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Abstract

The addition of hydrogen to natural gas offers several advantages: (i) reducing carbon
emissions, (ii) extending the flammability limit by enhancing the flame resistance to strain-induced
extinction, thereby increasing flame stability, and (iii) increasing the gas turbine's ability to operate
at low loads, which expands the feasible load profile. Few previous experimental studies have
focused on premixed spherical flame propagation for hydrogen/air and methane/hydrogen/air
mixtures, especially at the high-pressure conditions most relevant to a hydrogen-fuelled spark-
ignition car engine or an industrial gas turbine. This work employed a Schlieren technique to
measure flame speeds for such mixtures in a spherical stainless steel combustion vessel, from
which turbulent and laminar burning velocities were derived. The hydrogen volume fractions in
methane were 30, 50, 70 and 100%. The initial pressures were 0.1, 0.5 and 1.0 MPa, and the initial
temperatures were 303 and 360 K. The equivalence ratio (¢) was varied between 0.5 to 2 for pure
hydrogen and from 0.8 to 1.2 for methane/hydrogen mixtures. The root mean square (rms)

turbulent velocity («’) for turbulent measurements varied from 2.0 to 10.0 ms™.

The unstretched laminar burning velocities, u;, are derived and presented. The Markstein
length, Lo, Markstein number, May, and strain rate Markstein number, Mas, have also been
derived. The results show that the maximum u; occurs on the rich side of stoichiometric conditions.
For example, for 30% and 50% Ho, it occurs at ¢ = 1.1. However, it shifts to ¢ = 1.2 for 70% H>
and to ¢ = 1.7 for a pure H explosion. The u, increased with hydrogen fraction and temperature
and decreased with pressure. Unexpected behaviour was recorded for pure Hz explosions at low
temperatures and ¢=1.5, 1.7, wherein u; did not decrease when the pressure increased from 0.1 to

0.5 MPa.



Simulations of methane-hydrogen-air freely-propagating premixed laminar 1D flame using three
recent chemical kinetic mechanisms were compared against the experimentally derived laminar
burning velocities. There was generally good agreement with experimentally derived laminar
burning velocities; however, for explosions of rich-pure hydrogen at high initial pressures, the

level of agreement decreased but remained within the limits of experimental uncertainty.

Following the laminar measurements, turbulent flame investigations were conducted with
the following aims: (a) to present an extensive experimental database of turbulent burning
velocities for these mixtures over a wide range of conditions, (b) to establish a new correlation for
turbulent burning velocity (u) for a flame with Lewis numbers, Le, not equal to unity, and (c) to
quantify the dependence of ut on pressure, temperature, stretch rate, laminar flame instability and
rms velocity. As the pressure increased, the Taylor length scales decreased, increasing flame
wrinkling and ut. The ut also increased as the temperature and «* increased. The fuel/air mixture
with high laminar flame instability (Le<1) has higher u: than those with higher Le. However, the
udur peaked in the high laminar burning velocity region. The turbulent flame investigation
concluded that the increase in ut resulting from flame reactivity (laminar burning velocity) is more

significant than positive stretch (negative May) and flame instability.

A numerical study followed the experimental investigation using OpenFOAM software. The
turbulent flame wrinkling combustion model associated with the k-¢ and dynamic-k-equation LES
turbulence models are used in the present work. The empirical correlations from the current
measurements are used instead of the Gulder correlation to calculate the wrinkling factor (Z) and
solve the transport equation for the density-weighted mean reaction regress variable (b). The
results showed that the k-¢ and LES models agreed well with the experimental result, but LES

provides more information about flame surface wrinkling.



The LES simulation with the combustion model that uses the transport equation for laminar
burning velocity exhibits better agreement with the experiments than for the use of a constant
laminar burning velocity. In addition, The maximum velocity magnitude is within the flame at the
point where the mixture starts burning (b =0.8-0.95). This velocity wave was associated with the
pressure wave in the flame propagation. The peak value of pressure was more significant for higher

turbulent kinetic energy.
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Chapter 1: Introduction

1.1 Overview and Motivations
Achieving net-zero greenhouse gas emissions has been set as a goal for many nations, and

they have noticeably increased their investment in low-carbon emission technologies, such as
renewable energy [1]. The hydrogen from clean sources, “green hydrogen”, is essential to achieve
net-zero greenhouse gas emissions. The UK government established a plan for a "green industrial
revolution", producing 5 GW of hydrogen from renewable sources and £500 million in the North
East of England to produce hydrogen using offshore wind energy [2]. Hydrogen is used to integrate
renewable energy systems [3]. The major drawback of wind and solar energy is that they are non-
continuous sources [4, 5]. Two choices are suggested to overcome this issue and continually supply
clean energy: (a) using batteries and (b) using green hydrogen. The batteries are costly, harmful to
the environment [3], and can only be used for short-term storage [6]. In addition to its long-term
storage, green hydrogen can be used for (i) electricity production, (ii) industry, (iii) public
transport, and (vi) domestic heating [6]. The Photovoltaic (PV)-hydrogen hybrid power plant is an
example of an integrated power production system [7]; the electricity is produced from the PV unit
during the day, and the hydrogen is produced and stored in a tank during excess radiation. The
stored hydrogen is then used to fuel the gas turbine unit during the night or low solar time.
Hydrogen can also be produced during excess energy or low energy prices (H2-energy storage)
and potentially used in gas turbines during higher energy prices [8]. In addition, replacing
conventional fuels with green hydrogen can slow down the global warming process [9]. A
significant reduction in CO> emission is achieved when hydrogen is used in gas turbines instead
of natural gas. When the natural gas is replaced by hydrogen in a 50 MW gas turbine unit, the

amount of CO2 emissions cut is between 46.37 and 71.15 tones-COz/hour [5].



The history of hydrogen as an alternative fuel dates back to its inception in the aerospace
industry in 1943, when the US Air Force initiated a research program at Ohio State University.
This research was followed by several studies sponsored by NASA after the energy crisis in 1973.
These studies used liquid hydrogen and liquid oxygen in the US space program [10]. In electricity
production, burning natural gas in gas turbine engines remains common [11, 12]. Hydrogen can
be used solely to power the gas turbine engine. Alternatively, it can be blended with natural gas
when clean hydrogen production is insufficient to fuel the entire power production unit. Adding
hydrogen to natural gas reduces carbon emissions and stabilises the lean premixed flame in gas

turbine combustors [13].

Moreover, hydrogen addition reduces ignition energy and enhances flame speed, as natural
gas typically possesses a high ignition energy and low flame propagation speed [14]. Overall, the
addition of hydrogen to natural gas offers several advantages: (i) reducing carbon emissions, (ii)
extending the flammability limit by enhancing the flame resistance to strain-induced extinction
[15-17], thereby increasing flame stability and (iii) increasing the gas turbine ability to operate at
low loads, which expands the feasible load profile [8, 18]. However, several challenges emerge in
designing combustion equipment for hydrogen blends or pure hydrogen. While hydrogen has a
high specific energy (120 MJ/kg), it suffers from low energy density (9.6 MJ/m®) at atmospheric
conditions. Consequently, to achieve equivalent power output from a gas turbine, the hydrogen
volume flow rate must be three times higher than that of natural gas [19]. Hydrogen also has a high
adiabatic flame temperature of 2390 K at ambient and stoichiometric conditions, potentially

resulting in elevated NOx emissions [13, 19].



In addition, hydrogen increases the risk of flashback, wherein the flame drifts toward the
burner and the premixed section due to its short auto-ignition time and high burning velocity [20].
Moreover, the hydrogen can lead to thermo-acoustic instabilities, enthalpy reduction, and heat
transfer coefficient variations [13, 21]. Therefore, modifications are required in the storage, piping
unit, and combustor to use hydrogen or a hydrogen-based blended fuel. These factors (NOx,
flashback, thermo-acoustic instabilities, enthalpy reduction, heat transfer coefficient variation,
etc.) motivate the need for comprehensive analysis of the combustion characteristics of pure
hydrogen and hydrogen blends under high-pressure conditions close to those encountered at power

plants to facilitate the design of multi-fuel combustors.

The present study investigates laminar and turbulent premixed combustion of methane-
hydrogen-air mixtures at elevated initial pressures up to 1.0 MPa, at initial temperatures (303 K
and 360 K), and over a wide range of equivalence ratios. Since methane (CH4) occupies around 80
to 95% of natural gas components by volume, it is commonly used to demonstrate the combustion
behaviour of natural gas [11, 14]. Methane is the main component of natural gas, the primary fuel
of industrial gas turbines [22]. Moreover, studying methane-hydrogen (CHas-Hz) blends for gas
turbine applications is preferred over natural gas-hydrogen blends because CHas-H2 blends only
two components, making their combustion chemistry and kinetics easier to be understood and
modelled, compared to the complex mixture of hydrocarbons in natural gas. Therefore, CH4 has
been chosen to represent natural gas in this study. Experimental data from this research will serve
as a valuable resource for kinetics researchers since the laminar burning velocity at high initial
pressure is used to evaluate kinetic reaction mechanisms, which could be subsequently employed

in the simulation of potential hydrogen combustors.



This data will also be valuable for gas turbine and engine designers; they can use the turbulent
flame propagation data to validate the numerical models. In addition, the turbulent and laminar
burning velocity can be used as input to the combustion model [23-25]. Measurements are
conducted in the Leeds fan-stirred spherical combustion vessel (MK-11). The laminar and turbulent
measurements are fed into a numerical model to simulate the turbulent flame propagation. Further

details are provided in the subsequent sections.

Few previous experimental studies have focused on premixed spherical flame propagation
for hydrogen/air and methane/hydrogen/air mixtures, especially at the high-pressure conditions
most relevant to a hydrogen-fuelled spark-ignition car engine or an industrial gas turbine. In the
present study, the hydrogen volume fractions in methane are 30, 50, 70 and 100%. The initial
pressures are 0.1, 0.5 and 1.0 MPa, and the initial temperatures are 303 and 360 K. The equivalence
ratio (¢) is varied between 0.5 to 2 for pure hydrogen and from 0.8 to 1.2 for methane/hydrogen
mixtures. Both lean and rich mixtures are essential to understanding flame behaviour and safety
and emission considerations across different conditions. The root mean square (rms) turbulent
velocity (u ) for turbulent measurements varied from 2.0 to 10.0 ms™.

1.2 The Unstretched Laminar Burning Velocity u

The unstretched laminar burning velocity, uj, is the steady one-dimensional adiabatic free
flame propagation velocity in the doubly infinite domain [26]. The flame propagates in an
idealized, unbounded space without physical boundaries effects. This type of flame cannot be
achieved experimentally. Thus, the laminar burning velocity is not directly measurable and is

derived from experimental data using different assumptions.



The ui is described as a physicochemical property of a fuel/oxidiser resulting from exothermicity,
diffusivity and reactivity [27]. It indicates the overall mixture reactivity and is used to determine
the heat release rate and evaluate kinetic reaction mechanisms. Based on the recent review of
Konnov et al. [26], the first experimental investigation of a spherical flame in a combined chamber
with central spark ignition was conducted in 1906 by Hopkinson [28]. Flamm and Mache [29]
proposed a relationship between pressure and burning rate in the constant volume chamber. The
first photograph of a spherical flame taken simultaneously with pressure data was reported in 1927
by Ellis and Wheeler [30]. Bernard L. and Guenther V.E. [31] derived the laminar burning velocity
from time-pressure records. Researchers then reported that laminar spherical flame propagation is
affected by the flame stretch, which changes the flame surface area over time due to aerodynamic

boundary conditions [26].

The stretch effect must be removed to obtain the unstretched laminar burning velocity.
Markstein [32] proposed a relationship between flame curvature and propagation velocity. Using
Markstein's theory in the 1980s, the unstretched laminar burning velocity was derived from the
stretched flame in various burner, counter-flow, and spherical flames [33-36]. In the present work,
the unstretched laminar burning velocity for the hydrogen/methane/air mixture is derived from the
spherical expanding flame at various conditions, as will be explained in the following chapters.
1.3 Turbulent Flame and Burning Velocity

Turbulent flame propagation plays a crucial role in numerous practical applications, such as
gas turbines and internal combustion engines, making its investigation vital for advancing
hydrogen combustors. Understanding this phenomenon requires experimentation in simplified
turbulent flow configurations such as burners and combustion vessels, which are essential for

developing robust numerical models that can address more complex industrial scenarios [37].



In the turbulent spherical expanding flame in combustion vessels, the mean features of the flow,
such as turbulence intensity and initial and boundary conditions, are well controlled. Therefore,
the input parameters such as Reynolds number, pressure, temperature, chemical, and turbulent time

scales can be varied to investigate the turbulent flame propagation over a wide range of conditions.

It was reported early in 1883 by Mallard and Le Chatelier that turbulence enhanced the
burning rate of the premixed flame [38]. In 1940, Damkdohler reported that the turbulent eddies (i)
wrinkle the flame surface and increase the flame surface area, (ii) increase molecular transfer
within the flame, and (iii) increase the burning velocity [38]. In turbulent premixed combustion,
the flow in front of the flame moves, and the flame is wrinkled. The flame is distorted and folded
due to the interaction with the turbulent eddies. The turbulent burning velocity is the most critical
parameter, measured in the spherical turbulent flame propagation. The turbulent burning velocity
is the unburned gas velocity normal to a selected surface on the flame brushes. It calculates the

mass burning and the supplied heat release rates [39].

In this study, experiments were conducted in a large spherical vessel equipped with stirring
fans and optical access, which enabled the detection of flame fronts using the Schlieren technique.
This setup allowed for comprehensive investigations across a broad range of initial turbulence
levels, pressures, and temperatures, providing valuable insights into the behaviour of turbulent
combustion. To enhance the analysis of the experimental results, the turbulent combustion regime
was first characterised. This identification was crucial for understanding the dynamics of the flame
propagation and for ensuring that the subsequent data analysis accurately reflected the underlying

physical processes.



1.3.1 Turbulent Combustion Regimes

To gain insight into premixed turbulent flames, Borghi introduced a diagram [40] that
classifies various combustion regimes by comparing the chemical and turbulent flow scales
(Figure 1.1). The chemical length scale is the flame thickness, the region between the cold and hot
gases where chemical reactions and heat diffusion occur. The turbulent length scales describe the
range of eddy size that existed in the turbulent flow. They are classified in three sizes: (i) the
integral length scale (L), which represents the average of the largest eddies and contains the most
turbulent Kinetic energy; (ii) the Taylor length scale (1), which represents the intermediate eddies
and the turbulent viscus forces, and (iii) the Kolmogorov length scale (7), represents the smallest

turbulent eddies after which the turbulent kinetic energy is dissipated to heat.

This diagram aims to determine the turbulent flame characteristics used to identify the
turbulent combustion model. For example, rapid chemistry (compared to transport processes)
occurs within the flamelet regime in fragile layers, known as flamelets, which are immersed within
the turbulent flow field [41]. The flamelet regime exists when the Kolmogorov length scale (7)
exceeds the flame thickness. However, the boundaries of the flamelet regime were expanded
through a DNS study by Poinsot et al. [42], who proposed that the premixed turbulent flame
belongs to the flamelet regime as long as the thin flame interface separates the reactant and burned
gases. They clarified that the classical regime diagram [40] was based on the Klimov-Williams
criteria (Da >1) while overlooking the flame front resistance to turbulent eddies, particularly
viscous, transient and curvature effects, which become significant within the Kolmogorov scale
range [42]. The small eddies may be dissipated before interacting with the flame as they have

minimal Kinetic energy and short lifetimes.



Pope [43] introduced the smallest turbulent scale (Is=137), which modifies the flame surface. This
characteristic length scale, Is, is at the centroid of the dissipation spectrum [44]. The flamelet
regime expands as Is defines the smallest affected turbulent length scales. According to Pope [43],
the flamelet regime's limit is reached when |s becomes approximately the order of the flame
thickness. The broken reaction or flame extinction regime occurs if the flame thickness is less than
Is, which is 13 times the Kolmogorov turbulent scale [42, 43]. Consequently, the premixed flamelet
exists in most practical combustion cases, such as in reciprocating engines and gas turbines. The
turbulent flamelet combustion models can be applied in this regime. The following chapters will
present an analysis of the turbulent hydrogen/methane/air flame. This analysis is essential for
practical engineering applications such as gas turbines, furnaces and internal combustion engines.
An extensive database of turbulent burning velocities for this mixture will be presented to quantify
the dependency on pressure, temperature, stretch rate and root mean square turbulence velocity

(rms).
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Figure 1.1: The turbulent regime diagram [40, 43, 44].



