49.3 42.9 46.2

Figure 45. A photo of the fuel tested in the Shock Tube

4.5 Compressor, Air inlet characterization, and Vacuuming of the system

The compressor was used for the second fuel loading method since the injector
needs high pressure to suck the Factors fuel droplets into the system. The compressor
used as a general-purpose air compressor is already available in the Energy and
Environment laboratory at Qatar University, as shown in Figure (46). The
compressed air, as mentioned above, sucked the fuel that had been prepared in the
fuel tank through a special fuel hose. The air enters the driven tube through the air
heater (heat gun), and the reason for choosing is its capability of controlling the air
temperature and flow rates. The air temperatures can reach 660 °C. This hot air will

decrease the time needed for heating the test section since the air temperature inside

74



the tube can reach 100 °C for a moderate temperature range from the air heater.

a b C

Air heater w

Fuel Injector
Gun

Compressor

Fuel Tank

Figure 46. a- The air inlet system to the shock tube involving the compressor, fuel

tank, air heater, and fuel injector b- Fuel tank c- Air compressor.

4.6 Final Experimental Procedure for Ignition Delay Measurement

The following steps are the procedures followed for the test rig operation and then
measuring the ignition delay for the required fuel.
Initially, the system was cleaned, and the air was compressed inside the driven tube
to remove any deposits from the previous experiments. These deposits can be
residues of fuel or waste of the aluminium diaphragm after the rupture process.
The tested fuel was prepared in the fuel tank and checked all the connections between
the tank, compressor, and air heater.
The exhaust fans are turned on to evacuate any vaporized smoke from the sealant,

saturated insulation, and fuel vapour.
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The diaphragm was prepared by gathering the required number of layers based on
the required pressure in the driver section and checking the sealing of the diaphragm,
then waiting for 20 minutes till the sealant was strengthened.

The diaphragm was remounted on its location between the two sections and
reconnected all the flanges of the tube.

The electric heaters around the driven section were turned on for at least 45 minutes
and observed the temperature increase across the tube every 5 minutes until they
reached the required condition.

The air was fed inside the tube using the air heater at low pressure, and the air
temperature was monitored till the required level.

The driver gas was released inside the driver part with the required mixing ratio or
relentless pressure of the driver section.

The DAQ in Figure (47) was prepared with the suitable setting of capturing the signal

of the pressure transducer.

Figure 47. The DAQ was ready to capture the signal.
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Carefully, the fuel was induced inside the driven section by pressing the injector for
one time, and the O2 detector reading was noticed and waited till it reached the
required value.

The rupture was initiated using the control valve in the driver section and
simultaneously snapped the pressure wave at the rupture time.

The vacuum pump exhausted the ignited gases and emissions outside the tube. They
then waited for the system until cooled by convection to remove the aluminium

waste parts after the rupture to start a new trial.
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CHAPTER 5: RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents the experimental results that have been obtained from the
shock tube tests. Initially, an experimental and numerical investigation of the effects
of the diaphragm pressure ratio and its position on a heated shock tube performance
is shown in the following few sections, followed by measuring the incident shock
velocity to calculate the Mach number of the determined driver pressure and the
presentation of the ignition delay time measurements for conventional diesel, GTL,
and diesel-GTL fuel blend.

5.2 Characterization of Shock tube for ID measurement

5.2.1 Incident Shock Velocity Measurement

For the experiment to be successful, it must be able to produce a high-velocity
shock wave, as previously mentioned. In order to understand how fast the shock
wave travels back to the source, it is necessary to measure how fast the driven tube
moves. Viscous processes or a partial rupture of the diaphragm usually result in the
incident shock wave's attenuation as it travels down the tube. Therefore, the
magnitude of experimental discrepancies hidden beneath the reflected shock wave
will be calculated based on the attenuation level.

Different driver gas velocity profiles (Helium, Nitrogen, and Argon) displayed
in Figure (48) were obtained at a loading driver pressure of 10 bar throughout the
experiment. The driven section is monitored for attenuation at (2.3%2.18% and
1.96%) for each gas, every one meter of distance travelled. This is the most
significant distance that may be used to measure the speed of the shock wave,

depending on where the sidewall ports are placed on the tube. The shock's velocity
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declines linearly during the last one metre of the driven tube due to the different
factors of non-idealities such as non-ideal rupture of the diaphragm [140], boundary
layer effects, and driver gas contamination. Therefore, the shock tube was used to
gather shock-wave attenuation data for Helium, Nitrogen, and Argon across a broad

range of pressures, as shown in figure (49).
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Figure 48 The extrapolation of the incident wave speed at the endwall for

approximately the last 60 cm of the driven section. (a) Helium (b) Nitrogen (c) Argon
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Figure 49 Attenuation of the shock tube for different driver gases pressure at an

initial temperature of 200 °C.

The attenuation of the incident shock wave velocity rises in proportion to the
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increase in the driver's gas rupture pressure. According to figure (49), Helium has a
more considerable attenuation value than other gases. This is because the velocity of
the shock wave is measured to be the greatest in Helium, which increases the
thickness of the boundary layer over the driven length. Furthermore, the viscosity of
Argon reaches its maximum around 200 degrees Celsius, which affects the thickness
of the boundary layer as it increases [141]-[143].

The shock tube measurements have several obstacles, including nonideal effects,
restricted test time availability, and a lack of agreement on defining measurement
errors. For the new shock tube to be evaluated in terms of performance, it must
calculate the error percentage of all of the related measurements. The distance and
the time it takes for the shock wave to travel between side-wall transducers have a
role in shock velocity measurement. Therefore, the accuracy of both of these
measurements is critical. The size and location of the transducer holes and the
geometry of the driven section are potential causes of inaccuracy for distance
measurement.

Furthermore, the electrical equipment used for time measurement (counters,
wires, and pressure transducers) has the same characteristics. The theory of
uncertainty propagation is used to calculate the overall uncertainty in shock velocity
measurements. For a shock travelling at (Mach number between 1.2 to 1.6) between
transducers 250 cm apart, this interval corresponds to a standard uncertainty of 0.1%
of the measured time. The estimated uncertainty of the distance between the ends of

successive pairs of holes in the tube wall is £ 0.15 mm.