1.4 Numerical Modeling of Premixed Turbulent Hydrogen Flame
Computational Fluid Dynamic (CFD) tools can provide important information about

turbulent flames that is difficult to obtain experimentally [45]. The design of new hydrogen
combustors or any practical applications can be aided by using CFD tools [46]. CFD has been used
to obtain spherically-expanding flames' flow velocity, temperature and pressure [45, 47, 48]. The
present study focused on premixed flame propagation in which a strong interaction between
chemistry and fluid dynamics is involved. Combustion models are applied along with turbulence
models to simulate turbulent flame propagation. There are two main directions in combustion
modelling research: (a) solving detailed or reduced chemistry [46] and (b) modelling the reacting
flow using a range of different assumptions [23-25, 49]. As combustion chemistry models are
computationally expensive, most traditional combustion models aim to reduce the computational
cost by simplifying the detailed chemical kinetics [24]. The turbulent premixed flame is modelled
in different ways to avoid solving the expensive chemistry, such as (i) Eddy Break-Up models
(EBU) [50], (ii) Bray-Moss-Libby model [46], and (iii) models based on the flame surface area
estimation (flamelet models) [24, 25]. The primary assumption in flamelet models is that the
reactions are fast and occur in a very thin layer separating the burned and unburned mixture. The
flamelet concept applies when the relevant chemical time scale is significantly shorter than the
convection and diffusion time scales (Da > 1). The premixed turbulent flame in the present study
is modelled using the flame wrinkling model (Z), which is a flamelet model, as it balances
computational speed and accuracy [48]. This model was chosen because it links the experimental

work to the numerical simulation.
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In addition to combustion models, different turbulence models have been applied in previous
work to simulate the turbulent flow, such as Direct Numerical Simulation (DNS), Large Eddy
Simulation (LES) and Reynolds Averaged Navier-Stokes equation (RANS) [51]. DNS is the most
accurate method, but it is computationally expensive and requires extremely fine meshes. DNS
resolves all the scales of turbulence down to the smallest eddies (Kolmogorov scales), and it is
very challenging, therefore, to simulate flow in complex geometries of practical combustion
chambers at high Reynolds numbers. DNS has been used to investigate flames in simple
geometries with reduced chemical mechanisms [52, 53]. In contrast, the RANS approach solves
the time-averaged Navier-Stokes equations and accounts for the effect of turbulence on the mean
flow field. It is much less expensive and has been used to simulate flames in large, complex
geometries [47]. LES simulation is the central method, as it directly solves the large turbulent
eddies and models the small eddies using one of the sub-grids methods [54]. The mesh size is
smaller than for DNS and larger than for RANS. LES is the most promising model for studying
practical combustion dynamics [45, 51]. Therefore, the present study combines dynamic-k-
equation LES and Launder-Sharma k-¢ turbulence models with the Z combustion model.

1.5 Aims and Objectives

The present study experimentally and numerically analyses laminar and turbulent flames of

hydrogen/air and methane/hydrogen/air mixtures. The objectives of the present study are as

follows:

1- Experimental Investigation: Conduct investigations to determine laminar burning
velocities and Markstein numbers for a wide range of methane-hydrogen-air mixtures at

elevated initial pressures up to 1.0 MPa.
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Simulation and Comparison: Perform CFD simulations using recent chemical kinetic
mechanisms, compare the simulation results against the experimentally derived laminar
burning velocities, and conduct sensitivity analysis to understand species behaviour
within the mixture.

Turbulent Burning Velocity Database: Provide an extensive experimental database for
the turbulent burning velocity of methane/hydrogen/air and hydrogen/air mixtures under
elevated pressure conditions.

Development of a New Correlation: Develop a new correlation for turbulent burning
velocities for flames with non-unity Lewis numbers, including all parameters that affect
the turbulent burning velocity. This correlation is implemented in the present combustion
model.

Quantification of Dependencies: Quantify the dependencies of turbulent burning
velocity on various parameters, including pressure, temperature, stretch rate, laminar
flame instability and turbulent fluctuating velocity.

Model Evaluation: Evaluate a numerical model by simulating the spherical turbulent
flame propagation using a combustion flamelet model (the flame wrinkling (Z) model).
Prediction of Difficult-to-Measure Parameters: Utilise this model to predict
challenging-to-measure parameters, such as flow velocity, pressure wave, and
temperature.

Investigation of Turbulent Flame Wrinkling: Investigate the effects of pressure,
turbulent fluctuation velocity and Lewis number on the turbulent flame wrinkling using

the developed model.
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1.6 Thesis outline

This thesis comprises seven chapters. Chapter 1 presents an introduction to the background
and motivation of the study, outlining its main aspects. Chapter 2 is the literature review. The
review focuses on laminar and turbulent spherical flame propagation. It includes a discussion of
both experimental and numerical studies. Chapter 3 presents this study's experimental apparatus,
techniques, and procedures. The methods include the measurement of flame radii and the
associated image processing. The experiments were initiated with laminar flames and followed by
turbulent flame measurements. The numerical methods for turbulent flame modelling are also
given in this chapter. The methods focus on the flame wrinkling combustion model along with
RANS and LES turbulence modelling. Chapter 4 presents the experimental results for laminar
flame propagation. The discussion includes the derivation of laminar burning velocities, flame
stretch rates, Markstein lengths, and flame instabilities. The turbulent measurements and
discussion are given in Chapter 5. It discusses the effect of (i) stretch rate on turbulent flame speed,
(ii) turbulent length scales on flame wrinkling, and (iii) Lewis number (flame instability) on
turbulent burning velocity. This chapter presents and discusses empirical correlations for the
turbulent burning velocity. Chapter 6 presents numerical results. The results are compared for
turbulent and combustion models. The turbulence models are RANS (k-¢) and LES. The laminar
burning velocity is implemented in different ways in the flame wrinkling combustion model. The
outcomes of these combustion models are compared and discussed in this chapter. Conclusions

and recommendations are drawn in Chapter 7.



13

Chapter 2: The Literature Review

2.1 Laminar Flame Propagation
The present study delves into the practical applications of premixed spherical flame

propagation of hydrogen/air and methane/hydrogen/air mixtures. These mixtures, thoroughly
mixed before ignition, form the basis of premixed flames found in gas turbines, internal
combustion engines, and various engineering applications. This section includes a comprehensive
literature review on laminar premixed flames, flame thickness, laminar burning velocity, stretch
rate, flame instabilities, and related dimensionless numbers, all directly relevant to these practical

applications.

2.1.1 The Structure of Laminar Premixed Flames

The laminar premixed flame can be defined as a smooth flame free from the influence of
flow. The flame is a thin reaction layer moved in the fuel/air mixture with great complexity [38].
The premixed laminar flame structure was first described by Mallard and Le Chatelier [55],
reporting that the flame propagation is controlled by the conduction of heat from the burned to the
unburned mixture. The effect of molecular transport processes on the laminar burning velocity and
the dependency of the reaction rate on the flame temperature was introduced by Zel'dovich and
Frank-Kamenetskii in 1938 [38]. The importance of laminar flame chemistry was highlighted by
Semenov and Hinshelwood [56, 57], reporting the complex chain reaction mechanism with the
understanding of the formation and consumption of intermediate radical species. The computation
of the hydrogen laminar flame structure was initiated by Dixon-Lewis and Williams [58] using a
theoretical estimation of diffusion and transport properties of the mixture. As a result of these

studies, the structure of the premixed flame can be computed numerically nowadays.
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The structure of the laminar premixed flame, a complex interplay of temperature and species
concentration profiles, can be computed using a detailed chemical kinetic mechanism with
appropriate thermodynamic and molecular transport properties. This flame structure, consisting of
four zones: the cold zone (unburned gas mixture), the preheat zone (heat conduction and mass
diffusion), the reaction zone (chemical reaction and mass diffusion), and the product zone[59],
presents a significant intellectual challenge. An example of the flame structure for a stoichiometric
CHoa/air flame at an initial temperature of 300 K and pressure of 0.1 MPa is presented in Figure
2.1 [59]. The nonlinear heat release rate, increasing the temperature until it reaches the adiabatic
temperature in the product zone, and the involvement of many chemical species in different

reactions in the reaction zone underscore the need for advanced computational methods.
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Figure 2.1: Temperature, Heat Release Rate (HRR), and species profile for 1-D adiabatic premixed
laminar flame of a stoichiometric methane/air mixture at 0.1 MPa and 300 K [59].
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2.1.2 Flame Thickness

Flame thickness, i, is defined as the distance between the end of the cold reactant zone and
the product zone's beginning [60] (Figures 2.1 and 2.2). The flame thickness includes the preheat
and reaction zone thickness (Figure 2.1). The preheat zone presents the largest proportion of the
flame thickness. Determining o is challenging as these zones have rapid heat and mass transfer.
This problem is critical in hydrogen flames, as H radicals in the reaction layer diffuse upstream
and recombine there. Consequently, the preheat zone is not chemically inert [61]. Different
methods have been adopted in the literature to calculate the flame thickness. The thermal flame

thickness [62] is commonly derived from the temperature profile of the flame structure:

51 — (Tb - Tu)/ dT
(E)max (2.1)

where Ty, and Ty are the adiabatic and unburned gas temperatures, respectively. (%) is
max

the maximum temperature gradient within the flame. The dimensional (or diffusive) laminar flame
thickness [63] is the thermal diffusivity ratio to laminar burning velocity, D /u;. Substituting the

thermal diffusivity (D) with the viscosity and Prandtl number, Pr, the above equation can be re-

written as:
v
& = ’“‘l/ pr (2.2)

where v is the cold mixture kinematic viscosity. The flame thickness is the ratio of kinematic

viscosity to laminar burning velocity for the mixture with a unity Prandtl number.

Gottgens et al. [61] have evaluated the flame thickness for hydrogen and hydrocarbon fuels
by solving the governing equations using detailed chemistry for 1-dimensional planar steady

premixed flames and proposed the following expression for the flame thickness:
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5 = % (2.3)

Pyl
where y is thermal conductivity, C, is mixture-specific heat at constant pressure, p, is the
unburned gas density, and T° is the critical temperature at which the reaction starts [61]. Following
previous works [64-66], Equation 2.3 has been chosen to calculate the flame thickness in the

present study.

preheat zone oxddation layer
T
™
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Figure 2.2: lllustration of flame thickness §; = Ax [61].
2.1.3 Flame Stretch Rate

Flame stretch rate («) strongly affects spherical laminar flame propagation and extinction,
changing the species concentrations and temperature gradients in the preheat and reaction zones
[34, 67, 68]. Stretch results from transverse and tangential velocity components and flame
curvature [60, 69]. The effect of stretch rate on flame extinction was first investigated by Karlovitz
et al. [70], followed by a study on the relationship between stretch and flame curvature by
Markstein in 1964 [60]. Williams expressed the overall stretch rate as the change in flame surface

area by the original area (Equation 2.5) [62, 71].
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where ry., is the flame radius from the Schlieren image, and S,, is the stretched flame speed.

The stretch rate and flame instability (explained in the next section) must be reported with
the associated Markstein number in spherical laminar flame propagation. The stretch rate and the
onset of instability determine the unstretched laminar burning velocities and Markstein numbers
(Map) [71]. May is a dimensionless number that quantifies the flame stretch rate effect upon the
laminar flame speed [71]. A small value of May, indicates that the flame stretch rate has only a
minor impact on the flame speed. For positive May, the flame speed decreases with increasing
flame stretch rate. In contrast, a negative May value is accompanied by the early onset of cellularity
and flame speeds that increase with increasing stretch rate [72, 73]. To present complete
quantitative studies on laminar flame characteristics, Markstein numbers, flame instabilities and

stretch rates must be reported alongside the laminar burning velocities.

2.1.4 Unstretched Laminar Burning Velocity

The unstretched laminar burning velocity (ui) is critical in designing and optimising practical
combustion systems, including gas turbines, IC engines, furnaces, and rocket engines [74]. Despite
the turbulent nature of these systems, u; remains a fundamental parameter, particularly in the
design and optimisation of gas turbine burners [63, 75, 76]. It is derived experimentally to provide
reliable data for validating kinetics models, and it can be used as a thermo-physical parameter in
combustion modelling. Therefore, an accurate experimental and computational determination of

the laminar burning velocity is crucial in the field of combustion [74].
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Many experimental setups have been designed to derive the laminar burning velocity, such
as the flat-burner flame, the counter flow/stagnation flame, and outwardly propagating spherical
flames. The latter is the most effective method to derive the laminar burning velocities at elevated
pressures relevant to gas turbine conditions [76]. Moreover, the spherical outward flame
propagation provides a well-defined stretch rate and controlled experimentation, and the flame
configuration is straightforward [74, 75]. The present study uses the Leeds spherical explosion
vessel (MK-I11) to derive the laminar burning velocity for hydrogen/air and methane/hydrogen/air
mixtures. The laminar burning velocity of a fuel/air mixture is affected by many parameters, such
as fuel/air/diluent mixture, pressure, temperature, and other higher-order effects, such as Soret and
Dufour effects [26]. Equation 2.4 can be used to identify the overall dependency of laminar burning

velocity on mixture temperature and pressure.

“huy = (P11, (lp,) 24)

where Ty and Py are the initial mixture temperature and pressure, the subscription 'o' means the
reference value of u;, T and P, a is the temperature exponent, and £ is the pressure exponent [26,
77, 78]. The increased initial temperature always results in increased u, and the temperature
exponent is a function of several parameters such as fuel type, oxidiser type, pressure, temperature
and equivalence ratio [27]. However, the increased pressure results in lower u; and the value of B

is negative for hydrocarbon fuel/air mixtures [26, 79].

In hydrogen/methane/air mixtures, the unstretched laminar burning velocities increase when
the hydrogen volume fraction increases, as hydrogen has significant thermal and chemical effects
[75, 80, 81]. Firstly, hydrogen increases the adiabatic flame temperature for the fuel. The hydrogen

supplies free active radicals (H, O, OH) to the reaction [17, 82, 83].
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Mandilas et al. [84], Hu et al. [73] and Okafor et al. [85] used Schlieren photography to determine
the laminar burning velocities of methane/hydrogen/air mixtures in a cylindrical combustion
chamber at various hydrogen volume fractions. They concluded that the unstretched laminar
burning velocities increase significantly as the hydrogen fraction increases. The same conclusion
was made by Wang et al. [86], who conducted an experimental study to derive the laminar burning
velocities of methane/hydrogen/air mixtures in a flat flame burner at constant fuel/air mass flow
rates. Hu et al. [73] researched hydrogen volume fractions varying from 0 to 100%. They
concluded that the laminar burning velocity increased linearly with temperature but decreased as
the initial pressure was increased. In addition, the u, is varied with the equivalence ratio. The peak
value of the u; was found in rich methane/air mixtures (¢=1.1) and shifted to the richer mixture

side with the increase of the hydrogen fraction [75].

2.1.5 Flame Instabilities

Flame instability is one of the most important phenomena that must be highlighted in the
experimental study of premixed outward laminar flame propagation, especially at high initial
pressure with a non-unity Lewis number fuel mixture (Le). Flame instabilities and cell structure
formation on the laminar spherical flame surface have been well studied [87]. In the spherical
explosion with central ignition, the flame propagates smoothly in the early stage. Suddenly, with
flame kernel growth, the flame becomes unstable with the formation of different-size cells in
dynamic equilibrium [87]. The cellularity increases the surface area and accelerates the laminar
flame propagation. If the allowance is made for the fireball to become large enough, the flame

propagation might become turbulent and eventually detonate [88].
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The interaction between the flame and the hydrodynamic disturbances leads to flame front
wrinkling (instability). A hot product expands at the line interface between the burned and
unburned gases, generating vorticity (Figure 2.3). As a result, the cold gases entering the flame
converge and diverge, creating localised pressure changes, which lead to flame wrinkling [89].
The instability can also develop due to the competition between the energy and mass diffusion
(thermo-diffusive effect). The heat flux from the burned to unburned gases is indicated by the full
arrowed lines in Figure 2.3, while the broken arrowed lines indicate the species diffusion flux from

the cold to the hot gasses. The molecular transport of energy and species diffusion (thermo-

diffusive) can stabilise or further destabilise the flame [38].
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Figure 2.3: Structure of a wrinkled flame front showing the hydrodynamic streamlines and the
diffusive fluxes of heat and mass [90].
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There are two main types of instability. First, the hydrodynamic instability is called the
Darrieus-Landau (D-L) instability, as they first reported in 1938 and 1944 [91, 92]. This instability
develops due to the density differences across the flame. D-L instability also appears when the
flame thickness is much thinner than the hydrodynamic scale of the flow. For example, the reaction
rate can increase in high-pressure combustion, and flame thickness decreases, resulting in D-L
instability [93]. The second type of instability is the diffusional-thermal (D-T) instability. The D-
T instability develops when the Lewis number is lower than one. The mixture's Lewis number is
a ratio of thermal diffusivity to mass diffusivity. The D-T instability is enhanced with mixtures of
Lewis numbers below unity [38, 93]. The effective Lewise number is used in the present study

qcu,(Lech,—1)+ qu,(Ley,—1)
q

[94]; (Leeff =1+ ); where qCH4 and gH2 are the non-dimensional

heat release associated with the consumption of methane and hydrogen, respectively, and q is the
total heat release. The method of calculating the heat release rate and the Lewise number are

presented in [95] and the Lewise number of the current mixtures at different pressure is given in

Figure 2.4.
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Figure 2.4: The effective Lewis number plotted against hydrogen fraction at 0.1, 0.5 and 1.0 MPa

[94].
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When the thermal diffusivity is lower than the mass diffusivity, the gas flow is convergent
and divergent, resulting in flame instability (Figure 2.3). The flame is more stable for fuel with a
Lewis number higher than one. The phenomena of D-L and T-D instabilities are well reported in
the literature [12, 72, 75, 96, 97]. In addition to these two instabilities, gravity induces buoyancy
instability [98]. Still, it can be neglected in the fast flame propagation due to the small effect of

gravity compared to the D-L and T-D instabilities [96].

Other studies have reported the interactions between the D-L and T-D instabilities in
spherical flame propagations [96, 98]. In hydrogen/methane/air mixtures, the increased hydrogen
volume fraction enhances the T-D instability as Le decreases due to the substantial mass diffusion
of hydrogen [99]. Egolfopoulos et al. [100] reported that the Lewis number for the mixture was
modified by replacing the nitrogen with an inert gas to suppress the T-D instabilities. Helium is
commonly used as it reduces the burning rate and increases flame thickness, suppressing the D-L
instabilities. However, the ignition energy of the mixtures increased, and the burning rate
decreased, especially at high pressures [100]. Inert gases such as argon and helium have also been

used in other studies to suppress flame instability [101, 102].

The spherical flame initially propagates with a smooth surface. Cracks resulting from
ignition effects were shown in [72] within the stable flame front. The cellular surface appears as
the flame grows due to D-L and T-D instabilities at the critical flame radius, rc. The size of rg
depends on flame characteristics such as fuel type, equivalence ratio, pressure and temperature;
these effects will be expanded in Chapter 4, section 4.2. The onset of flame instability is the
transition from the stable to the unstable region. The onset of instability has been extensively
studied in the literature by identifying the critical Peclet number, Pec, defined as rq/0 [88, 96,

103].
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Pec, or the transition point of the flame propagation, is affected by hydrogen fraction, equivalence
ratio, initial pressure and temperature. The onset of instability is also quantified by the critical
laminar Karlovitz number, K, defined as the critical flame stretch rate multiplied by the chemical

time scale (d) /ui) [64].

Stretch smooths the surface and stabilises the flame. The cellularity only appears once the
flame radius reaches the critical radius (rc) when the stretch rate is insufficient to flatten the
cellular structure [104, 105]. After rq, the flame propagates with increased speed because of
cellularity, which increases the flame surface area [88]. Figure 2.5 presents a Schlieren image to
show the smooth and cellular flame structure for 30% hydrogen in methane with initial pressures
of 0.1 MPa, 0.5 MPa, temperature 303 K and equivalence ratio 0.8 [12]. The flame in the image
(@) is stable, with only a few cracks resulting from the ignition effect [72]. However, the flame in

the image (b) is unstable.

Figure 2.5: Flame images for 30% hydrogen in methane with initial temperature 303 K,
equivalence ratio 0.8, and 40 mm flame radius (a) the smooth flame 0.1 MPa, (b) the cellular flame
structure 0.5MPa.
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2.1.6 Measurement Uncertainty and Limitations of Experimental Procedures
Egolfopoulos et al. [100] have presented a review that closely analysed the challenges in
laminar flame experiments. In the spherical flame experiments, the adopted assumptions to derive

the unstretched laminar burning velocity are:

The flame is adiabatic.

QD
1

b- The burned gases are under thermodynamic equilibrium and stagnant.
c- The flame surface is smooth (free from cellularity).

d- The ignition energy is low. The ignition effect should not be included in the data used

to derive the laminar burning velocity.
e- The radiation heat transfer is negligible.

f- The combustion vessel wall does not affect flame propagation (negligible wall

confinement).

In the present study, the ignition energy is kept to a minimum (1 mJ) [106], and the ignition-
affected data in the early flame propagation is not included in the derivation of the laminar burning
velocity [71]. Equilibrium in the hot gases can be assumed as the radiation heat transfer is
negligible. The current fuel mixtures (hydrogen/methane/air) have a high burning rate and
minimum radiation heat loss [100]. Moreover, in the present study, the maximum flame radius
used is less than 30% of the inner radius of a large spherical vessel (internal radius =190 mm) to
avoid any effect of wall confinement on the measurement of flame speed. The flame speed
measurements with wall confinement effects are 15-20 % less than those for large vessels without
wall confinement [107]. Therefore, the error due to the ignition energy and radiative heat transfer

is negligible.
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Other sources of error in the experimentally derived laminar burning velocities have been
evaluated elsewhere. These include the equivalence ratio [80, 108] and the adiabatic flame
temperature assumption [105]. In the experimental procedure, the combustion vessel is evacuated
first, and then the fuel is injected into the vessel based on its pressure fraction, followed by air
injection. The change in the temperature during the fuel/air injection can affect the accuracy of the
equivalence ratio ¢, which was estimated to be + 0.04 in the value of ¢ [80]. Another well-known
source of error is the stretch correction approach (extrapolation method). Dowdy et al. [109] used

linear extrapolation (equation 2.6) to obtain the unstretched flame speed and Markstein length.

Sg—S, = al, (2.6)

where Ss is the unstretched flame speed, Sy is the stretched flame speed, « is the stretch rate, and
Ly is the burned gas Markstein length. Kelley and Law [110] introduced the nonlinear extrapolation

method as in the following equation:

(Sn/ss)2 In (S”/SS)2 == Zifb 2.7)

Many other nonlinear equations are presented in the literature and summarised in [26]. The
uncertainty due to the extrapolation method could be as high as 10% of the laminar burning
velocity [26, 100]. Thus, this point is considered in the present study and will be discussed in

Chapter 3.
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The Darrieus-Landau and thermo-diffusive instabilities limit the derivation of laminar
burning velocity. Research on laminar burning velocities for pure hydrogen is well known [111-
114]; however, the experimental derivations of the unstretched laminar burning velocity at high
initial pressures ( Py > 0.3 MPa) are very challenging due to the presence of flame cellularity in
the early stages of flame propagation, which results from the Darrieus-Landau and thermo-
diffusive instabilities [97]. At these conditions, there is a lack of data that can be extrapolated to
obtain the laminar burning velocity. Consequently, many methods have been introduced in the
literature to derive the laminar burning velocity at these conditions. Firstly, Bradley et al. [97] used
the linear instability theory of Bechtold and Matalon [88] and the fractal theory of Bradley [98] to
expand the stable regime and extrapolate it to zero stretch rate to obtain the unstretched laminar
burning velocities for lean hydrogen at high initial pressure. Bradley et al. [97] proposed the flame
speed enhancement factor, F, the ratio of flame speeds with and without instabilities. The
theoretical stable flame speed, S, can be calculated from F. Then, S can be plotted as a function of
the flame stretch rate, o, and extrapolated to zero to obtain the unstretched flame speed. This
method [97] has been recently adopted to obtain the laminar burning velocities and examine pure
hydrogen's flame cellularity at high pressures [96]. However, the calculation of F includes an
empirical constant, which has been taken as 1/3 in [97]. It may not be suitable for the wide range

of initial conditions and equivalence ratios needed to explore the laminar burning velocity.

Secondly, inert gases were used to dilute the explosive mixture [102] to suppress the flame
instability. Helium and Argon are used to dilute rich and lean hydrogen-oxygen mixtures to obtain
the laminar burning velocity at high initial pressure [101]. However, the present experiments focus

on a hydrogen/methane/air mixture.
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Thirdly, the laminar burning velocity at these conditions can be obtained if accurate Kkinetics
become available. Thus, the precise prediction of laminar burning velocity at these conditions was
the aim of kinetic researchers [26, 115, 116]. Three H2/CHs combustion mechanisms were
compared in this work with the experimentally derived laminar burning velocities. The most
accurate mechanism has been used to determine the laminar burning velocity of hydrogen/air at

high initial pressure. A review of the Kinetics is presented below.

2.1.7 The Numerical 1-D Laminar Burning Velocity

An essential reason for measuring the unstretched laminar burning velocity is to provide
reliable data for validating kinetics models used in the design of practical applications. However,
there is uncertainty in both the experimental measurements (as discussed above) and numerical
predictions [26]. The present study calculated the premixed laminar burning velocity using the
one-dimensional steady freely propagating planar flame code, Chemkin-Pro [117]. The "Premixed
Laminar Flame-speed Calculation” model was used. It can also be used to estimate the mole

fraction and the chemical production rate of species in the flame.

In the present modelling, the reaction rate is computed using the Law of Mass Action [118].
The reaction rate constant is calculated using the Arrhenius form. The 1D planar flame is modelled
by solving the governing continuity, energy and species conservation equations using detailed
chemical kinetics. The system of equations is quasi-1-dimensional and isobaric. These differential
equations are solved by implicit finite difference methods and a combination of time-dependent
and steady-state methods [116]. The reader is referred to Chemkin help for more detail. Thermal
diffusion (the Soret effect) and a multi-component diffusion model were used in the present study.
The Soret and diffusional effect drives lighter molecules toward burned gases (hot region) and

heavy molecules toward fresh gas (colder regions) [26].
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Different combustion mechanisms for methane and hydrogen fuel are presented and
reviewed in Konnov et al. [26] at initial pressures ranging from 1 to 70 atm and the cold gas
temperature from 300 to 443 K: (i) the San Diego mechanism [116, 119], (ii) the Konnov reduced
mechanism [26, 115], (iii) the USC mech. 11 [120], and (iv) GRI Mech 3.0 [121]. Zhang et al.
[115] tested the following mechanisms at initial pressures ranging from 1 to 70 atm and cold gas
temperatures from 300 to 443 K: (i) FFCM-1-2016, (ii) SanDiego2014, (iii) NUIG1.1-2021, (iv)

Aramco-11-2016, (v) Konnov-2009, (vi) Caltech-2015, and (vii) Glarborg-2018

According to the most recent study [115, 116], the following mechanisms have satisfactory
performance for both the ignition delay time and laminar burning velocity measurements for

methane/hydrogen/air mixtures.

1- The latest version of the San Diego mechanism, which has 58 species and 270 elementary

reactions,
2- The Konnov reduced mechanism with 27 species and 177 elementary reactions
3- The Aramco 2 reduced mechanism with 25 species and 105 elementary reactions.

Therefore, they were selected to compare the experimentally derived laminar burning
velocity and the 1D numerical simulation in the present study, as they were previously
validated using experimental data [26, 115, 116] and cover a range of mechanism sizes with

respect to the numbers of species, the lowest having 25 species and the highest 58.
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2.1.8 Research Gaps in the Study of Laminar Flame Propagation

As shown in Table 2.1, a few previous experimental studies have focused on laminar
burning velocities for methane/hydrogen/air mixtures at high pressures, which are crucial for
hydrogen-fuelled ICEs and industrial gas turbines [26]. Previous studies have determined laminar
burning velocities in small-volume vessels, with volumes of 5 L [73, 75] and 3.5 L [85], which
could have wall-confinement effects and limited field of view. Therefore, researchers in [73, 75,
85] had to extrapolate the data of the flame radius up to 25 mm to reduce the pressure increase and
wall confinement effect on the measurements. To avoid the disadvantages of small combustion
vessels, a large spherical vessel (30 L) is used in the present study to investigate
hydrogen/methane/air flame propagation at constant pressure (pre-pressure measurements) to
provide experimental data (laminar burning velocities and Markstein numbers). In this large
vessel, the flame propagation was recorded at up to a 75 mm flame radius while pressure

fluctuations remained small (this will be given later in section 4.1).

Hu et al. [75] derived laminar burning velocities for hydrogen/air and methane/hydrogen/air
mixtures using spherical outward flame propagation, but only for atmospheric conditions.
Following their initial study, Hu et al. [73] explored methane/hydrogen mixtures at pressures up
to 0.75 MPa, but the equivalence ratio (¢) was only 0.8, limiting its applicability since the air-fuel
ratio varies over a wide range in practical combustors, such as gas turbine combustors, industrial
furnaces and aviation engines [122]. Therefore, the current study aims to fill the research gap by
providing experimental laminar burning velocities and Markstein numbers for lean, rich

hydrogen/air and methane/hydrogen/air mixtures at high pressures.



Table 2-1: Compares the experimental conditions (equivalence ratio, unburned gas pressure and

30

temperature) and previous outward flame propagation studies.

References % H: by volume Pu (MPa) Tu (K) ¢
~ .
0, 10, 20, 30, 40, forOHéf (1:';1"" ar
Hu et al. [75] 50, 60, 70, 80, 0.1 303 wxf ' 'H/ .
90. 100 or pure Hy/air
’ 0.6-4.5
Huetal [73) | %2090 9990 1 01575 | 303,373,443 0.8
0, 10, 30, 50, 70,
Okafor et al. [85] 90, 100 0.1 350 08,1,1.2
Bradley et al. 0.4,0.5,0.6,0.7, 0.8,
[97] 100 0.1,05,1.0 365 0.0 1
*for Ho/CHJ/air
08,09,1,11,1.2
Present study 30, 50, 70, 100 0.1,0.5,1.0 303, 360 **for pure Hy/air
05,08,1,15,1.7, 2,
2.5

2.2 Turbulent Burning Velocity
Early research by Mallard and Le Chatelier [55] provided a basic understanding of flame

propagation in turbulent flow, namely that turbulent fluctuation enhances the burning rate of

premixed flames. However, the effect of turbulent flow on the flame is far more complicated [123].

The burning rate is affected by turbulence characteristics, laminar flame speed, flame stretch,
molecular diffusion and the molecular heat diffusivity of the mixture [123]. Damkdhler [124]
improved the understanding of premixed turbulent flames by introducing the Damkdhler number
(Da), a key dimensionless parameter representing the ratio of turbulent time scale to chemical time
scale. Damkdhler's work highlighted two mechanisms through which turbulent flow increases the
burning rate: (a) large turbulent scales extend the flame surface by wrinkling the flame sheet, and
(b) small turbulent scales enhance transport processes within the combustion wave [38]. Further
advancements by Karlovitz et al. [70] underscored the role of local stretch in turbulent flames,
driven by increased velocity gradients within the flame, leading to an augmented turbulent burning

velocity.
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The impact of turbulent flow on the burning velocity of hydrogen/air and
hydrogen/methane/air flames is critical in designing practical engineering devices for hydrogen
fuel operation. The power output in these devices is controlled by the burning mass rate determined
by the turbulent burning velocity (u). The ut increases as the fluctuating velocity (u') increases;
however, the growth rate in u; decreases as u' rises further. Eventually, a maximum u is achieved,
followed by a significant decline in u¢ as u' continues to increase, ultimately leading to flame
quenching due to high aerodynamic strain rate and heat loss [66, 125]. The turbulent scales have
different effects on turbulent flame. The integral scales primarily govern flame convection and can
only induce significant wrinkling in large flame kernels [125, 126]. In contrast, the Kolmogorov
scales may lack the energy for effective flame wrinkling [43]. Therefore, the Taylor scales are
central to flame wrinkling due to their responsibility for shear forces.