5.2.2 Mach Number

The isentropic Mach number is shown in the figure (50), whereas the Mach

number based on the measurements that have been made via the shock tube is shown
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in the figure (50). The Engineering Equation Solver (EES) package models the
isentropic formulas (Appendix F). It demonstrates that the incidence shock wave
velocity rises when the charging pressure in the driver section is raised to a higher
level. Tests are performed on three distinct kinds of gases (Helium, Argon, and
Nitrogen) to determine whether or not the requisite ignition pressure and pressure
conditions were present when the ignition occurred. Furthermore, it has been proven
that the experimental trend for all three gases fits the isentropic model (Rankine—
Hugoniot) predicted and discussed in section (3.2). The use of Helium as a driving
gas may also result in the most significant potential Mach number being achieved
due to the high velocity, as seen in figure (48-a). However, due to the viscous effects,
the divergence between the model and the experimental data widens as the rupture
pressure increases, reaching a maximum of 2.3% difference at the highest Mach

number and maximum recorded pressure of 18 bar.

2.4 1 1 1
+ Ar(exp) —Ar (R-H model)
= N;(exp) N5 (R-H model)
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1.8}
—
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=
16}
1.4}
1.2}
1 . -
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Figure 50 Incident shock Mach number dependency on different driver loading

pressures

5.2.3 Test Time

It is essential to record the test time, which represents the time interval between
the commencement of the rupture process and the collision of the incident contact
surface caused by the incident shock wave and the enlarged contact surface caused
by the fan wave that travels through the driver section after the rupture. When the
expansion wave, reflected from the end cap of the driver section, reaches the test
spot, the test time is over. There are several methods to extend the test time that is
discussed by Campbell et al. [144]-[146]he most common technique that has been
used is driver gas tailoring, in which the driving gas may be adjusted by blending in
a gas with a lower sound speed, such as nitrogen, carbon dioxide, Argon or propane,
in order to provide equal pressures on both sides of the contact surface after it has
passed through the reflected shock wave. As a result, no wave is reflected again to
the testing area since the contact surface has become stationary. For example, in
Figure (51), both Nitrogen and Argon have greater test time values than the Helium.
However, their capability to reach the required test condition of reflected pressure is
less. Thus, a driver gas tailoring technique is necessary, so adding a tiny ratio of
either Argon or Nitrogen to the Helium to get an extended test time by 32 % with

good achieving of the required conditions (reduce only 5%).
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Figure 51 Test time experiment for several tailoring driver gases at a rupture pressure

of 10 bar and initial temperature of 200°C.

The effect of the mixing ratio for using Argon as a tailoring gas on the required
conditions can be seen in figure (52), which explains experimentally that as the
mixing ratio increases by 5%, the Mach number, for example, reduces by 0.6% and
reflected pressure 2.51%. The selected mixing ratio in this study was between 5% to

20%.
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Figure 52 The effect of tailoring gas mixing ratio on the required conditions

5.3 Effect Diaphragm pressure ratio and its position

This topic was published in the journal of Energy Science and Engineering
reference [147]. The primary purpose of studying this topic is to investigate
numerically and experimentally the performance of the shock tube with different
values of the pressure ratios across the diaphragm and the effect of the diaphragm
location on the performance and mainly on the obtained Mach numbers. The
numerical model simulated the fluid flow inside a shock tube test facility. Five
different pressure ratios were implemented during the experiment, and performance
evaluation depended on the strength of the incident-shock Mach number.
The inviscid numerical model solver used transient two-dimensional time-accurate
Navier-Stokes CFD. In addition, a two-dimensional inviscid density-based time-
accurate model was developed to conduct the parametric study. The inviscid model
discarded the viscosity effect and reduced the Navier-Stokes equation to the Euler

equation. Euler equation can only be seen as the Navier-Stokes equation with zero
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viscosity and zero thermal conductivity. The Euler equations used for the understudy
numerical model as given as follow:

ou | 9E | oF _

ot = Ox 6y_0

(14)
Where U represents the conserved variable of the Euler equation in cartesian
coordinates two dimensions. The E and F variables, along with U variable definition,

is given below in equation (2)

o o Py
2 oy
ou puc +p 5
pl" pur pvs+p
u=slele=l ¢ 1 fr=lvle+p) (15)

Since the energy equation was activated in the CFD model, the below equations are

included in the numerical model.
P 1., 4
£ :—(;)+:[u“ +v?) (16)

Where ¢ is the specific energy, p is the density, u, and v are the velocities per unit
mass in the x and y direction, respectively.

The parametric study is including different diaphragm positions and pressure ratios.
In order to implement all the boundary conditions for each diaphragm's position,
three primary models' geometries should be obtained first in the Design Modeler

(Fig. 53).
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Figure 53 The geometry of the shock tube with different diaphragm locations; (a)

Diaphragm at 1m (b) Diaphragm at 2m (c) Diaphragm at 3

Meshing the flow domain was done using the uniform quadrilateral method. The two
longitudinal edges of both driver and driven sections were divided; equally, and the
division length equalled 1mm. Conducting a mesh dependence study was done by
having the pressure distribution at rapture time while increasing the element number.
The solution's independence of the mesh element’s number was saturated when using
300,000 elements with 306051 nodes. Previous studies only refined the meshing at
the diaphragm location to shorten the computational time. In this study, the
refinement took place within all the edges of the shock-tube geometry. Although the
refinement of the entire geometry increases the computational time, the result's
accuracy was sufficiently acceptable. Although mesh dependence study is the most

used method in finding the best element size for the model, it is sometimes
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considered time-consuming. Orthogonal Quality, Ortho Skew, and Aspect Ratio are
the three main parameters located in the fluent mesh statistics, which also indicate
the mesh quality. Those values are usually compared with a given acceptable range
mentioned in [26] to examine the mesh quality range and time of solution
convergence. Table 1 below showed the quality parameters assigned to the study
mesh.

Table 11 Mesh quality parameters

Mesh quality indicator Value Acceptable range
Minimum Orthogonal Quality 9.99996e-01 Above 0.01

Maximum Ortho Skew 3.76414e-06 Below 0.95

Maximum Aspect Ratio 2.79720e+00 Below 500

In order to obtain a wave reflection from the shock tube-ends, driver (high
pressure) and driven (low pressure) section ends were closed. Solid walls boundary
was assigned to the edges of the 2D shock tube, and no fluid penetration occurs. The
total length of the shock tube was 6m, and the diaphragm was made by splitting the
tube shape with a 2D edge. Diaphragm pressure was set to zero in order to eliminate
its added pressure value to the pressure ratio between driven and driver sections.
Since no heater was attached to the driver section, the driver section's initial
temperature was 300K (T4). In contrast, as the driven section was connected to
heater coils, its initial temperature was 423K (T1). All the initial conditions values
of the CFD simulation can be shown below in Table 12.