The literature provides different definitions of turbulent burning velocity [37, 127, 128],
making it necessary to define this parameter in each study. The turbulent burning velocity for any
fuel under specific operating conditions is a critical determinant in calculating the mass rate of
burning. The mass rate of burning equals the product of turbulent burning velocity, cold reactant
density, and surface area. Any change in one of these parameters necessitates a corresponding
change in at least one other to determine the burning rate of premixed combustion [129]. The
turbulent burning velocity is the unburned gas velocity normal to a selected surface on the flame
brushes [127]. This velocity yields the mass rate of burning [127]. It has been given different terms
in the literature: mass burning velocity [125], consumption speed, turbulent burning velocity [128],
global turbulent burning and velocity global consumption speed [130]. In the present study and

following Bradley et al. [127, 129], it is called the turbulent burning velocity (ur).



32

Other burning velocities have been measured in the literature, depending on the
measurement method and the reference surface from which the turbulent velocity is derived. The
burning velocity measured at the leading edge of the mean flame brush is higher than this at the
root of the flame [131]. The turbulent burning velocity can be measured from the cold gas velocity
or flame velocity, but the location of the measurement surface should be described [127]. Initially,
the engulfment velocity (ue) represents the reactant velocity from the external zone towards the
leading flame edge [129] (Figure 2.6b). However, this velocity (ue) cannot be directly used to
calculate the mass rate of burning because a significant amount of unburned gas remains behind
this surface. The reactant must be converted into products after passing the reference surface [127,
129]. Secondly, the displacement velocity (ug) indicates the flame's movement along its normal
with respect to the fresh gases. It is also defined as the cold reactant velocity towards the flame,
measured at its leading edge, typically in the context of a low-swirl burner using the Particle Image
Velocimetry (P1V) technique [132]. This velocity is suitable for determining the mass rate of
burning in the case of a flat flame, which is mainly a theoretical or numerical concept [127].
Thirdly, the turbulent burning velocity derived from pressure increases in a constant volume
explosion is associated with forming combustion products [129, 133]. In the context of the present
study, the turbulent burning velocity determined using the Schlieren technique is linked to the
consumption rate of unburned gases, as Schlieren images rely on changes in mixture density. The
Schlieren image provides a surface ahead of the flame tip in the preheat zone. The Schlieren system
detects the density gradient which results from temperature gradient rather than chemical reaction

as shown in Figure 2.6a.
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Bradley et al. [129] showed that the reference flame radius for a spherical turbulent flame
propagation can be identified from high-speed Schlieren images. This reference radius can be used
to determine the mass turbulent burning velocity. They used Mie scattering from a thin planar
sheet to describe the radial distribution of the flame brush (Figure 2.6b). Bradley et al. [129]
assumed that the thickness of the turbulent flame brush is constant as the flame grows [134]. The
mass conservation law is then applied to identify the reference radius for the turbulent burning
velocity [129]. They concluded that the mass turbulent burning velocity could be obtained at the
reference radius, ry, which falls between rr and r, such that the volume of burned gases inside the
sphere matches the volume of unburned gases outside the sphere (Figure 2.6b). At this reference
(rv), the turbulent burning velocity gives the burning mass rate when multiplied by the cold reactant

density and surface area. Bradley et al. [129] compared u(rv) with turbulent burning velocity from

Schlieren measurement (uy(y ) = % % ). They showed that the turbulent burning velocity
u
from Schlieren measurements must be divided by a factor of 1.11 (u, = i% %) to obtain

the mass rate of burning velocity. The present study assumed that the thickness of the turbulent
flame brush is constant as the flame grows and is not affected by changing the fuel/air mixture,
rms velocity, pressure and temperature. Therefore, the factor of 1.11 from Bradley et al. [129]

study is used to determine the turbulent burning velocity (u:).
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Temperature (K)

Un-burned gases

Turbulent flame

brushes \\

Burned gases

Figure 2.6: The turbulent flame brushes and the associated flame radius, where T, is the initial
mixture temperature, Ty is the adiabatic flame temperature, u. is the engulfment velocity, r: is the
flame radius at the tip of the brush, r is the flame radius at the root of the brush, and r, is the
volumetric flame radius.
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2.2.1 The Effective Root Mean Square Velocity u;,

In the spherical turbulent premixed flame propagation, the flame front of the initial small
flame kernel is affected only by small eddies with high wave numbers that wrinkle the flame
surface. In contrast, the large eddies with lower turbulent frequencies drift the flame kernel without
wrinkling the flame front. Over time, as the flame kernel grows, the flame front becomes
increasingly affected by eddies with lower turbulent frequencies, resulting in a continuous increase
in turbulent burning velocity [125, 127]. Therefore, it is essential to consider the relevant frequency
range of the turbulent power spectrum when measuring the turbulent burning velocity of spherical
flames. To address this effect, the effective root mean square (rms) velocity u'k, which represents
the local rms turbulent velocity at the flame surface, has been proposed [125]. In the present study,
and following Bradley et al. [66, 125, 127, 135], u' is replaced by u'k in the analysis of turbulent

burning velocity for the spherical expanding flame.

The effective rms velocity u;,, defined as the local rms turbulence velocity adjacent to the

flame front, increases with flame propagation until it approaches the u' value [136]. Bradley et al.
[136] derived the ratio (u"/u,> by integrating the non-dimensional power spectral density, S (K_n)

(Figure 2.7), over the range of relevant wavelengths.

1/2
(2.8)

u,  |15%° f"ﬂ—G_ o

— = S(K,)dk

w [ R)l — (77) n
nK

where E is the dimensionless wave number, R, is Reynolds number based on the Taylor length

scale 4, and k,xand k. are the smallest and largest wavelengths, respectively.
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Figure 2.7: The shape of power spectral density from different researchers [38]

The upper limit k,, was assumed to be the flame diameter and the lower limit k, ; depends on the

size of the smallest eddy that can have a chemical effect on the flame during its lifetime, which is

taken as the Kolmogorov scale (1) [65].

_ 2mn 32w
= = R_l's
e Ny L (150-25 nk) A
21,
k=—
e
— 2nn
n6 = T
G

where [ is the Gibson scale and calculated from:

(2.9)

(2.10)

(2.11)
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During the propagation of the turbulent spherical expanding flame, the effective rms velocity
continuously increases, increasing the burning velocity. Therefore, there is no single u;, which
varies with the flame radius. However, Bradley et al. [129] and Lawes et al. [126] have taken u at
a flame radius of 30 mm as a reference value in the analysis of turbulent flame propagation. There
are many reasons for choosing this reference value. Firstly, positioning the flame at this radius
extends beyond the spark plasma'’s influence, as the spark effect typically extends up to 10 mm
[80]. Secondly, the flame at 30 mm is exposed to the full range of turbulent scales, as the flame
kernel exceeds the vessel's integral length scale (L = 20 mm) [135, 137, 138], and the turbulent

flow in this region is homogenous and isentropic [137].

2.2.2 Turbulent Flow and Flame Characteristic/Field Definitions
For investigating the turbulent flame propagation, the rotating speed of four stirred-fans, f,

was adjusted for the desired u', using the following equation described in [137]:

u' = 0.00124 f ms? (2.14)
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where f is the fan speed in rpm. The values of u' in Leeds MK-11 vessel have been studied
comprehensively using a range of flow measurement techniques, including Hotwire Anemometry
(HWA) [135], Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV) [126,
135, 137]. Throughout the experiments, the fans operated at a constant speed. It is assumed that u’
and the integral length scale are independent of pressure and temperature. The validity of this
assumption has been demonstrated previously [127, 129, 137]. These studies showed that the effect
of changing the initial pressure and temperature on u' is negligible. As u' with f = 6000 rpm
decreased by 5% with increasing the temperature from 300 to 400 K, it increased by 4% with
increasing pressure from 0.1 to 1.0 MPa [137]. The longitudinal integral length scale, L, was 20

mm and is unaffected by changing the fan speed [137, 139].

The Taylor- and Kolmogorov- length scales, 4 and #, were derived using respectively [126]:

A A

7= Re, (2.15)
A

n= 15?136/{)'5 (2.16)

where Rey is Reynolds number based on the Taylor length scale.
u'l

Reﬂ. = (217)

where v is the unburned kinematic viscosity and A is a constant (A= 16 +1.5 [126, 140]).

The turbulent time scale is the ratio of the turbulent length scale to rms turbulent velocity

(L/u,). The chemical time scale is the ratio of the flame thickness to the laminar burning velocity

(5l/ul) [40, 41]. The Karlovitz stretch factor Ka1, which is the ratio of the chemical time scale to

the turbulent time scale (based on ) [141], is calculated in [127]:
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where u /2 is the rms strain rate, with Re; = 4(Re;)%°, 6, = " p.and Re, = —. Thus, the
r

Karlovitz stretch factor Kai can be calculated as:

Kar =025 (3) (V) (Reuy 0" 2.19)
In [127], the assumption of a Prandtl number (Pr) of 1 was made, though it is not practical
when dealing with high hydrogen volume fractions. As the hydrogen fraction increases, the
thermal diffusivity also increases, leading to a decrease in Pr. Pr decreases with increasing ¢ when

the hydrogen content in the fuel/air mixture rises. In the present study, the Prandtl number is

calculated as the ratio of kinematic viscosity to thermal diffusivity (”/a).

2.2.3 Turbulent Burning Velocity Correlations

The turbulent burning velocity is a crucial physical parameter in turbulent combustion, often
serving as an input parameter for combustion modelling [23-25, 49]. Consequently, numerous
studies have aimed to establish a general correlation for ut [44, 123, 126, 127, 138, 142]. These
correlations have linked the turbulent burning velocity to turbulent fluctuation [124] and laminar

burning velocity [38, 143].
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A review of five different u; correlations was conducted and presented in [126]. The parameters
considered in these correlations typically include the laminar burning velocity ui, flame thickness
o1, rms velocity u', and integral length scale, L. However, it is worth noting that the predicted values
of us from these correlations are often inconsistent within themselves and with experimental
results, primarily due to the omission of thermo-diffusive effects [126]. In alignment with
Damkadhler's theory, the turbulent transport of heat and mass within mixtures and the total surface

area of wrinkled flamelets stand out as the primary factors governing the turbulent burning velocity
[142]. Hence, Bradley et al. [66, 127, 135] introduced the U-K correlation (U = aK,,”), where

U is the ratio of the turbulent burning velocity to the effective rms turbulence velocity and Kaz is

the Karlovitz stretch factor.

The U-K correlation considers the influence of chemistry, turbulent length scales, flame
thickness, flame stretch rate, and rms turbulence velocity. The constants (o and ) are functions of
Masr, which incorporates the effect of strain rate on the turbulent burning velocity [66, 127, 135].

Recently, Wang et al. [123] correlated ut with differential-diffusion and stretch effects. They used

the general scaling law based on the Damkohler hypothesis: ut/ul=

f ((u’/ul)x,(L/(Sl)y ,Le¥ ) where L is the turbulent integral length scale, ) the laminar flame

thickness, and Le the Lewis number. The constants x ~ 0.5-1 and y ~ 0-0.5 [144], the power
exponent (y) for Le have a negligible effect on the correlation for ui/ui due to the small absolute
value of Le in comparison to Reynolds number [123]. The present study investigates the scaling
parameters of previous studies [66, 123, 127, 135] to correlate the turbulent burning velocity for
pure hydrogen/air and methane/hydrogen/air mixtures at high initial pressure and rms turbulent

flow velocity.
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2.2.4 Research Gaps for Turbulent Flame Studies

Previous experimental studies have shown limited focus on turbulent flame propagation for
hydrogen/air and methane/hydrogen/air mixtures, particularly at high pressures, which are most
relevant to gas turbine applications. Goulier et al. [138] and Morones et al. [145] conducted
experimental investigations of turbulent expanding flames of lean hydrogen/air mixtures at
atmospheric pressure, with rms velocities ranging from 1.0 to 2.8 m/s. The turbulent burning
velocities of methane/hydrogen/air mixtures have been studied over a broad range of initial root
mean square velocities (u") in [80], but solely at low pressure (0.1 MPa) and with a hydrogen
volume fraction of up to only 50%. Other studies that explored turbulent flames of Ho/CHua/air
mixtures [14, 146-148] focused only on a specific range of hydrogen fractions, pressures and
equivalence ratios. In contrast, the present study investigates turbulent burning velocities for
methane/hydrogen/air mixtures with hydrogen volume fractions of 30%, 50%, 70%, and 100%
across a broader spectrum of pressures, including 0.1, 0.5, and 1.0 MPa. Equivalence ratios varied
between 0.8 and 1.2 for H2/CH4 mixtures and 0.5 and 2 for pure Hz. Additionally, u' is adjusted
within the 2 to 10 m/s range.

2.3 Numerical Investigations

Following the experimental work, this study focuses on numerical simulation. Open Source
Field Operation and Manipulation (OpenFOAM) software is used in the CFD simulation. The
OpenFOAM is an open-source CFD solver using a finite volumes approach. It has a range of
models including compressible and incompressible fluid mechanics, heat and mass transfer,
reactive flows, etc. Several solvers are already included in OpenFoam and can be selected based

on the application, conservation equation, and physical phenomena [47].
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CFD tools can provide important information about spherical flame propagation that is difficult to
obtain experimentally [45]. A literature review of the numerical and related experimental studies

is presented in this section.

2.3.1 Flow Field Characteristics

The Schlieren technique used in the present experiment is limited to flame surface images.
The flow velocity and temperature are difficult to measure. This information is essential for
engineering designers. Flame propagation with strong pressure waves and high temperatures can
damage the combustion equipment [73, 149]. CFD has recently been used to get pressure,
temperature and velocity during the propagation of spherically expanding flames [45, 47, 48]. The
effect of initial pressure and turbulent kinetic energy on pressure wave distribution for spherically
expanding flames has been studied numerically in [45]. They used the LES turbulence model to
simulate the hydrogen/air expanding flame in a 14L spherical vessel. These authors concluded that
(i) the model successfully captures the propagation of pressure waves towards the wall, (ii) the
peak pressure value is situated inside the flame during flame propagation, and (iii) the peak
pressure value increases with higher turbulent kinetic energy. In addition, the pressure field
influences the velocity field in spherical flame propagation. The pressure gradient within the flame
leads to a velocity gradient. Dramatic velocity fluctuations have been found within the flame next
to the peak value of the pressure wave [45]. The velocity field has been also investigated by
Bradley et al. [65]. They studied the interaction between turbulent flow and flame propagation in
the spherical vessel using the PIV technique. They concluded that a strong outwards velocity pulse
ahead of the flame is generated due to the combined influences of a high burning rate and high

volumetric expansion [65].
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2.3.2 Flame surface wrinkling

Both chemical scales (such as ujand o) and turbulent scales (including L, 4, , and u') affect
flame wrinkling. These scales have been used to describe turbulent premixed flames [41-43]. The
integral scales (L) primarily govern flame convection and can only induce significant wrinkling in
large flame kernels [125, 126]. In contrast, the Kolmogorov scales () may lack the energy for
effective flame wrinkling [43]. Therefore, the Taylor scales are central to flame wrinkling due to
their responsibility for shear forces. The A scale increases as the temperature rises and decreases
as the pressure and fan speeds (u') increase [150]. The increase in initial pressure results in the

following:
a- positive flame stretch,
b- areduction in Taylor length scales,
c- adecrease in the flame reactivity, i.e., the laminar burning velocity (u))

d- enhancement in the DL instability due to the sharp density gradient across the flame

front [123].

These effects collectively lead to a finer, more wrinkled flame structure, increasing the turbulent

burning velocity [126].

The Lewis number can also influence flame wrinkling. Previous research showed that the
mixture with high laminar flame cellularity (lower Le) has more turbulent flame wrinkling than
the mixture with low laminar flame cellularity (higher Le) [123]. This can be attributed to the
diffusive-thermal (DT) instability, as a mixture with Le < 1 has more DT instability than those

with Le >1 [94].
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2.3.3 The Flame Wrinkling Turbulent Combustion Model

As mentioned in Chapter 1, the premixed turbulent flame in the present study is modelled
using the flame wrinkling model (Z) because it balances computational speed and accuracy [48].
The present study uses the LES and RANS models for the turbulence models. LES models provide
more flow details but are computationally expensive [45]. RANS models can capture the
temperature, pressure and averaged velocity profiles in large and complex geometry cases [48]. In
premixed combustion, the flame can be described as a reactive wave moving toward the unburned
mixture [151]. As the flame wave moves, there is a great production of thermal energy inside the
flame and rapid density change behind the flame, resulting in a velocity increase in the burned side
(20 times the unburned side) [151]. The flamelet model was developed [152] to simulate the
turbulent flow considering the laminar flames. This model solves a transport equation for the
progress variable flame area density (X) given per unit of volume [48]. The flame wrinkling models
() were developed by [24] as an alternative for ¥ models. The wrinkle density factor E, the
laminar flame wrinkled area per unit area, is solved on the flow direction. The turbulent flow effect
on the flame is handled through a modelled transport equation for the perturbed laminar flame

speed [25].

The E model has been used with the Shear Stress Transport (SST) k- turbulent model to
simulate the turbulent flame in the ORACLES combustion Chamber [48]. The chamber is a
channel with two parallel inlets, and the Reynolds number ranges from 4050 to 41777. They
concluded that the = model is valid for the reactive flow in the ORACLES combustion chamber
using the SST k- model and Euler and backward schemes compensation. The performance of the
= model in OpenFoam and FLUENT has been investigated in the high-pressure Bunsen burner

[23]. Both solvers agreed well with Siewert's experimental results [153].
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The spherical turbulent flame propagation through numerous obstacles has been studied using the
= combustion model associated with the SST-k-® turbulent model in OpenFoam software [47].
The turbulent burning velocity in the Z factor has been modelled using the available correlations
(Gulder, FLACS and Zimont). The findings of this study confirm that these models provide an
identical free flame velocity without the obstacles. However, a significant variation was observed
when the flame passed through the obstacle, as these correlations are developed for free flame
propagation [47]. Moreover, these correlations are not valid for fuel/air mixtures with non-unity
Lewis numbers. Therefore, the present study updated the turbulent burning velocity correlation in

the Z combustion model.

2.3.4 Research Gaps for Numerical Flame Studies

The present study links the experiments to the numerical work. The results from the laminar
and turbulent experiments are input into a numerical model. The turbulent burning velocity
correlation is one outcome of the turbulent flame investigations [44, 123, 126, 127, 138, 142].
Many of these correlations have never been tested in the numerical models. Gulder, FLACS, and
Zimont correlations were used in the E and FLUENT solvers [47]. However, these correlations
are applicable to a mixture with a unity Lewis number. The present study provides new correlations
for mixtures with non-unity Lewis number (hydrogen/methane/air) at high initial pressure and rms
velocity. The Gulder and FLACS correlations in the E combustion model are used to calculate the
wrinkling factor [47]. This work will utilise the empirical correlation from the present experiments

instead of the Gulder correlation in the Z combustion model. This will be given in the next chapter.
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Chapter 3: Research Methodology

3.1 Introduction
The measurements of laminar and turbulent burning velocities, stretch rate, Markstein

length, and Karlovitz stretch factor for hydrogen/air and methane/hydrogen/air mixtures have been

carried out using the Leeds MK-II combustion vessel equipped with high-speed Schlieren ciné

photography [71]. The spherical flame measurements have become a common technique for

studying laminar and turbulent combustion due to the following reasons [108, 126, 129, 154]:

1

6-

The range of flame fundamentals can be studied in a wide range of fuel/air mixtures,

temperatures, pressures, and rms turbulent velocities.
The experimentations are straightforward.
The flame front is not affected by the wall in a large vessel.

The measurement at constant pressure allows for adiabatic and isobaric assumptions

of all thermodynamic properties.

The operation is not limited by flashbacks and blow-offs, as in the case of burner

measurements.

The turbulent flow in the vessel's core is homogeneous and isotropic.

3.2 Experimental Apparatus
Figure 3.1 presents a schematic of the apparatus used in the present work. The Leeds MK-

Il spherical combustion vessel has been extensively used to acquire laminar and turbulent burning

velocities [65, 97, 108, 126, 129, 135, 154]. The present work is based on the previous

experimental setup for Schlieren measurements, except a faster camera is used to capture fast

hydrogen flame propagation.
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Figure 3.1: Schematic view of the vessel and auxiliary system for Schlieren optical configuration.

3.2.1 Combustion vessel

The internal view of the vessel is shown in Figure 3.2, with the main access port removed
[71]. The spherical vessel, made from stainless steel, has an internal volume of 30 L with an
internal diameter of 380 mm and a wall thickness of 100 mm. It is designed to withstand initial
pressures up to 1.5 MPa and temperatures up to 600 K. It is equipped with three-pair orthogonal
quartz windows (diameter of 150 mm) for optical access. The windows allow various imaging
techniques, including Schlieren, PIV and 3D swinging-sheet laser [129]. The air and fuel are mixed
by four fans, which are directly coupled to 8 KW three-phase electric motors with separate speed
controllers. The fans are used to generate homogenous and isotropic turbulent flow in the vessel's
core region [137]. Semenov [155] reported that four equal, eight-bladed fans rotating at the same
speed in a closed volume could create uniform isotropic turbulence. As discussed in Chapter 2,
Bradley et al. [137] employed the PIV technique to ensure the isotropy and homogeneity of the

flow in the Leeds spherical combustion vessel.
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3.2.2 Auxiliary systems
The auxiliary systems in the present work include a pressure measurement system, heating
and temperature measurement and control system, ignition system, fast Schlieren imaging system,

and triggering and synchronization system. The following subsection discusses these systems.

Figure 3.2: The internal view of Leeds MK-I11 vessel.
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3.2.2.1 Pressure Measurement System

During the mixture preparation, the static pressure is measured by a Druck PDCR 911
pressure transducer. It measures the absolute pressure and is used to monitor the vacuum in the
vessel before ignition. Calibration of the transducer was performed by taking readings from a
mercury barometer because variations in atmospheric pressure can strongly influence the mixture
equivalence ratio. A swage lock ball valve isolates the static pressure transducer before igniting
for protection. After the ignition, a Kistler 701A pressure transducer is used to measure the
pressure rise (dynamic pressure). This transducer is fixed to the vessel's inner wall and ranges from
0-25 MPa. LabVIEW software is used to graphically display and record the rise of pressure during
flame propagation at a sampling frequency of 50kHz. The charge amplifier volts/pressure range
was adjusted to 10v/bar to optimise the voltage range for the associated pressure increase during

combustion.

3.2.2.2 Heating System and Temperature Measurement

The vessel is heated to the required initial operating temperature by two 2 KW heaters. The
heaters are attached to the inside of the access cover and the opposing cover. The temperature is
measured by a K-type thermocouple sheathed by a 1.5 mm stainless steel casing [108]. It is
positioned 75 mm away from the vessel's inner wall surface. The fans were kept running during
heating to maintain a uniform temperature and avoid overheating the elements. The uniform
temperature can minimize the risk of hot spot development and pre-combustion [108]. The vessel
is heated to a considerably high temperature in the initial heating. The heaters are turned off for
15-30 minutes to achieve the desired initial temperature. This procedure allows for a more

significant rate of heat transfer to reduce the heat-up time [108].
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After running some experiments, the vessel needs heating or cooling, depending on the heat of the

reaction. Cooling is achieved by flushing the vessel with fresh air.
3.2.2.3 Ignition system

The spark plug is centred in the vessel to ignite the mixture. A variable arc discharged
system is used to supply the required ignition energy efficiently. The spark plug was assembled at
Leeds combustion lab (Figure 3.3). The plug includes three layers: an anode with a 1.5 mm
diameter of high carbon steel, ceramic insulation, and a stainless steel tube with a protuberance
serving as a cathode. The plug is inserted into a 6.35 mm stainless steel tube mounted through the
vessel wall. This tube connects the outer section (cathode) to the earth through the vessel’s wall.
The anode rod is attached to 12V coil windings with a standard male (high tension) cable [108].
The spark effect on the flame is kept to a minimum for all explosions (< 23 mJ [139]) and is
achieved by reducing the spark gap. As the gap is small, the spark dissipation is minimal. The
spark gap is reduced as the hydrogen volume fraction and pressure increase. The gap was 0.8, 0.6

and 0.4 mm for 0.1, 0.5 and 1 MPa, respectively.

Figure 3.3: Leeds Spark plug [108].
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3.2.2.4 High Speed Schlieren Cine Photography

A Schlieren technique is employed to measure the flame speed from which the burning
velocities were derived. The density gradient between the burned and unburned mixture results in
a degree of light reflection; hence, Schlieren cine photography detects the density difference. This
technique is widespread in combustion studies [71, 108]. Figure 3.1 presents the Schlieren setup
in the Leeds MK-Il combustion vessel. A 20 W tungsten element lamp generates the light, which
expands onto a plano-convex lens with a 1000 mm focal length to collimate a 150 mm diameter
of the beam through the combustion vessel. The parallel beam then passes through another plano-
convex lens, which focuses the beam onto a variable diameter iris-of 1-15 mm (pinhole). The
camera must capture the image formed at this lens's focal point. The sensitivity of the Schlieren
system can be adapted by varying the iris diameter. It is very high at the smallest diameter of 1
mm, providing the optimum Schlieren images. However, the maximum diameter offers low-
quality images similar to shadowgraphy images. Adjusting the iris diameter allows the system to
achieve the maximum flame surface detail, depending on different mixture conditions. The
sensitivity in the current Schlieren system is high as the pinhole diameter is 3-4 mm, and the focal

length is 1000 mm.

Although the 2D projection of 3D flame limits the Schlieren images, a clear definition of the
flame edge can reduce the overlap effect [108]. The Schlieren images are captured using a high-
resolution Phantom ultra-high-speed UHS-12, model v2012, CCD camera. The exposure time is
kept to a minimum range of 4 to 10 ps to obtain a clearly defined flame edge. The camera position
allows for the maximum field of view, which is limited by the vessel window (150 mm diameter).
The camera frame rate varied from 3,000 fps to 30,000 fps, depending on the hydrogen fraction in

the mixture.
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Low speeds were used for 30% H> mixtures, as this flame propagates slower than those with higher
H> fractions. As the flame speed increased, the frame rate was also increased to obtain an
appropriate number of images in each case (around one image per 1-1.5 mm of flame movement).

The camera pixel was fixed to 512x512 pixels with a pixel size of 0.265 mm.

The Schlieren calibration was performed at the start of every day to confirm the beam
collimation and pixel resolution. Using the high-speed camera, an image was recorded for an
imprinted 10 mm? grid installed on either vessel's side. One picture is taken of the grid installed
between the front lens and the vessel, and the other image is between the vessel and the back lens
(Figure 3.1). A MATLAB code is used to confirm the pixel size for both pictures [38, 60, 108].

The variation of < 0.1% between the two images is accepted.
3.2.2.5 Mixture Preparation

The mixture was prepared in the vessel for the targeted equivalence ratio by adding a
specified amount of air or fuel at the required partial pressure. The following equations [73] were

used to obtain the partial pressure in the mixture preparation:

(Xcw,) CHy + (Xu, = 1 — Xcp, )H,

(3.1)
2 X
+ (5 (1-Xy,)+ 2—’;)2> (0, +3.762 N,)

_ ll * ((%) (4Xcn, + XH2)>l (3.2)
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Xcn,
PCH4 = * By 3.3)
1+ (B 0 50 ©

Pyir = Pu_PCH4_PH (3.4)

2

Py,, Pcy,and Py, are the partial pressures of hydrogen, methane and air, respectively, Py is
the targeted mixture initial pressure (0.1, 0.5 and 1 MPa), X, and Xy, are the mixture volume

fractions of hydrogen and methane, respectively, and ¢ is the mixture equivalence ratio.

3.3 Experimental Procedure for Laminar Flame Propagation
The following procedures are applied:

1. The fans are turned on and kept running at 400 rpm.

2. Dryair is added to pressure the vessel to 0.5 MPa, and the pressure is monitored for
at least 5 minutes to ensure no leakage. During the leakage test, the temperature must

be kept constant to avoid any pressure variations due to temperature change.

3. The vessel must be free from any unwanted gaseous residuals from previous
experiments. The vessel is flushed with dry air and evacuated twice to remove the

flue gases.
4. The vessel is pressurised by dry air to 0.3 MPa.
5. The heaters are turned on for 2-6 hours to achieve the desired initial temperature.

6. After turning off the heaters, the vessel is evacuated down to 0.002 MPa.
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The fuel is added depending on the targeted equivalence ratio at the required partial

pressure.

The dry lab air (O2:N2with a ratio of 21:79 % by mole) is added to the specific initial

pressure. The purity of the used fuel (Methane and hydrogen) is 99.995%.

The fans are run at a low speed (400 rpm) during the mixture preparation to ensure

full mixing and uniform temperature.

The fans are switched off for at least 60 s before the ignition to bring the mixture to

quiescence.

The mixture is ready to be ignited at this stage, and a high-speed Schlieren technique

records the flame propagation.

After combustion, the flue gases are exhausted to the atmosphere via the exhaust

valve to bring the vessel to atmospheric pressure.

The dry air is allowed to pass through the vessel and is exhausted into the atmosphere.

. The fans are reactivated to 400 rpm.

If the vessel temperature is low, the heaters are reactivated. However, the dry air is
kept running through the vessel to achieve the desired temperature in the case of high

vessel temperature.
The Schlieren images and combustion pressure are saved.
The LabVIEW software is reset.

The vacuuming and filling procedure is then repeated for the subsequent explosion.
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19. The experiments are repeated three times for each condition, and average values are

used in the present work. Reported error bars represent one standard deviation.

Schlieren images Processed images

Figure 3.4: Schlieren and processed images for 70% hydrogen, 30% methane laminar flame at 0.1
MPa, 360 K and 0.9 equivalence ratio, A) after 2.5 ms of ignition, and B) after 5 ms of ignition.
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Images are processed using a MATLAB code developed in previous studies [64, 108, 156].
Flame edges are specified in the code to identify the burned and unburned regions. This code is
used in laminar and turbulent post-processing. The unburnt gas part of the image is subtracted and
remains black, and the flame image relating to the burnt gases is white (Figure 2.4). The flame
area is then calculated by counting the number of pixels of the white region, and an equivalent
flame radius, rsch, is computed from this area by assuming a smooth circular image with the same

area. Finally, the time step (dt) is calculated as 1/camera frame rate.

3.3.1 Unstretched Laminar Burning Velocity and Markstein Length

The flame speed, Sy, is calculated from Schlieren images as follows:

S = drSch
"odt (3.5)

where rch is the Schlieren flame front radius, dt is the time step, and S, is the stretched flame speed.

To obtain the unstretched flame speed, S, flame speed (Sy) is plotted against stretch rate (o),
for example, in Figure 3.5. As discussed in the previous chapter, Equation 2.5 calculates the flame
stretch rate. The stretched flame speed is extrapolated to zero stretch rate to obtain the unstretched
flame speed (Ss). The data in the Sy-a plot is classified into three categories [71]: (i) the region
where ignition energy affected the flame, which is eliminated from the extrapolated data. The spark
effect continues up to a 10 mm flame radius at atmospheric pressure [71] and to 5 mm at high-
pressure explosions [73]; (ii) the stable region (quasi-steady flame), which is used in the
extrapolation to derive the un-stretched flame speed S, and (iii) the unstable regime, which starts
after the onset of cellularity at a critical flame radius (r,;), where the flame speed increases rapidly
because of the high flame surface area [72]. The linear relationship (Equation 2.6) is used to obtain

the unstretched flame speed and Markstein length.
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Figure 3.5: Flame speed vs. flame stretch rate for 30% H; in CH, by volume at 0.5 MPa, 360 K,
$=1.

The Markstein length is normalized by flame thickness (§;) to obtain the burned gas

Markstein number, Ma.