Table 12 Initial Boundary conditions of the numerical study

Working fluid
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Argon (10%) + Helium Air

(90%)
P4 T4 P1 T1
Boundary (bar) (K) (KPa) (K)
conditions
Case 1 6 300 1 423.15
Case 2 7 300 1 423.15
Case 3 8 300 1 423.15
Case 4 9 300 1 423.15
Case 5 10 300 1 423.15

A density-based explicit solver is used to discretize the governing equation of the
flow in time and space. To obtain an accurate and stable solution, the conserved
governing equation followed a double-precision and second-order upwind scheme
were used as in [148]. For the explicit time-dependent solution, the size of the time
step was set to 1e-5 seconds which provide convergence after ten iterations. The
solution time interval duration was determined by the time step size (10e-5) and the
number of time steps (2000).

The model introduced a parametric study regarding three different diaphragm
positions from the driver section endwall (1m, 2m, and 3m) and five pressure ratios
(6-10) for each position. In addition to yielding the incident and reflected wave Mach
numbers (Msand M), reflected wave temperature was also considered a shock tube
performance indicator. The incident Mach numbers (Ms) for the diaphragm middle
position from the experiment were compared against those conducted from the
model, and good matching was observed. The experiment was conducted for five
pressure ratios with one diaphragm position (3m), while the simulation includes all
the suggested diaphragm positions for the five diaphragm pressure ratios. The exact
working fluids (90% He and 10% Ar) are considered for the experiment and

numerical model. The shock-tube performance was obtained depending on the value
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of the incident and reflected wave Mach number, and reflected wave temperature.

More details about the model can be found in the published article [144]
5.3.1 Experimental Results

As mentioned in the experimental setup (Chapter 4), the velocity of the shock
wave is measured by knowing the travel time of the shock wave between the two
pressure sensors. Figure (53) illustrates the two sensors' pressure readings versus
time. Therefore, the incident velocity could be easily obtained when the time

difference between the two pressure peaks is known.

8

Pressure (bar)

4 1 I 1 1
0 02 04 06 08

Time(sec)

Figure 54. Sample results of the experiment at P4=8 bar
The experiment was repeated for five pressure ratios, and five shock-wave

velocities were obtained. The incident Mach number associated with each wave

velocity was obtained, as shown in Figure (54) below.
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Figure 55. Incident Mach number dependency on diaphragm'’s location and pressure

ratio

5.3.2 Numerical Results

When the diaphragm rapture at t=0, the driver and driven pressure change from
their initial value, the driver region pressure will start to decrease in response to
expansion wave formation. In contrast, the driven section pressure will increase due
to the developed compression wave propagation and diffusion. Eventually, the
working fluid pressure across the tube will reach a relaxing stage with an
intermediate value when the wave stops moving. The pressure profile over the shock
length is almost the same at the first time increment of the transient study (0.1 ms),

as shown in Figure (55) below:
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Figure 56. Pressure distribution at the rapture incident (0.0001sec)

The reflected wave (Mach number and temperature) property also presents a key
performance indicator between diaphragm position models. Since the ST is
described as a 1-D problem, the pressure-temperature distribution only changes in

the direction parallel to the following with almost zero gradients perpendicular to the

flow (56).

Diaphragm

Diaphragm

Diaphragm

(@)
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Figure 57. Pressure contour (a) At the incident of rapture (b) After compression wave

reflected from the driver section end-wall.

Figure (56-a) shows the pressure distribution at the first-time step (0.1ms) after
the rapture when the compression wave travels along the driven section. The flow
discontinuity and the contact surface are shown in Figure (56-b) when the wave is
reflected from the driven end-wall. As expected, the wave reflects with high pressure
and temperature, which may exceed the value of P4. However, the time required for
the wave to reach the driven and driver end-wall is directly proportional to the
distance between the diaphragm and the end-wall. In other words, in this study, a 1m
change in the diaphragm position will result in a 0.13ms change in the wave
reflection from the driver end-wall. The previous rule applies to the two reflected
waves (expansion and compression). Therefore, In Figure (56-b), the reflected
expansion wave could not be detected in positions (1m and 2m) for the selected time
(0.69ms and 0.56ms), as the expansion waves have already been reflected and

reached a relaxation sonic condition.
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5.3.3 Validation

The validation of the numerical model was conducted by comparing its values
against those observed in the ST experiment. Only one diaphragm position was
adopted in the comparison study (middle position) while including all the pressure

ratios (6-10).
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Figure 58. Diaphragm pressure ratio Vs. Incident Mach number (M;)

Figure (57) illustrates that the values follow increasing trends with pressure
increasing. However, the numerical results are approximately 6% larger than the
experimental ones at low-pressure values. This may be due to the viscous effect of
the gas mixture at low pressure. In contrast, an error of 1% is obtained at 9 and 10

pressure ratios, indicating the reduction of the viscous losses.

5.3.4 Parametric Results

(M;) dependency on diaphragm position and pressure ratios were combined in one
graph, as shown in Figure (54), which compares the effect of the pressure ratios on
(M;) value for the different diaphragm positions. As the diaphragm pressure ratio

increased as expected, the velocity of the shock wave and hence its associated Mach
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number rose significantly. However, when the diaphragm is located at 2m from the
left end, the wave Mach number is 20% smaller than the Mach number obtained at
other diaphragm positions (2m and 3m). On the other hand, the two diaphragm
locations (Im and 3m) developed approximately the same Mach numbers for the
different pressure ratios except for 6 and 9 pressure ratios. For example, in pressure
ratio 6 of the diaphragm position-1 model, the Mach number was 5% higher than the
Mach number provided by position 3 for the same pressure value. On the other hand,
it was clearly shown that diaphragm position 2 (2m) overall reduced 13% in Mach
number compared to the other two positions.