Mab = = (36)

As discussed in Chapter 2, Equation 2.3 has been selected to calculate the flame thickness,
o1, in the present study. The Markstein number May is widely used to quantify the effect of the
flame stretch rate on the laminar burning velocity [72]. However, there are two contributions to
stretch rate: (i) due to flow strain rate and (ii) due to flame curvature stretch [154]. These effects
are quantified by strain Markstein number (Mas,) and curvature Markstein number (Macr).
Bradley et al. [154] derived Mas- and Ma.» from an outwardly propagating spherical flame. The
linear dependency of Sy, on « enables u; and L,, to be evaluated from Equation 2.6. Then, the values
of Lc and Ls are found from (u; — u,, = Lgag + L.a.), using multiple regression, as described

in [154].
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Multiple regression is a statistical method used to model the relationship between a dependent
variable (un: the stretched laminar burning velocity) and two independent variables (Lsand Lc).
Values of L¢r and Ls are derived from Equation (3.7) as (Ls, = (L, — Ls)(1/(py/pp) — 1)) and
Lo = (L — L.)(1/(py/pp) — 1). Finally, the normalisation of these Markstein lengths by the

flame thickness yields the corresponding Markstein numbers.

U = Uny = Ly Qs + Ler@cr (3.7)
where uy is the stretched laminar burning velocity, unr is mass burning velocity, ac and as are the
curvature and strain stretched rate, respectively, Lc, and L¢r are Markstien length associated with
curvature stretch and derived from un and unr, respectively, Ls, and Lsr are the Markstien length

associated with the strain rate and derived from un and unr, respectively [154].

Gu et al. [72] highlighted the importance of Masr in practical turbulent applications, as it
quantifies the effect of aerodynamic strain on the burning rate in outwardly propagating flames
[156]. Masr is also useful for analyzing quench effects in turbulent combustion [154]. Moreover,
Masr is larger than Macr (Masr ®5Macr) in outwardly propagating flames [60, 72, 154]. However,
the method of Bradley et al. [154] is based on the assumption of unity Lewis number, Le. This
assumption is not applicable when hydrogen is added to methane/air. Thus, the present study made

Masr available to interested readers and focused mainly on Ly and May in the discussion.

From mass conservation across the flame front, considering an idealized one-dimensional

planar flame, the unstretched laminar burning velocity, wu;, is calculated from [71]:

ul:p_st

o (3.8)
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where p,, is the unburned gas density at the initial gas temperature (Ty) and p,, is the burned gas
density at the adiabatic temperature (Ty), assuming that the flame is adiabatic at zero stretch rate
[60, 71, 75]. The burned-to-unburned density ratio is called the expansion factor [108]. The
chemical equilibrium program, GASEQ [157], was employed to calculate the gas properties at the

given temperature and pressure.

As discussed in section 2.1.6, the present study has considered several points to reduce
measurement uncertainty. The ignition energy is kept to a minimum (1 mJ) [106], and the ignition-
affected data in the early flame propagation is not included in the derivation of the laminar burning
velocity [71]. The maximum flame radius used is less than 30% of the inner radius of a large
spherical vessel (internal radius =190 mm) to avoid any effect of wall confinement on the
measurement of flame speed. Moreover, The extrapolation method and the selected experimental
data used are sources of uncertainty in the derived unstretched laminar burning velocities. The
uncertainty in the extrapolation approach largely depends on the Lewis number and the normalized
stretch rate (Karlovitz stretch number) [76]. The extrapolation approach is based on asymptotic
analysis for Lewis numbers close to 1 (L, — 0) [76, 154]. The linear extrapolation method (Eq.
2.6) has been adopted in many studies for hydrogen/methane/air mixtures [73, 75, 85, 97].
However, non-linear extrapolation is used for large carbon-content fuels such as n-butane and n-
heptane, which have large Lewis numbers (Le>1) in lean mixtures [110]. Therefore, the present
study adopted the linear extrapolation method, with the uncertainty quantified using the correlation
of Wu et al. [76]:

2L
Ur = MaprinearKamia = b/Rf mid (3.9)
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where U is the uncertainty weight factor, MapLinear IS the Markstein number from the linear
extrapolation, Kamig is the Karlovitz number in the middle of the extrapolated data (stretch rate
normalized by flame thickness), Ly is the Markstein length, and Rfmiq is the flame radius in the
middle of the extrapolated data. Wu et al. [76] produced this equation to quantify the uncertainty
due to the extrapolation. The uncertainties in the laminar burning velocity depend on the
controlling parameters (Maiinear and Kamia), Which can be easily calculated in any experimental
study of spherical flame propagation. To minimise the extrapolation error, the measurement should
be in -0.05 < MalinearKamid > 0.15; otherwise, the correction must be applied. According to Wu
et al. [76], (i) the uncertainty in the extrapolation is negligible (x5%) for -0.05 < U < 0.15, (ii) for
Ur < -0.05, both linear and nonlinear extrapolation over-predict the unstretched flame speed, (iii)
for Ur > 0.15, the linear extrapolation under-predicts the unstretched flame speed.
3.4 Experimental Procedure for Turbulent Flame Propagation

The vessel and mixture preparation are similar to the laminar procedure described in section
3.3. The only difference is that the fans are running during the flame propagation. They are set to
the fan speed for the desired u' as in equation 2.14 [137]. As in the laminar investigations, the
turbulent experiments are repeated three times at each condition and average values are used in the
present data. Reported error bars represent one standard deviation (STDEV.S) of the turbulent
burning velocity. Figure 3.6 presents examples of the Schlieren and processed images. Flame
edges are specified in the code to identify the burned and unburned regions. The flame area is then
calculated by counting the pixels of the white region, and an equivalent flame radius, rsc, IS

computed from this area by assuming a smooth circular image with the same area.
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3.4.1 Turbulent Burning Velocity

As discussed in Chapter 2, the Schlieren flame radius is used to calculate the turbulent
burning velocity (ut) at the volumetric flame radius. The present study assumed that the thickness
of the turbulent flame brush is constant as the flame grows and is not affected by changing the
fuel/air mixture, rms velocity, pressure and temperature. Therefore, the factor of 1.11 from Bradley
et al. [129] study is used to determine the turbulent burning velocity (ut). Following the previous
research [127, 129, 135, 158], u: is determined via the mass conservation equation:

w = 1 @drsm
Y7 111p, dt

(3.10)

where p,, is the unburned gas density at initial gas temperature (Ty) and p,, is the burned gas density
at adiabatic temperature (Ty), assuming that the flame is adiabatic [60, 71, 75]. The chemical
equilibrium program, GASEQ [157] is employed to calculate the gas properties at the given

temperature, pressure and equivalence ratio.
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Schlieren image Processed image

Figure 3.6: Schlieren and processed images for pure hydrogen turbulent flame at 0.5 MPa, 360 K,
u’ =2 ms™ and 0.8 equivalence ratio.

3.4.2 Experimental Conditions

Table 3.1 presents the initial conditions of the turbulent experiments performed. The
maximum allowable u' decreased as pressure increased. This is due to the pressure effect on fan
seals, which resists the shaft rotation and reduces fan speed. The minimum allowable temperature

increased as the fan speed increased.
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For example, in the experiments at an initial temperature of 303 K, the temperature rose to 318 K
when the fan speed increased to 8064 rpm to obtain an initial u’ of 10 m/s. Moreover, experiments
at 1.0 MPa and 303 K were eliminated due to the time required for cooling the bomb and the
increase in the initial temperature with high turbulence conditions. The vessel wall temperature
increased to high values after several runs. Cooling it down required considerable time
(approximately eight hours) due to the vessel wall thickness (100 mm). Thus, these measurements

will be considered in future studies.

Table 3-1: The initial experimental conditions.

% H2 by Pu '
volume (MPa) Tu (K) u" (mls) ¢
*for Ho/CH4
30,50,70,100 | 0.1 303, 360 2,6,10 O'Efg'rgigé;;lﬁzl'z
05,08, 1,15,1.7, 2
*for 303 K
30, 50, 70 0.5 303, 360 aols 0.8,0.9,1,1.1, 1.2
26,85
*for 303 K
2,6,85
100 05 303, 360 208 05,08, 1,15,1.7, 2
26,95
*for H2/CH4
30,50,70,100 | 1.0 360 2.6 O'ifg'rgiéé;;hzl‘z
05,08, 1,15,1.7, 2

3.5 Numerical Modelling of Turbulent Flame Propagation
As mentioned in Chapter 2, this study uses OpenFoam software (V12) in the CFD

simulation. The OpenFOAM solvers use a finite volume approach to solve the partial differential
equations. Different turbulence models can be applied to solve the turbulent flame propagation.
The turbulent flow governing equations solved in this study are divided into two sets of equations
depending on the turbulence model. These models are LES and RANS models. The governing

equations that belong to these models are presented below.
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3.5.1 The Governing Equations for Large Eddy Simulation (LES)

In LES, a spatial filter decomposes all variables into resolved (filtered) and unresolved
(subgrid) components. For example, ® = @ + @', where @ = p? is the Favre-filtered variable.
According to Sabelnikov and Fureby [159, 160], the mass, momentum, species and energy

conservation equations for LES are written as follows:

ap

;T V.(p1) =0 (3.11)
a(g_tﬁ)+ V.ol Q) - V.S—B)=-Vp (3.12)
@+ V.(puE)=v.(-pti+St+h—bg) (3.13)

where: ¢ and ‘~’symbols represent the filtering and density-weighted filtering; t is time, p

IS mixture density, u is velocity, p is pressure, S is the resolved stress tensor, representing the
momentum transfer due to the molecular diffusivity, & is the tensor product or the outer product,

and T is the temperature.

The total energy £ is calculated as follows:
E=hr-P/5+(/))a +k (3.14)
The total enthalpy h can be calculated by JANAF format in OpenFOAM,

h=R ((((aST +a,)T + a3)T + az) T + al) T+ a (3.15)
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The coefficients ap — as are obtained from fitting A at different temperatures using the above
polynomials. The radiation heat loss is neglected here. The sub-grid stress tensor B and the sub-

grid flux vector be are calculated as follows:
B=p(uQ@u-uQ1i) (3.16)
by = p(uE — @E) (3.17)

B and be represent the unresolved flow physics that needs to be modelled. The subgrid
pressure fluctuation is neglected in the energy equation; see [159, 160]. Therefore, the gas mixture
behaves as a linear viscous fluid with Fourier heat conduction and Fickian species diffusion (p =
pRT,S ~2uDp,h ~ kVT, where R is composition gas constant). The viscosity p is obtained

from the Sutherland law:

VT

H= At (3.18)
where the empirical values: As= 1.67212 x 10-6, Ts= 170.672 [48].
The deviatoric part of the rate of strain tensor is modelled as
Dy = g(va + va’) —g(v. )1 (3.19)
The thermal diffusivity k is calculated as follows:
k="Hp (3.20)

where Pr is the Prandtl number.

The sub-grid stress tensor and the sub-grid flux are modelled as in [160]:
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B=p( @ a—i®1i)—2uDp (3.21)
bp = p(aE — @) - (*/p,)VE (3.22)

where it is the turbulent viscosity, which is related to the turbulent kinetic energy k: u, = CVA\/E.

The turbulent kinetic energy can be calculated as a transport equation as follows:

D B B 2 B —k’l.S
—(pF) = V.(FDVE) = 5 G —5 pRV.a— CE— 5 (3.23)

where Dy is the turbulent diffusivity coefficient, G is the production of sub-grid-scale kinetic
energy due to the mean velocity gradients, (G = BﬁD), Sk is the source term. The model constants

Cv and C. are adjusted based on the local flow characteristics [161].

3.5.2 The Turbulent Governing Equations for RANS model (k-¢)
In the RANS combustion simulation, the time-averaged conservation equations of mass,

momentum, species and energy need to be solved [162]:

9]
O_Ii + V.(pu) =0 (3.24)

d(pu)

5t + V.(puu) = V.T=—-Vp (3.25)

dpY;
%+ V.(pYw) + V.J; = w (3.26)

d(ph 0 _
%+ V.(puh) =—-V.q+ a—};+u.\7p+r_:|7u (3.27)

where:

Y; is the mass fraction of the i-th species, Ji is molecular diffusion flux, w; is the mass reaction rate

of species i, and T is the stress tensor:
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2 - _
7= -3 (V. I+ pulvu+ (Vw1 + V. (—pu'u’) (3.28)

Reynolds stress

Following the Boussinesq hypothesis, the Reynolds stress tensor is modelled as follows:
- 2 - 2 =
—pu'u' = p,(Vu+ (Vw)?) — §pk1 - §(l7 )l (3.29)

where s is the turbulent eddy viscosity, which is modelled using the k-e model, and T is identity

tensor.

The heat flux vector g is computed as:

N
q=—AAT + 'DZ h;Y;u; (3.30)

=1

where A is the mixture thermal conductivity, h; is the total enthalpy of the species i, and N is the

number of species.

The LaunderSharma k-e model is used to simulate the turbulent flow. The turbulent viscosity it iS

obtained as follows:

pk?
pe= G (3.31)

where k and ¢ are the turbulent kinetic energy and turbulent dissipation rate, respectively, they are
obtained by solving a transport equation for each component (Equation 3.32 for k and Equation

3.33 for €). The eddy viscosity (1) is then taken from Equation 3.29 to obtain the Reynolds stress.
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d(pk
(5t ) : [(ﬂ + —) Vk] + P+ P, — pe+ Sy (3.32)
d 2
(apt )+ V.(pue) = V. [(,u+ ) \76] +Ci+ (Pk + C3P,) — Czpic + S, (3.33)
E
where:

P is production due to mean velocity shear, Py, is production due to buoyancy, Sk is a user-defined
source, and the empirical constants in the LaunderSharma k-e model are Cp =0.09, C1 = 1.44, C;

=192, 0.= 1.3 and g;,=1

3.5.3 The E Combustion Model

The E combustion model is implemented in the XiFoam solver, which is used to simulate
the turbulent premixed flame [24]. The Weller flame surface wrinkling combustion model (2
model) [24] has been chosen to simulate the turbulent flame in the present study, as it balances
computational speed and accuracy [48]. The main assumptions in the = model are that the flame
is perfectly premixed, the reactions occur in a very thin layer, and the chemistry is very fast
(flamelet assumptions). The hydrogen flame follows the flamelet concept, which is applicable
when the relevant chemical timescale is short compared to the convection and diffusion timescales

(Da > 1) [150].

A single transport equation is solved for the regress variable (b) equation (Equation 3.34 or
3.35) instead of solving for every species. The b provides a mathematical description of flame
progression to represent the flame dynamics across a computational domain. It should be noticed
that the regress variable (b=1 unburned, b=0 burned) tracks the consumption of the unburned
gasses, while the progress variable, c, (c = 1 burned gases, ¢ = 0 fresh gases) tracks the formation

of the burned gases.
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As the definition of turbulent and laminar burning velocities, which are used to describe the flame
dynamic, includes the unburned mass consumption, the b is used in this model. The transport
equation for the density-weighted mean reaction regress variable 'b' is solved to simulate the flame

propagation [24]. The regress variable is defined as a function of fuel mass fraction (YF) [45]: b =

(rF - Ylf)/ or (b=1- T- Tu) where the subscripts ‘U’ and ‘b’ represent the
(7 - vy @O T ET n) P i

unburned and burned gas, respectively. According to Weller et al. [25], the filtered transport
equation (LES equation) for the density-weighted mean reaction regress variable 'b' can be written

as:

9 (55 i) — v (52 vE ) = —5s.2 VB (3.34)
() + v(pab) - 7.(5 S 7 ) = ~pS.2 7|

In RANS simulation, the transport equation for the density-weighted mean reaction regress

variable 'b' can be written as [49]:

d He
— -7 = = — ) 3.35
= (ob) + V(pub) V(Sct Vb) puSuE Vb (3.35)

where the Schmidt number is calculated as: Sc; = pLD, D is molecular diffusion rate, Sy is the

modelled laminar burning velocity, and = is the wrinkling factor. The wrinkling factor is modelled

using an algebraic equation [49] as follows:

[nd
yo—
—_

(3.36)

U
Su

The modelled laminar burning velocity Sy used in Equations 3.34-3.36 has been modelled in

two methods:
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1. Syisassumed to be constant and equal to the laminar burning velocity ui [24]. Using
the initial P, T and equivalence ratio (¢), ui can obtained from the experiments [12].

It can also be calculated using the available kinetics code [23].

2. Sy can be calculated using the transport equation suggested by Weller et al. [25]. The

stretching effect of turbulence is considered in this method.

0S - o (ul ) )
a—£‘+ Us. VSy = —05Sy, + 055, W (337)

where us is the surface-filtered velocity of the flame, os is the surface-filtered resolved strain rate,
S2is the laminar burning velocity balanced with the local resolved strain rate [45]. S;°, Us and, os
are calculated using algebraic equations as in [25]. The unstretched laminar burning velocity (ui)
is modelled as function of P, T and ¢ [163]:

U
= [1.683 — 1.1001¢ + 2.4664¢?* — 1.4492¢3 + 2.676¢*] (3.38)

p T (5.61-7.75¢0+5.540%—1.61¢p3+0.151¢%)
X —_— —
(%) (5%0)

This correlation has been validated for hydrogen/air flame with an initial temperature from

(-0.71+0.80-0.25¢?)

270-620 K, equivalence ratio of 0.5-5 and initial pressure of 1-30 atm [163].

The turbulent burning velocity (u:) in equation 3.36 is modelled using two empirical

correlations extracted from the current experiments.

1- U-K correlation:

u
Yo, = @ Kot (3.39)
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where o and B are correlation constants, which are functions of May, Ut is the turbulent burning
velocity, Kaz is Karlovitz stretch factor, the effective rms velocity u k is calculated from the current
experimental measurements using the equation presented in section 2.2.1 and implemented in the

model as a function of the distance from the ignition to the cell centre.

u, = (—0.000132u’ — 0.000124) r2 + (0.01499 u’ + 0.0008682) r (3.40)
+ (0.371174 u’' — 0.111635) '

Where: r is the distance from the ignition to the cell centre, and « is the rms velocity calculated

from the fan speed (equation 2.14). This equation is valid for 2 m/s <u’> 10 m/s.

2- Empirical correlation based on general scaling parameters:

g =0 (Ptre) (3.41)
al
It is worth noticing that u: is normalized by u; in equation 3.43, which is produced by the
KAUST combustion group [123]. However, the Leeds combustion group [127, 135] normalized
ut by u x in Equation 3.39. These two correlations have never been used in a numerical model. The
present study is the first to test these correlations for predictions of turbulent burning velocity (Egs.
3.39 and 3.41). In addition, the present work has tested two methods for predicting laminar burning

velocity (Sy=ui and the transport equation 3.39).

3.5.4 Case Setting and Boundary Conditions

An eighth (1/8) of the experimental spherical combustion vessel (Leeds MK2 vessel [12,
71]) is simulated, assuming that the flame propagation is symmetrical in the chamber to reduce
computational costs (Figure 3.7). The full vessel contains 30 L of hydrogen/air with an equivalence

ratio (p=1 and 0.5). Symmetric boundary conditions are applied on three sides of the geometry,
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and the no-slip boundary condition is applied on the vessel wall. The gradient of any variable is

zero on the symmetry plane. The initial mixture temperature is 360 K, the same as the wall's. The

mixture is ignited with initial pressure (0.1 MPa, 0.5 MPa, 1.0 MPa) and initial rms velocity (u’=

2 mstand 6 ms™?). Based on the assumption that the turbulent flow is isotropic in the vessel, the

initial turbulent kinetic energy is obtained from u [45] as: k = % u'* [45, 164].

Table 3-2: The initial and boundary conditions in the numerical simulation

Boundary
Variable Description
Wall InternalField

alphat Turbulent thermal difusifity (kg/m/s) ZeroGradient Uniform O

b Regress variable (dimentionless) ZeroGradient Uniform 1

. 3

k The turbulent kinetic energy (m?s?) ZeroGradient Uniform 2 u”
epsilon The turbulent dissipation rate (m?s?) ZeroGradient Uniform 375

Su Laminar flame speed (ms™) ZeroGradient Uniform 0.43

T Temperature (K) ZeroGradient Uniform 360

P Pressure (Pa) ZeroGradient Uniform (pressure value)

U Velocity Field (ms™) fixedValue (0 0 0) Uniform (0 0 0)

—
—

The flame wrinkling factor (dimensionless)

ZeroGradient

Uniform 1

The ignition is modelled as a small hot spot (radius= 2 mm) in the chamber's centre with the

value of 'b' set as 0.4 to initiate the flame (b value must be between 1 and 0 to ignite the mixture)

[25, 45, 49]. The domain is set up as a hydrogen/air mixture with a specific equivalence ratio. The

initial and boundary conditions are presented in Table 3.2.

In OpenFoam, the discretizations of all conservation equations are based on the finite volume

method. The time and convection terms are solved with the Gauss limited Linear scheme and

second-order accuracy. The preconditioned Conjugate Gradient (PCG) algorithm is adopted to

decouple the pressure and velocity in solving the algebraic equations obtained after discretization.

The tolerances are 1x10° for pressure and density residuals and 1x107 for other variables.
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In the k-& simulation, three mesh sizes are tested to validate the mesh dependency, with
600,000, 1,000,000 and 1,400,000 elements. It is recognized that carrying out mesh dependency
test in LES is complicated by the use of filters. In LES simulation, the filter is applied based on
the mesh size. The finer mesh resolves smaller turbulent eddies. Therefore, the comparison
between cases of different mesh sizes is impossible. Instead, the mesh quality can be checked
based on the flow length scales, namely the Taylor length scale (A)[165]. From the experimental
analysis (as will be presented in Chapter 5), A length scale is ~1.5 mm for 0.1 MPa and ~0.62 mm
for 1.0 MPa with »’=6 m/s. Therefore, the mesh with a 0.62 mm element length can resolve the
most energetic turbulent scales. The maximum available computing and time resources are used
to develop the structured mesh with 10,509,720 grid points. This means that the element length is

< 0.62 mm, which can meet the current criteria. The time step is dynamically adjusted based on
the maximum Courant number (t—it), where u is flow velocity, At is time step, and 4x is grid size.

The maximum courant number of 0.1 with a minimum time step of 1x10° is used in this
simulation. In the LES simulation, 40 cores with memory of 1 GB per core were used in parallel.
The LES simulation took around 40 hours. However, 24 cores with 1 GB were used for k-¢
simulation. The k-¢ simulation took around 8 hours. This work was undertaken on ARC4, part of

the High Performance Computing facilities at the University of Leeds, UK.
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The geometry and mesh structure

Figure 3.7

Symmetry plane
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Chapter 4: Laminar Burning Velocities and Markstein Numbers

4.1 Introduction
Spherically expanding explosions have been employed to measure the laminar flame speeds

for Ha2/CHa/air mixtures over a wide range of H> fractions (30%, 50%, 70 and 100% hydrogen by
volume) at initial temperatures of 303 K and 360 K and pressures of 0.1, 0.5 and 1.0 MPa. The
equivalence ratio (¢) varied from 0.5 to 2.5 for hydrogen/air and from 0.8 to 1.2 for
methane/hydrogen/air mixtures. The corresponding laminar burning velocities, ui, at zero stretch
rate, are derived and presented in this chapter. The u in this study is derived at constant pressure.
Figure 4.1 presents the flame pressure as a function of time correlated with the flame visualisations
(flame radius) for different mixtures, pressure, temperature and equivalence ratio. There is no

pressure increase while the flame reaches the rig edge.

To illustrate the effects of flame stretch upon burning velocities, the Markstein length, Ly,
Markstein number, May, and strain rate Markstein number, Masr, have also been derived from
flame speed measurements. Uncertainties in the derived quantities are also discussed. This chapter
is organized as follows. Section 4.2 presents the flame instabilities, and Section 4.3 discusses the
flame speed and flame stretch rate. The unstretched laminar burning velocity is shown in Section
4.4. Section 4.5 presents Marksein's length and number. Section 4.6 presents the comparison of
the experimentally derived laminar burning velocities against numerical predictions from three
recently developed kinetic mechanisms for methane/hydrogen oxidation (the San Diego [116,
119], the Konnov [26] and the Aramco 2 [115] reduced mechanisms). Finally, chapter conclusions

are drawn in Section 4.7.
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4.2 Flame Instabilities Observation

Figures 4.2 and 4.3 show examples of flame front images at different flame radii, r, for
various hydrogen volume fractions, temperatures, and pressures. The Schlieren images of the
flame front are used to identify the transition from the stable to the unstable region. The flame
front is stable for 30% and 50% H> at 0.1 MPa, with only a few cracks caused as the flame passes
through the spark electrode [72]. This was the case in most low-pressure explosions except for the
lean mixture with 70% H> and lean and stoichiometric mixtures with 100% Ho, in which the TD
and DL instabilities were developed. The flame instabilities also exist in the high initial pressure
cases with all hydrogen fractions. The flame propagates smoothly in the early stages, as the stretch
rate is sufficient to maintain a smooth flame surface. Following this, and with a reduction in the
stretch rate, cellular instability develops at the critical flame radius (re), increasing the flame speed
[88, 166]. Cracks resulting from ignition effects [98] were shown in the stable flame front. The
flame speed is plotted as a function of the flame radius or flame stretch rate to discriminate between
cracked and cellular flames. The transition point (i.e. the onset of instability) started when the

flame speed increased significantly (this will be presented in the next section).

Interactions between the Darrieus—Landau (DL) and Thermal Diffusion (TD) instabilities
are the main cause of cells forming in the spherical flame propagations [96, 98]. In the laminar
premixed explosion, the competition between heat conduction from the flame and reactant
diffusion towards the flame results in TD instability. The mixture's Lewis number (Le) is the ratio
of thermal diffusivity to mass diffusivity. The TD instability is enhanced with mixtures of Le below
the critical value (= 0.8) [38, 93]. For 0.1 MPa, cellular instability was not present at 30% and 50%

H> as the Lewis number of these mixtures is within the stable regime (0.8 < L. < 1.4) [94].
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As the hydrogen fraction increased to 70%, flame front cellularity was shown at $=0.8 (Le<0.8)
and ¢$=0.8 and 1 for 100% H>. The hydrogen, which has strong mass diffusion, decreases Le and
enhances the TD instability [99]. In contrast, flame instability has not been observed for rich

mixtures with high Hx concentrations within the field of view under initial pressure 0.1 MPa, as

Le > 1.

r=15mm r=30 mm r=45mm

0.1
MPa

0.5
MPa

1.0
MPa

Figure 4.2: Flame images for 50% H», ¢ =0.9 at 360 K with different initial pressures.
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H>% r=15mm r=30 mm r=45mm

30%

50%

70%

100%

Figure 4.3: Flame images for an initial pressure of 0.1 MPa, ¢ =0.8 at 303 K with different H,
volume fractions.
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For high-pressure explosions (0.5 and 1 MPa), cellularity has been observed in all mixtures
due to DL and TD instabilities. Increased pressure promotes DL instability, which is generated by

the interaction of the flame with hydrodynamic disturbances. The DL instability develops as the
flame thickness decreases and/or the density ratio (p“/pb) increases [60, 73, 93]. As the initial

pressure increases at a specific initial temperature, the change in density ratio is small, while the
decrease in the flame thickness is noticeable, resulting in hydrodynamic instability. As the initial
temperature decreases at a specific pressure, the density ratio increases while the change in flame
thickness is small, advancing the onset of instability (r.; «< T,,). Thus, the DL instability is
dominant in high-pressure and low-temperature explosions due to the increased density ratio and

decreased flame thickness.

The onset of cellularity, which is the transition point between the stable and unstable
regimes, depends on thermal-diffusive and hydrodynamic effects. Increasing hydrogen fraction
and pressure leads to the earlier onset of instability and a smaller critical flame radius. As the
hydrogen fraction increases, Lewis number and flame thickness decrease, leading to the TD and
DL instabilities. This trend is presented in Figure 4.4, which shows the critical flame radius for a
stoichiometric mixture at 360 K. The critical flame radii for all cases are presented in Tables 4.1-
4. As the hydrogen fraction increases, the onset of instability appears earlier over the flame surface
(reduced critical flame radius). For 0.5 MPa, 360 K and ¢ =1, r¢i is 26 mm for 30% H>, 13.2 mm
for 50% H», 10.5 mm for 70% H> and 10 mm for pure H> fuel. r also decreased with increasing
pressure for all mixtures. r¢ for 30% H» decreased from 26 mm at 0.5 MPa to 13 mm when the
pressure increased to 1.0 MPa. So, in summary, adding hydrogen, increasing pressure and reducing

the temperature all promote the onset of cellularity.
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Figure 4.4: Critical flame radius (mm) vs. volumetric hydrogen fractions at 360 K and ¢= 1.

4.3 Flame Speeds and Stretch Rate
As the hydrogen fraction increases, the flame speed increases for all mixtures. As observed

previously [17, 82, 83], hydrogen increases the flame temperature and supplies more free active
radicals to the reaction. In all mixtures considered here, the flame speed was high in the early
stages of the flame propagation due to the influence of the ignition energy [72, 73]. The flame
speed then decreases as the influence of the spark reduces [167] and before combustion is fully
established. A fully developed laminar flame (stable region) is obtained until the onset of
instability when the flame accelerates. The effects of spark and instabilities were presented in

Chapter 3 (Figure 3.5).
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Figure 4.5: Flame speed (ms™?) vs flame radius (mm) with different equivalence ratios. a) 30% H,,
0.5 MPa, b) 70% H,, 0.5 MPa, ¢) 100% H>, 0.1 MPa, and d) 100% H,, 1 MPa.

In the high-pressure explosion with 30% H, the flame speed in the stable region increased
as the flame radius increased (the red arrow in Figure 4.5a). However, for 70% H,, the flame speed
decreases up to the critical flame radius (the red arrows in Figure 4.5b). Then, it increases rapidly
due to the increased flame surface area [166]. Neither trend was observed for pure hydrogen at 1.0
MPa (Figure 4.5d). In this case, the flame speed increased with the flame radius from the early
stages of flame propagation due to the early development of the flame instability. Laminar burning
velocity measurements, in this case, are not possible due to the absence of a stable region with

laminar flame propagation.
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The slope of the flame speed, which is a function of flame radius for 1.0 MPa, is higher than the
cellularity-free flame propagation slope at 0.1 MPa (Figure 4.5¢). The flame speed increases
rapidly in the high cellular flame, as in the cases of 70% and 100% H at high initial pressure
(Figure 4.5 b and d). The flame instabilities accelerate the flame propagation. Moreover, the
mixture stoichiometry has a noticeable influence on the flame speed, as seen in the high speed in

the cases of ¢ =1, 1.5 and 1.7. This trend will be discussed in the following sections.
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Figure 4.6: Flame speed (ms™) vs. stretch rate (s*) at 360 K for 30, 50, 70, and 100% volumetric
fraction of hydrogen for different initial pressures and equivalence ratios.

Figures 4.6 and 4.7 show the variation of flame speed with stretch rate at different
temperatures, pressures, Hy fractions and equivalence ratios. The extrapolated data, Markstein

length Ly and critical flame radius r¢ are also shown.
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For low-pressure explosions (0.1 MPa), the flame propagated smoothly without flame cellularity
within the field of view, and the value of S, decreased with increasing stretch rate, indicating
positive Markstein lengths in the rich explosions of 30%, 50% and 70% H> mixtures (Figures 4.6
and 4.7a-c). As the initial pressure increased, the gradient of the Sy-a curve decreased. For the
stoichiometric mixture of 30% Ha, Ly decreased from 0.4 mm at 0.1 MPa to 0.08 mm at 0.5 MPa
and -0.1 mm at 1.0 MPa. In the negative L cases, Sn increases as the stretch rate increases, lowering
the unstretched flame speed (Ss) and laminar burning velocity (u)). This is the opposite of what

happens for the positive Ly cases.
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Figure 4.7: Flame speed (ms™) vs. stretch rate (s*) at 303 K for 30, 50, 70, and 100% volumetric
fraction of hydrogen for different initial pressures and equivalence ratios.
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There are different sources of uncertainty in the derivation of laminar burning velocities from
the measurements. Firstly, the uncertainty due to the linear extrapolation is tested using Eq. 3.9.
In all cases, the uncertainty indicator (Ur) values vary between -0.05 and 0.15, indicating that linear
extrapolation is valid and leads to uncertainties in the data presented here <+5% [76]. Thus, linear
extrapolation (Eg. 2.6) is used to obtain the unstretched flame speed and Markstein length L. The
second and most important source of uncertainty is the choice of the stable region (i.e. the
thresholds which define the end of the spark effect and the onset of instability). The stable region
is compacted at high pressures and hydrogen fractions (Figures. 4.6 and 4.7 ¢ & d). The present
study used minimum spark energy in all explosions (1 mJ) [106], as adding hydrogen reduces the
required ignition energy. The end of the spark energy effect was taken to be at a flame radius = 10
mm for 0.1 MPa [71] and 5 mm for higher-pressure explosions [73]. Determining the onset of
instability precisely is not straightforward. An example of the flame around the onset of instability
is presented in Figure 4.8 for 50% H. with 0.5 MPa, 360K and ¢ = 1. The onset of instability could
be associated with any of the six consecutive images. This uncertainty has been accounted for in

the present study.