The wave velocity increases significantly when the shock wave is reflected from
the driven end with high temperature and pressure. Hence, the Mach number
associated with the reflected wave (M, ) is higher than the incident one. Itis clearly
shown in Figure (58) that M,. is almost independent of the diaphragm position except
for pressure ratio 10 when the diaphragm position-3 model tends to have a higher

M, Value.
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Figure 59. The change of reflected wave Mach number with diaphragm's location
and pressure ratio

The wave velocity increases significantly when the shock wave is reflected from

the driven end with high temperature and pressure. Hence, the Mach number

associated with the reflected wave ( M,) is higher than the incident one. It is clearly

shown in Figure.58 that M,. is almost independent of the diaphragm position except

for pressure ratio 10 when the diaphragm position-3 model tends to have a higher

M, Value.
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Figure 60. The change of reflected wave temperature with the diaphragm'’s location

and pressure ratio

The temperature behind the reflected wave is also essential in finding the 1D time
of a fuel using the ST setup. Figure (59). shows the pressure ratios effect on the
reflected wave temperature (T5) divided by the initial temperature of the driven side
before the rapture (T1). As the pressure ratio increases, the temperature behind the
reflected shock wave increases for all the diaphragm positions. The temperature T5
in pressure ratios (6-7) for all the diaphragm position models have the same values
(850K-900K). At high-pressure ratios (10-8) diaphragm position-3 model gave high
T5 values (1020K, 975K, and 950K) compared to other positions models.
Diaphragm position-3 model T5 temperature is almost 10K higher than T5

diaphragm position-1 model and 20K higher than T5 of diaphragm position-2 model.

5.4 Ignition Delay time measurements

The pressure transducers (explained in section 4.3.1) measured the ignition delay
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times ) in contact with the end-wall. It was determined that time zero of the ignition
delay period had been reached by monitoring the sudden rise in pressure at the
Endwall that occurred when the incident shock wave arrived.

There are two distinct spikes in side-wall pressure seen in the pressure trace
figure (60). The data are recorded by an oscilloscope as explained in section 4.3.2,
S0 every trace is 25000 points processed to the final figure (60). The incident shock
wave causes the first increase in pressure, and the reflected shock wave causes the
second rise in pressure. The raw data is shown in appendix (E), and all processed

data are tabulated in appendix (G) for all experimental conditions.
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Figure 61 A sample representation of ignition delay time experiment (a) Diesel at

®=1.0 and T5=1035 K (b) GTL at ®=1.0 and T5s=1035 K

Experiments on ignition delay times for Diesel, GTL, and a blend of Diesel and
GTL were done using the shock tube facility. The conditioned reflected temperature,
estimated using the Rankine-H model, is displayed for all data. In addition, Davidson
et al., Alturaifi et al., and Penyazkov's [79], [109], [124] investigation is compared

to the Diesel findings shown in Figure (61).
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Figure 62 Ignition delay time comparison of Diesel with a comparison of previous

three studies at ®=1.0 and P=10 bar

For a range of 982 K to 1115 K, the ignition delay times depend on the reflected

ignition temperature for Diesel fuel. As the temperature of the ignition source rises,

the ignition delay becomes shorter and shorter. According to the log scale, the

differences between Davidson, Alturaifi, and Penyazkov were 1.8 %, 2.05 %, and

4.8 %, respectively. This variance is mainly the result of the differences in shock

tube facility design for fuel loading procedures and the limitations imposed by design

capabilities to address safety issues. For example, the study of both Davidson and

Alturaifi used an aerosol shock tube in which an accurate fueling to the tube using

laser techniques to check the uniformity of the fuel across the test section as

described in table (8) in chapter four.
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In contrast, the current study depends on the O, sensor reading, which only
checks the air-fuel ratio in a specific position in the test section. This leads to dealing
with a non-homogeneous mixture and then affecting the ignition delay time reading.
However, these disparities in the data's general trend may be tolerated.

For the GTL investigation, as shown in figure (62), the recent study by Joshua et
al. [95] experimented with the GTL fuel using the aerosol shock tube. They tested at
a lean combustion condition (®=0.5) and covered a higher range of reflected ignition
temperatures until 1300 K at a pressure of 10 bar. Their study was based on the
higher temperature investigation, while the current research focuses on the
intermediate temperature range. Nevertheless, in the meeting range of ignition
reflected temperatures (1000 to 1120K), an average difference of 0.98 % between
their model and the present analysis suggests a high agreement. Therefore, the
current data can be extrapolated for the uncovered range for a complete comparison.
According to Yu G et al. [78], a model was developed to predict the ignition delay
times for GTL over a broader range of reflected temperature; however, they did not
specify the type of GTL that was used; however, the current results can be validated

with their model, with the difference averaging only 2.8 %.
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Figure 63 Ignition delay time comparison of GTL with a comparison Joshua et al. at
®=0.5 and P=10 bar

The experiments were also carried out on 50-50 Diesel-GTL blends tested under
various pressure, temperature, and equivalency ratio circumstances, as presented in
figure (63). The findings are compared to those obtained using just diesel and only
GTL. In stoichiometric circumstances, the blend ignition delay is often close to the
GTL ignition delay time at 975 K. Once the temperature is above 1000 K, the three
fuels are almost equivalent and have the same ignition delay time value, ranging
between 2 and 1 ms. At long last, when the ignition delay time measurements for the
blended fuels are in the middle of the pure Diesel and GTL data. For the lean air-
fuel mixture, at the starting temperature of 980 K, also the same as the stoichiometric
condition, the blend ignition delay time is close to the GTL fuel; however, when the
temperature elevated beyond 1000 K, all the ignition delay measurements are

approximately identical with the Diesel fuel and have the same observation and
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conclusion as stated by Joshua et al.
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Figure 64 Ignition delay times for 50-50 Diesel-GTL compared to Diesel and GTL

at 10 bar (a) stoichiometric condition (b) lean conditions

In addition to that, it is beneficial to see how the pressure and equivalence ratio are
affecting the ignition delay time behaviour. For example, in figure (64), The
reflected pressure affects the ignition delay times since the shorter ignition delay for

the higher value of the reflected pressure for the exact condition of reflected
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temperature and equivalence ratio. In the case of equivalence ratio variation, the
shorter ignition delay time values were registered for the stoichiometric ignition, and
this is reasonable due to the well homogenous mixing of air with fuel. In contrast,

the maximum ignition delay was around 10 ms for the rich mixture.
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Figure 65 Ignition delay time variation for Diesel-GTL blend (a) various initial

pressures (b) different equivalence ratios

Uncertainties exist in measuring this ignition delay time over a broad range of

parameters. However, the uncertainty associated with temperature is the most
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significant contributing factor to the measurement uncertainty of ignition delay
measurements. Changing the temperature by even a small amount causes a
significant variation in the ignition delay time. As mentioned in chapter 3, the
temperature is found using the Rankine—Hugoniot (Equation 8). The measurement
that contributes the most significant to the inaccuracy in the circumstances is mainly
due to the shock speed, and the factors leading to this uncertainty are discussed in
section 5.2.1. For T 5 and P 5 values, the uncertainty in shock wave velocity is still
the most significant contribution to uncertainty. Due to measurement error in gas-
phase fuel mole fraction for each experiment, the mixture composition estimate is
also subject to additional uncertainty under these settings. A temperature uncertainty
of 15-20 K (see appendix H) is calculated for the data reported above for the post-
reflected shock zone (T 5), the same as Joshua et al. [95]. Due to the reduced amount
of aerosolized fuel present before evaporation, the uncertainty values for lower
equivalency ratios are often less (15 K, or better), resulting in a smaller contact area
at the interface of the fuel injector after it has been opened. In addition, the
fluctuation in temperature causes uncertainty in the timing of the ignition. A rough
estimate of the ignition delay time uncertainty of 10% average for the blended fuel
was obtained by adjusting T5, P5, and @ as input variables. As you can see in Figures

61 and 62, there are certain sample-specific uncertainties.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

This Dissertation studies the ignition delay of GTL fuel and its blends with
standard diesel in a newly developed and produced shock tube test apparatus. As the
biggest producer of GTL goods, Qatar was given a thorough explanation for why it
should be at the forefront of research into GTL blended fuel characteristics. The new
test rig was designed based on the suggestions of previous research using the heated
approach.

The first study evaluated shock tube performance through experimental and
computational studies. The Shock Tube working fluid was a combination of an Ar-
He mixture in the driver section and Air in the driven section. The shock tube setup
was operated under five pressure ratios while attaching its diaphragm to the middle.
Along with the experimental setup, a two-dimensional ST geometry was simulated
using the transient inviscid model. The numerical parametric study introduced three
different diaphragm positions and pressure ratios. The results mainly depend on
finding the Mach number corresponding to each condition (diaphragm pressure and
location). The numerical model appeared to simulate the real case scenario of the ST
when validating its results with the model results. Based on the parametric study of
the numerical model, one can state that:

The understudy experimental ST setup can be simulated numerically using the 2D
inviscid-transient CFD model with an acceptable error of less than 6% over the
pressure ratios range.

When the diaphragm pressure ratios increased, increasing in the incident and

reflected Mach numbers could be obtained for all three diaphragm position models.
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3-

Diaphragm position-2 model gave a low supersonic shock-wave Mach number and
low reflected shock wave temperature values compared to the other two positions.
Therefore, position-2. In contrast, Diaphragm position-1 and diaphragm middle
position models almost giving the same high values of the incident, reflected Mach
numbers, and reflected shock wave temperature.

As the diaphragm is located near the driver's end, high rapture pressure is generated,
and hence, high wave velocity can be obtained. On the other hand, the expansion fan
wave (state 3) will require a fewer time to arrive at the driver end and relax to sonic
conditions. Therefore diaphragm position 3 (middle of the ST) provides a good
compromise between staring gas pressure at the rapture and expansion fan relaxation
time effect.

Therefore, diaphragm position-2 is more suitable for finding the IDT of gaseous fuel
as it required a low Mach number. In contrast, diaphragm positions 1 and 3 models
are pretty ideal in finding the IDT of Diesel fuels, as they provide a higher Mach
number and reflected wave temperature values.

The usage of the ST as a facility for (IDT) investigations has been dominant for
decades. More than 300 published studies with different test conditions for several
types of fuels and many kinds of shock tube designs have findings related to
chemical kinetics,articularly ignition delay [149]-[156]. This is due to that it is
instantly (in microseconds) brings the reactive gas mixture to a well-defined
temperature and pressure so that quick chemical reactions may be studied under
zero-dimensional circumstances without affecting transport processes. When
conducting ignition delay investigations, the shock tube was often calibrated by
measuring the IDT of fuels and presenting it over the range of temperatures and

pressures that had been determined. As stated by the Rankine-Hugoniot equations
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[157], a given Mach Number and shock velocity derive the pressure (P5) and
temperature (T5) necessary. However, the diaphragm along the ST can be mounted
in any position along the tube, affecting the finding of Mach number and thus the
IDT. Therefore, diaphragm position no. 2 was more suitable for finding the IDT of
gaseous fuel than other positions, requiring a low Mach number. However, for the
gaseous fuels [150], [151], [153], [158], [159]the diaphragm location follows
position no. 2 (approximately, the driven and driver section have the same length).
In contrast, diaphragm positions 1 and 3 models were pretty ideal in finding the IDT
of Diesel fuels, as they provided a high Mach number and high reflected wave
temperature values as in the references [23], [124], [151], [160]-[164].

The ignition delay properties of Diesel, GTL, and Diesel GTL blends were
investigated under various conditions, including different pressures, temperatures,
equivalency ratios, and dilutions. Several studies have been conducted on the
autoignition of various diesel, GTL, and Diesel GTL mixes at low to intermediate
temperatures and increased pressures. Therefore, the tests were carried out in order
to illustrate the effects of temperature, equivalence ratio, and pressure on the time of
ignition delays. A future study might concentrate on igniting additional diesel
surrogates with GTL and using a broad temperature range for thoroughly validating
components that have not been extensively explored in the literature.

The aerosol shock tube technique was the best choice for low-pressure
hydrocarbon fuels since fuel condensation challenges and fuel vapour uniformity
across the test section will be achieved. In this regard, a Lazer diagnostics system
can be implemented to detect the homogeneity of the air-fuel across the test section.

To overcome the nonideality of the thermal boundary layer, the driver gas

temperature can be elevated to a limit, not make an essential change in its density.
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The main challenge in ignition delay time measurements when using the shock
tube facility is the repeatability of the experiments. This is because it is difficult to
perform many experiments in a short period due to the difficulty in refixing the
diaphragm for the next trial test, which makes it challenging to repeat the
experiments. Furthermore, to run more tests in a short time, the installation of the
aluminium foil requires a hardening time of at least 4 hours. As a result, developing
and discovering a method for rapid diaphragm installation would be beneficial.
Furthermore, the evacuation of exhaust fumes and the condensed liquid fuel process
contribute to prolonging the period between now and the future trial.

Another problem that must be addressed is fuel condensation. Suppose the
injected fuel does not evaporate entirely within the driven zone. It might accumulate
inside the tube and lead to misfiring even if the oxygen detector indicates it is within
the flammability range. Because of this, the aerosol shock tube is a better solution to
the issue of the fuel preparation unit being coupled directly to the driven portion and
only allowing the atomized fuels to be charged within the tube.

Furthermore, at higher initial temperatures (>200°C), the sealant material releases
smoke, which is particularly noticeable for the seals between the flanges. This will
influence the equivalency ratio measurement since the oxygen detector treats this
quantity of smoke as a fuel vapour in its analyses.

Finally, other fuel blends can be studied, particularly for the biofuels, such as

jojoba oil, corn oil, and waste cooking oil [30].
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APPENDIX A: FISHER-TROPSCH FUELS SPECIFICATIONS [13]
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APPENDIX B: PRESSURE TRANSDUCER CALIBRATION

OMEGA ENGINEERTING INGC,:

PRESSURE TRANSDUCER
FINAL CALIBRATION

0.00 - 25.00 BAR
Excitation 28.000 Vdc
Job: Serial: 185489
Model: PXMO1MDO-025BARGST Tested By: CHRIS
Date: 2/4/2015 Temperature Range: +16 to +71 C
Calibrated: 0.00 - 25.00 BAR Specfile: PXM01-5T
Pressure Unit Data
BAR Vdc
0.00 0.001
12.50 2.510
25.00 5.012
12.50 2..510
0.00 0.000
Balance 0.001 vdc
Sensitivity 5.011 vdc
80% Shunt 4.007 Vvdc Change at 0.00 BAR (-INPUT to -OUTPUT)

ELECTRICAL LEAKAGE: PASS
PRESSURE CONNECTION/FITTING: G 1/4 Female

ELECTRICAL WIRING/CONNECTOR: Green = + Signal
White = - Signal
Black = - Excitation
Red = + Excitation

Blue & Orange = Shunt

This Calibration was performed using Instruments and Standards that are
traceable to the United States National Institute of Standards Technology.

S/N Description Range Reference Cal Cert
0078/90-03 AUTO 1000 PSI DRUCK 0 - 25.00 BAR C-2501 €=2501
US37046448 AT34970 DMM Unit Under Test C-2465 C-2465
Q.A. Representative : % Diy Date: 2/4/2015

This transducer is tested to & meets published specifications. After final
calibration our products are stored in a controlled stock room & considered in
bonded storage. Depending on environment & severity of use factory calibration
is recommended every one to three years after initial service installation date.

Omega Engineering Inc., One Omega Drive, Stamford, CT 06907
http://www.omega.com email: info@omega.com phone (800) 826-6342

133



OMEGA ENGINEERING I N €.

PRESSURE TRANSDUCER
FINAL CALIBRATION

0.00 =~ 25.00 BAR
Excitation  28.000 Vdc
Job: Serial: 185489
Model: PXMO1MDO-025BARG5T Tested By: CHRIS
Date: 2/4/2015 Temperature Range: +16 to +71 C
Calibrated: 0.00 - 25.00 BAR Specfile: PXM01-5T
Pressure Unit Data
BAR vdc
0.00 0.001
12.50 2.510
25.00 Bs012
1250 2..520
0.00 0.000
Balance 0.001 vde
Sensitivity 50311 vde
80% Shunt 4.007 Vdc Change at 0.00 BAR (-INPUT to -QUTPUT)

ELECTRICAL LEAKAGE: PASS

PRESSURE CONNECTION/FITTING: G 1/4 Female

ELECTRICAL WIRING/CONNECTOR: Green = + Signal
White = - Signal
Black = - Excitation
Red = + Excitation

Blue & Orange = Shunt

This Calibration was performed using Instruments and Standards that are
traceable to the United States National Institute of Standards Technology.

S/N Description Range Reference Cal Cert
0078/90-03 AUTO 1000 PSI DRUCK 0 - 25.00 BAR C=2501 C-2501
US37046448 AT34970 DMM Unit Under Test C-2465 C-2465

Q.A. Representative Cﬁhblkg Date: 2/4/2015

This transducer is tested to & meets published specifications. After final
calibration our products are stored in a controlled stock room & considered in
bonded storage. Depending on enviromment & severity of use factory calibration
is recommended every one to three years after initial service installation date.

Omega Engineering Inc., One Omega Drive, Stamford, CT 06907

http://www.omega.com email: info@omega.com phone (800) 826-6342
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APPENDIX C: K-TYPE THERMOCOUPLE PROPERTIES

(Urless athersdse indicaced all specifications are raced from 2 nominal 23 "2,
0% BH for | year from calibratan)

Gemveral

Acnmracy +(0015% of Reading + 0.00% mv)

Cold juncicn Compensation & O45°F (0.5 "C)

Millivalt Range 13000 o B0 mY

Oyperaring Temperamre Rarge <38 mo B0 °C |- 10w 140 *F)

TFernperacure Drifo % 50 ppm af range {inchsdes m¥ and Cold juncbon)

Rekive Humidiy Range 10X =RH 290 % {0 w 35 *C), Mon-cordensing
10 % SBH< 70 % {35 w &0 *C), Man-cordensing

Size 4.9 w0 173 w179 inches, 135 w &% » 45 mm (L <% = H)

Wich Boort L&Y » 106 « 208 inches, 144 » T8 » 52 mim L =W = H)
Wigight &4 ounces, 024 kg (inchsding bameries)
Wfith Banr 11 ounces, 0.32 kg (including bamerie)

Barrerics Fowr “AA" Abaline 1.5V (LRB)

Barnery Lifie 50 Hours

Oprioeal MiMh Rechargesble bamery kit IHVAE for Morth America Ownly: dharger, four Mikh
bameries, A" & 0 cords [Pare & 020-010%)

Lowwr Bammery e baroery indication wich nominal | hour of life left

Proqectiom against misconnecwian Owversolmge protecoon w60 de (rated far 30 seconds)

Display High oontrase graphic lgueid cryseal display. LED backdighaing
for wse in bow lic areat

Source

Cunpir Impedanoe < 03 O

Source Current = B0 ma (drives B0omY ince 10 Oeng)

i 5 4 micravolts p-p for freguencies of 10 Hz or below
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Ranges & Accuracies
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APPENDIX D: CERAMIC FIBER INSULATION

Physical Properties

Specs Standard Grade High-Purity Grade High-Alumina Grade Zirconia Grade
Color White White White White
Maximum Use Limit 2300°F 2300°F 2552°F 2552°F
Continuous Use Limit 1832°F 2012°F 2192°F 2462°F
Density (PCF) 125 125 125 125
Tensile Strength (PSI) 5% <5% <5% <5%
Break Strength (PSI) 2465 24,65 2465 24,65
Thermal Conductivity (Bru ir::;f;:ft"’F] e e B
il D:S'I 0:5 1 t]:S‘I 0:51
i gl 0.55 0.55 0.55 0.55
e 0.76 0.76 0.76 0.76
800°C (1472°F
:1000“'([{1832‘:} 1.18 1.18 1.18 1.18
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Appendix (E): Sample of Raw Results from the DAQ
Ignition delays time reading for the stoichiometric mixture for Diesel-GTL blend

(P4=6 bar) & 1100 K

(= ] [29 Jan 2822
EEEE o [ ansrvar )

v

Ignition delays time reading for the lean mixture for Diesel-GTL blend (P4=10 bar)

& 1075 K

GuInsTC (o [* e

v
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Ignition delays time reading for the rich mixture for Diesel-GTL blend (P4=14 bar)

& 980 K

(i U [ 505

v
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APPENDIX (F): THE ISENTROPIC MODEL EES CODE

"Initial Conditions"
{T1=170 [°C]}
P1=1 [bar]
T4=25[°C]

x=0.1

P4=10 [bar]
{u1=300 [m/s]}

"Properties"
Cp_Ar=cp(Argon, T=T4,P=P4)
Cp_He=cp(Helium,T=T4,P=P4)
Cv_Ar=cv(Argon,T=T4,P=P4)
Cv_He=cv(Helium,T=T4,P=P4)
Cp_N2=cp(Nitrogen,T=T4,P=P4)
Cv_N2=cv(Nitrogen,T=T4,P=P4)
Cp_mix=x*Cp_Ar+(1-x)*Cp_He
Cv_mix=x*Cv_Ar+(1-x)*Cv_He

P4_HeAr=P4
P4_He=P4
P4_Ar=P4
P4_N2=P4

"Heat Capacity Ratio"
gamma_1=cp(Air_ha,T=T1,P=P1)/cv(Air_ha,T=T1,P=P1)
gamma_4HeAr=Cp_mix/Cv_mix
gamma_4He=Cp_He/Cv_He

gamma_4Ar=Cp_Ar/Cv_Ar

gamma_4N2=Cp_N2/Cv_N2

"Gas constant"
R_1=(cp(Air_ha,T=T1,P=P1)-cv(Air_ha,T=T1,P=P1))*convert(kJ,J)
R_4HeAr=(Cp_mix-Cv_mix)*convert(kJ,J)
R_4He=(Cp_He-Cv_He)*convert(kJ,J)
R_4Ar=(Cp_Ar-Cv_An)*convert(kJ,J)
R_4N2=(Cp_N2-Cv_N2)*convert(kJ,J)

"Speed of Sound"
al=sqgrt(gamma_1*R_1*(converttemp(C,K,T1)))

a4 _HeAr=sqgrt(gamma_4HeAr*R_4HeAr*(converttemp(C,K,T4)))
a4 _He=sgrt(gamma_4He*R_4He*(converttemp(C,K,T4)))
ad_Ar=sqgrt(gamma_4Ar*R_4Ar*(converttemp(C,K,T4)))

a4 _N2=sgrt(gamma_4N2*R_4N2*(converttemp(C,K,T4)))

"Pressure in the driver gas"

P4 _HeAr=P1*((1+((2*gamma_1)/(1+gamma_1))*((Ms1_HeAr)"2)-1))*(1/(1-
(((gamma_4HeAr-1)/(gamma_1+1)))*(al/ad4_HeAr)*(Ms1_HeAr-
1/Ms1_HeArn)))*((2*gamma_4HeAr)/(gamma_4HeAr-1)))

P4 _He=P1*((1+((2*gamma_1)/(1+gamma_1))*(((Ms1_He)*2)-1))*(1/(1-(((gamma_4He-
1)/(gamma_1+1)))*(al/ad4_He)*(Msl1l_He-1/Msl_He)))*((2*gamma_4He)/(gamma_4He-1)))
P4_Ar=P1*((1+((2*gamma_1)/(1+gamma_1))*((Ms1_Ar"2)-1))*(1/(1-(((gamma_4Ar-
1)/(gamma_1+1)))*(al/ad_Ar)*(Ms1l_Ar-1/Ms1_An)))*((2*gamma_4Ar)/(gamma_4Ar-1)))
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P4_N2=P1*((1+((2*gamma_1)/(1+gamma_1))*(((Ms1l_N2)*2)-1))*(1/(1-(((gamma_4N2-
1)/(gamma_1+1)))*(al/ad_N2)*(Ms1l_N2-1/Msl1l_N2)))*((2*gamma_4N2)/(gamma_4N2-1)))

"Incident shock Mach Number"
Ms1l HeAr=ul HeAr/al

Msl1l He=ul He/al
Ms1l Ar=ul_Ar/al
Ms1l N2=ul_N2/al

"Reflected Shock conditions"
P5_HeAr/P1=((2*gamma_1*(Ms1_HeAr"2)-(gamma_1-1))/(gamma_1+1))*((-2*(gamma_1-
1)+(3*gamma_1-1)*Ms1_HeAr 2)/(2+(gamma_1-1)*Ms1_HeAr"2))
P5_He/P1=((2*gamma_1*(Ms1_He"2)-(gamma_1-1))/(gamma_1+1))*((-2*(gamma_1-
1)+(3*gamma_1-1)*Ms1_He"2)/(2+(gamma_1-1)*Ms1_He"2))
P5_Ar/P1=((2*gamma_1*(Ms1_Ar"2)-(gamma_1-1))/(gamma_1+1))*((-2*(gamma_1-
1)+(3*gamma_1-1)*Ms1_Ar"2)/(2+(gamma_1-1)*Ms1_Ar"2))
P5_N2/P1=((2*gamma_1*(Ms1_N2"2)-(gamma_1-1))/(gamma_1+1))*((-2*(gamma_1-
1)+(3*gamma_1-1)*Ms1_N2/2)/(2+(gamma_1-1)*Ms1l_ N2/2))

T5_HeAr/(converttemp(C,K,T1))=((2*(gamma_1-1)*Ms1_HeAr"2+3-
gamma_1)*((3*gamma_1-1)*Ms1_HeAr 2-2*(gamma_1-
D)/((gamma_1+1)"2*Ms1l_ HeAr 2)

T5_He/(converttemp(C,K, T1))=((2*(gamma_1-1)*Ms1_He"2+3-gamma_1)*((3*gamma_1-
1)*Ms1l_He”2-2*(gamma_1-1)))/((gamma_1+1)"2*Ms1_He"2)
T5_Ar/(converttemp(C,K,T1))=((2*(gamma_1-1)*Ms1_Ar"2+3-gamma_1)*((3*gamma_1-
1)*Ms1_Ar~2-2*(gamma_1-1)))/((gamma_1+1)"2*Ms1_Ar"2)
T5_N2/(converttemp(C,K,T1))=((2*(gamma_1-1)*Ms1_ N2/2+3-
gamma_1)*((3*gamma_1-1)*Msl_N2"2-2*(gamma_1-

1))/((gamma_1+1)"2*Msl_N2"2)
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APPENDIX (G): ALL RESULTS

For different pressures (bar), different reflected temperatures (k), and Air-fuel

mixture conditions (stoichiometric, lean and rich)

Diesel

$=1.0

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 12.036 3.962 1.098 0.217

1016 0.9843 7.234 2.855 0.984 0.113

1051 0.9515 3.843 1.402 0.651 0.084

1085 0.9217 1.502 0.7322 0.427 0.035

1119 0.8937 0.9102 0.7003 0.311 0.017

®=0.5

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 21.008 9.341 1.378 0.789

1016 0.9843 11.178 6.003 0.951 0.371

1051 0.9515 6.421 2.941 0.712 0.0997
1085 0.9217 3.213 1.587 0.61 0.0621
1119 0.8937 1.378 1.231 0.4002 0.0227
®=0.7

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 16.571 8.054 1.256 0.564

1016 0.9843 10.872 5.381 0.968 0.222

1051 0.9515 3.784 2.312 0.7005 0.094

1085 0.9217 1.864 1.005 0.0613 0.0555
1119 0.8937 0.554 0.845 0.355 0.0205
®=1.3

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 N/A 10.911 5.261 1.001

1016 0.9843 N/A 7.001 2.009 0.634

1051 0.9515 N/A 3.005 0.975 0.511

1085 0.9217 N/A 1.201 0.621 0.102

1119 0.8937 N/A 0.741 0.374 0.072

GTL

&=0.5
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T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 13.812 4.085 2.741 1.672
1016 0.9843 7.056 2.207 2.566 1.522
1051 0.9515 5.341 1.956 1.985 1.341
1085 0.9217 3.611 1.008 0.988 0.891
1119 0.8937 2.397 0.6724 0.667 0.557
$=0.7

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 4,135 3.985 2.691 1.572
1016 0.9843 2.361 2.211 2.516 1.422
1051 0.9515 2.006 1.856 1.777 1.241
1085 0.9217 1.141 0.991 0.938 0.791
1119 0.8937 0.8011 0.6511 0.617 0.457
$=1.0

T5 1/T5 P4=6  P4=10 P4=14 P4=20
980 1.02 4.002 3.512 2.5001 1.5031
1016  0.9843 2303  2.123  2.003  1.423
1051 0.9515 1.991 1.812 1.777 1.056
1085 0.9217 1.054 0.856 0.851 0.751
1119 0.8937 0.801 0.523 0.444 0.423
®=1.3

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 N/A 20.512 20.312 2.841 1.822
1016 0.9843 8.021 7.821 2.666 1.672
1051 N/A 7.598 7.398 2.085 1.491
1085 0.9217 2.002 1.802 1.088 1.041
1119 0.8937 1.332 1.132 0.767 0.707
Blends of Diesel-GTL

$=0.5

T5 1/T5 P4=6 P4=10 P4=14 P4=20
980 1.02 6.056 4.256 3.005 1.523
1016 0.9843 4.785 2.985 2.512 1.375
1051 0.9515 3.366 1.566 2.412 1.032
1085 0.9217 1.691 0.8988 1.121 0.784
1119 0.8937 1.2005 0.4005 0.3555 0.314
&=0.7
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TS 1/TS  P4=6  P4=10 P4=14 P4=20
980 1.02 N/A 4152 2.014 1.501
1016  0.9843 N/A 2.894 1.955 1.302
1051  0.9515 N/A 1.562 1.366  0.991
1085  0.9217 1.4001 0.8894 0.851 0.777
1119  0.8937 1.2350 0.4231 0.3412 0.301
®=1.0

TS 1/TS  P4=6  P4=10 P4=14 P4=20
980 1.02 5012 3.123 1.957 1.205
1016 09843 4.231 2.623 1745 1.191
1051  0.9515 1.965 1.378 1.087  0.915
1085  0.9217 1.007 0.7322 0.6058 0.556
1119  0.8937 0.6289 0.5023 0.4038 0.087
®=1.3

TS5 1/TS  P4=6  P4=10 P4=14 P4=20
980 1.02 N/A 12 10.314 4.15
1016  0.9843 N/A 7.233 6358  3.25
1051  0.9515 N/A 1.965  1.53 3.08
1085  0.9217 N/A 0.89 0.84 1.023
1119  0.8937 N/A 0.485 0351  0.056
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APPENDIX (H): UNCERTAINTY CALCULATIONS

"Initial Conditions"
T1=170 [°C]

P1=1 [bar]
T4=25[°C]

x=0.1

dist=0.217 [m]
{t=0.01}

{P4=10 [bar]}

"Heat Capacity Ratio"
gamma_21=cp(Air_ha,T=T1,P=P1)/cv(Air_ha, T=T1,P=P1)

"Gas constant"
R_1=(cp(Air_ha, T=T1,P=P1)-cv(Air_ha,T=T1,P=P1))*convert(kJ,J)

"Speed of Sound"
al=sgrt(gamma_1*R_1*(converttemp(C,K,T1)))

ul HeAr=dist/t
Ms1l HeAr=ul_HeAr/al

T5_HeAr/(converttemp(C,K,T1))=((2*(gamma_1-1)*Msl_ HeAr"2+3-
gamma_21)*((3*gamma_1-1)*Ms1l_HeAr"2-2*(gamma_1-
)/((gamma_1+1)"2*Ms1l_HeAr 2)

Uncertainty Results:

1+ ™| E‘z ™« E‘E E‘E E‘
P4 t al LIAle.l,ﬁnlr |II“'ﬂlSAlHEH!ur TSH&Ar
[bar] [second]
21005 | 0.0004305:2000E-08  4213:23 | 504135807 11974001525 55648299
" 6005 00003231£2.000E-08  4213:23 671647738 1694:002033  800.2:1253
10£0.05  0.0002846:2000E-08 = 4213:23 762548784  1.81:0.02307  950.6£1555
14£0.05 | 0.0002681:2.000E-08 = 4213:23 | B840.8:9686  1996:002544  1093:18 53
18£0.05 = 0.0002473:2000E-08 = 4213:23 | B77.5¢10.11 | 2.083:0.02656  1163:20.05
20:005  0.0002166:2000E-08 = 4213:23  1002:1154  2378:003031 142242572
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