The sensitivity of uj to the selected point of instability is demonstrated in Figure 4.9. Here,
the number of points used for the extrapolation varies to account for uncertainties in defining the
boundary of the onset of instability, as illustrated in Figure 4.8. The uncertainty increased with the
initial pressure and hydrogen fraction. The uncertainty in the laminar burning velocity increased
from £1.5% of u, for 30% H> to +3.5% for 70% H, and +12% for pure H. at 0.5 MPa (Figures
4.9a-c). As the initial pressure increased from 0.5 MPa to 1 MPa, the uncertainty increased from

+3.5% of uj to £7.5% with 70% H..
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The uncertainty increased at high pressures and hydrogen concentrations due to the smaller number
of points used in the extrapolation. For example, there was a shortage of data points for the cases
with 100% H., ¢= 0.8, 0.5 MPa and 360 K, as the spark effect vanished at a flame radius, r =5
mm, and the onset of instability was determined to be between r = 6 and 7.5 mm. These
uncertainties are included in the error bars of further results presented in this work. To illustrate
the uncertainty calculation, let's take three repeated experiments for stoichiometric flames of 50%
H»,360 K and 0.5 MPa. The u are 0.433, 0.455 and 0.435 ms™, and the STDEV.S is 0.012 ms™,
The uncertainty due to the onset of instability is 0.024 ms™. Thus, the uj reported for this case is

0.44 +0.036 ms™.

Figure 4.8: Possible instability onsets for the case with 50% H,, 0.5 MPa, 360K and ¢=1, image with
label 1 at 3.75 ms after ignition, the time step is 0.25 ms.
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4.4 Unstretched Laminar Burning Velocities
The effects of stretch are eliminated by extrapolating the stretched flame speed at zero stretch

rate. The unstretched flame speed (Ss) is multiplied by the density ratio (Eg. 3.8) to obtain the
unstretched laminar burning velocity (u;). Figures 4.10-11 show the variation of un-stretched
laminar burning velocity with equivalence ratio for different H. fractions, pressures and
temperatures. As the hydrogen fraction increases, the laminar burning velocity increases. The
maximum laminar burning velocity occurs on the rich side of stoichiometric conditions. For
example, 30% and 50% H occurs at ¢ = 1.1. However, it shifts to ¢ = 1.2 for 70% H.and to ¢ =
1.7 for a pure Hz explosion. This trend quantifies the effect of hydrogen volume fraction on laminar
burning velocity. Hu et al. [75] have highlighted three regimes in H/CHs mixture flame
propagation: (a) methane-dominated propagation for Ho< 60%, (b) a transition regime for 60% <
H> < 80% and (c) methane-inhibited hydrogen propagation where H>>80 %. Therefore, the

hydrogen fraction has the dominant effect on u.
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In all experimental conditions for the methane-H> mixtures, the burning velocity decreased
as the pressure increased for all equivalence ratios. This behaviour was the same for pure H. at 360
K. However, at the lower temperature (303 K), the burning velocities overlap within the
uncertainty ranges at ¢ = 1.5 and 1.7 as the initial pressure increased from 0.1 to 0.5 MPa (Figure
4.11a). The laminar burning velocities at an initial temperature of 360 K slightly increased with
increasing temperature, and they still overlapped within the uncertainty range (Figure 4.11b). Two

essential reactions have a substantial effect on the laminar burning velocity [168]:
H+02,=0H+O ----- (R1)

H+ 0z + M =HO; + M - (R2)

21 T T T T T

360 05MPa
O 30%H, 0.1MPa ™= 30% H,, 0.5 MPa @ 10 ®)

18k O 30%H, 303K = 30% H,, 360 K

8F W 30%H,1MPa =O=50% H,, 0.1 MPa —m 50% H,, 303 K —a— 50% H, 360 K
—&—150% H,, 0.5 MPa—@=—50% H,, 1 MPa 0.8 | =t 70% H,, 303 K —k— 70% H, 360 K
151 = 70% H,, 0.1 MPa=#=70% H,, 0.5 MPa

—*=70% H,, 1 MPa k= —fr— =%
P

09k 7 B
04+

03|

u, (ms™)
e
Uy (ms™)

0.0

Figure 4.10: Unstretched laminar burning velocity vs. equivalence ratio for 30, 50 and 70%
hydrogen fractions at different initial pressures and temperatures (a) at 360 K and different initial
pressure, (b) at 0.5 MPa and different initial temperatures.

The chain branching reaction (R1) is endothermic and very sensitive to temperature changes.
On the other hand, the radical termination exothermic reaction (R2) is strongly affected by
pressure. HOz is produced in R2 at high pressures and is relatively inactive at low to intermediate
temperatures, resulting in lower flame speeds at high pressures under these conditions [168]. This

pressure effect on the laminar burning velocity will be discussed further in section 4.6.
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Figure 4.12: Unstretched laminar burning velocity with equivalence ratio for present and previous
studies at 0.1 MPa and 303K, (a) H2/CH4 and (b) pure H.

Figure 4.12 compares the current results of the unstretched laminar burning velocity with
those from the literature at 0.1 MPa [75, 80, 169, 170]. There is a good agreement between the
present and previous results, with a maximum scatter of £13% in the burning velocities for lean
hydrogen explosions. The issue of experimental scatter is well-reported in the literature [110, 171,
172]. The primary sources of scatter in the lean hydrogen measurement are the extrapolation

method (linear or nonlinear) and the limited number of points used in the extrapolation [172].
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Such comparisons were not possible under high pressure, where the current work presents novel
data unavailable in the literature. However, the excellent agreement found for overlapping
conditions indicates the robustness of the current study.
4.5 Markstein number and Markstein length

The Markstein number is used to quantify the effect of flame stretch rate on the flame speed
and, hence, the unstretched laminar burning velocity [66, 72]. The impact of stretch rate on flame

speed depends on the Zel’dovich number, Ze, and the Le [17]. Ze represents the sensitivity of

chemical reaction rate to temperature changes, and it is defined as Z, = % (T, — T,), where Ea
b

is the activation energy, R is the universal gas constant, and T, and Ty are the adiabatic and
unburned mixture temperature, respectively. The Markstein length (Lp) is a function of the physical
and chemical properties of the mixture (Le and Ze). As the hydrogen fraction increases, non-
dimensional activation energy (Zel’dovich number, Ze) decreases due to the increased adiabatic
flame temperature, and Le decreases due to the hydrogen diffusivity [17]. Moreover, previous
research on premixed pure H; and pure CHa [67, 72] determined Ly in terms of the Lewis number

(Lb= - 0.059 mm with Le = 0.3 for pure Hz, and L,= 0.74 mm with Le= 0.9 for pure CHa).

Figures 4.13&4.14 show the effects of hydrogen, pressure and temperature on Ly for different
mixtures. For lean and stoichiometric mixtures at 0.1 MPa, Ly increases with H» fraction (Figure
4.13a&b). However, Ly, decreases with H; fraction for lean and stoichiometric mixtures at higher
initial pressures. As the pressure rises, Ly decreases except for rich mixtures with 50 and 70% H:
fraction (Figure 4.13c), where Ly increases slightly when the pressure increases from 0.5 to 1.0
MPa. As the temperature is increased from 303 to 360 K at 0.5 MPa, Ly increases significantly in
the lean and stoichiometric mixtures (Figures 4.13 a&b) but decreases slightly in the rich mixtures

(Figure 4.13c).
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The data for pure hydrogen at 1 MPa is not presented here due to the early onset of flame
cellularity. Compared with previous results [72] for pure CH4 explosions at 0.1, 0.5, and 1.0 MPa,
the present Ly is lower than the pure CHy results. This is expected as Ly for Hz is lower than that

of CH4, which means adding hydrogen to methane lowers Ly.

Markstein length is normalized by the flame thickness to obtain the Markstein number
(May). A negative May, indicates that the flame is highly sensitive to stretch, while a positive May
means that the flame is less sensitive to the stretch [39]. This will be discussed further in the
turbulent flame propagation (next chapter). The strain rate Markstein number (Mag,) was
calculated using the method described in section 3.3.1. However, this method was based on the
assumption that Le =1 [154]. Therefore, the discussion here is focused on the May. Figures
4.15&16 show how May and Masr vary with Ha fraction for a range of equivalence ratios, pressures
and temperatures. Mayp decreases with pressure and hydrogen fraction in the lean and rich mixtures
(Figure 4.15a), except for the case with ¢ = 0.8 at 0.1 MPa, where the May increases with increased
H> fraction. In the lean mixture, Masr increases as pressure increases. However, as the Ho fraction

increases, Masr varies non-monotonically for lean and rich cases (Figure 4.15b).

Figure 4.16 presents May and Masr for pure Hz at 0.1 and 0.5 MPa as a function of
equivalence ratio. It can be seen that May decreases with pressure. For 0.1 MPa, May increases as
the mixture changes from lean to rich and eventually decreases for ¢ > 2. The maximum May, was
at ¢ = 1.7, corresponding to the minimum flame thickness and maximum u;. However, at 0.5 MPa,
May, decreases as the mixture changes from lean to rich, achieving its minimum value at ¢= 1.7,
increasing afterwards. Masr increases with pressure for ¢ < 1.5, while it decreases with pressure

for ¢ > 1.5 (Figure 4.16D).
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Figure 4.15: Markstein number vs. hydrogen fraction at ¢ = 0.8 and 1.2 and different initial
pressures, (a) Map and (b) Mas.
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As explained in the discussion in Figure 4.9, the uncertainty in the derived values of Ly, Map
and Masr is significant in the high-pressure cases with high Hz volume fractions, and this was also
reported in [97]. For example, Masr and May, for the cases with ¢ = 0.8, 70% Hz at 1 MPa and ¢ =
2, 100% H- at 0.5 MPa have a large error bar which varies from 30 to 60% of the original value
(Figures 4.15&16). On the other hand, the error bar is small in the cases with 30 and 50% H at
0.1 MPa (< 20% of the original value). The considerable uncertainty is due to the compact range
of extrapolated points (stable regime), as discussed with respect to Figure 4.9. At 1 MPa with ¢ =
0.8 and 70% Hp, the stable regime was between flame radius, r =5 mm to r = 7.5£1 mm, while it
was in the range of 10-65 mm at 0.1 MPa with ¢= 1 and 30% H,. The uncertainty in the high-
pressure and high H. cases is affected from both sides (spark effects and the onset of instability)

due to the minimal number of points used in the extrapolation.

All the experimental data for laminar flame propagation reported in this study are presented
in Tables 4.1 to 4.4. Figures 4.3 to 4.15 have already shown trends in the laminar burning velocity,
critical flame radius, and Markstein length/number for some of the mixtures studied. However,
some of the results are not presented in the above figures; hence, more details are shown in the
tables. The laminar burning velocity data can be used to validate available kinetics and to create a
flamelet library for numerical simulations. Markstein number is useful for indicating the flame
sensitivity to the stretch rate. The flame thickness with laminar burning velocity can be used with
the turbulent scales to identify the combustion regime in the turbulent regime diagram, which will

be presented in the next chapter.
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Table 4-1: Laminar burning velocity, Markstein length, critical flame radius, flame thickness,
burned gas and strain Markstein number for 30% hydrogen fraction

Experimental

o ¢ u; (m/s) Ly (mm) ra (mm)  &; (mm) May, Masr
Conditions
0.055 0.35
0.8 0.36 £0.012 0.156 1.55+0.18
+0.006 +0.06
0.1+0.0025 MPa, 0.9 0.44+0.024  0.25 +0.006 0.135 1.8+0.6 1.63+0.12
303+2 K 1.0 0.487+0.024  0.45 +0.006 0.118 3.8+0.7 1.85+0.18
11 0.485+£0.024 0.6 £0.006 0.119 5+0.06 2.1+0.18
1.2 0.448+0.024  0.85 +0.006 0.130 6.5+05 2.37%0.12
0.8 0.43+0.024  0.04+0.012 0.156 0.25£0.06 1.75+0.12
0.9 0.575+£0.024  0.4+0.012 0.118 3.4+0.8  2.37+0.12
0.1+0.0025 MPa,
1.0 0.63+0.024  0.45+0.012 0.108 41+0.6  2.42+0.12
360+2 K
11 0.625+0.024  0.5+0.012 0.110 45+1.2 2.5+0.24
1.2 0.62+0.024 0.7£0.012 0.111 6.24¢0.12  2.38+0.12
0.8 0.14+0.024  -0.55+0.24 155+1.2 0.0889 -6.1+1.8 1.5+1.8
0.9 0.2+0.024 -0.35+0.12 17.5#1.2  0.0605 -5.8+1 1.8+0.6
0.5+£0.0025 MPa,
30342 K 1.0 0.25+0.024 -0.3+0.06  18.5+¥1.2  0.0498 -6+0.6 1.1+1.8
+
11 0.256+0.024  -0.2+0.06 26+1.2 0.0493 -4+0.6 0.9+0.36
1.2 0.23+0.024  -0.55+0.08  33+1.2 0.055 -3.9+0.6 0.8+0.18
0.8 0.24+0.024  0.07+£0.024 2412 0.0616 1.1+1 4.1+0.6
0.9 0.27+0.024  0.02+0.024  26%1.2 0.0548  0.36+0.24 -4+1.2
0.5+£0.0025 MPa,
36042 K 1.0 0.34+0.024 0.2+0.18 26+1.2 0.0429 6.3£3.6 1.3+£2
+
11 0.38+0.024 0.25+0.12 29.5+1.2 0.0395 6.25+2.4 -2+2
1.2 0.38+0.024 0.35+#0.12 37.7#1.2 0.0395 8.75+3 1.5+1.8
0.8 0.13+0.018 -0.5+0.24 11+1.2 0.0594 -8.2+4.8  -0.25+1.2
0.9 0.2+0.018 -0.1+0.06 13+1.2 0.0373 -2.6£0.6  -1.1+0.63
1.0+0.0025 MPa,
36042 K 1.0 0.26+0.018  -0.05+0.06 15.5+1.2 0.03 -2.5+1 -3.842
+
11 0.27+0.018 -0.1+#0.11  16.5+#1.2  0.0287 -5+2.4 6.25+3.6
1.2 0.25+0.018 0.01+0.09 25+1.2 0.0316 -3+2.4 3.7£1.7
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Table 4-2: Laminar burning velocity, Markstein length, critical flame radius, flame thickness,
burned gas and strain Markstein number for 50% hydrogen fraction

Experimental o,
o ¢ u; (m/s) Ly (mm) ra (mm) May, Masr
Conditions (mm)
0.8 0.51+0.036  0.25+0.06 0.12 2+0.6 1.45+0.6
0.9 0.57+0.036  0.4+0.02 0.109 3.6+0.12 1.44+0.12
0.1+0.0025
1.0 0.63+0.036  0.2+0.02 0.1 2+0.24 1.85+0.24
MPa, 303+2 K
11 0.62+0.036  0.4+0.12 0.103 3.8%£1.2 1.9+0.36
1.2 0.61+0.036  0.6+0.12 0.106 5.6x1.2 2.15+0.18
0.8 0.57+0.036  0.35+0.06 0.13 2.65+0.6 0.9+0.36
0.9 0.71+0.036  0.2+0.04 0.105 1.89+0.6 1.4+0.6
0.1+0.0025
1.0 0.84+0.048  0.4+0.12 0.09 5.4+1.5 2.7£0.7
MPa, 3602 K
11 0.86+0.036  0.5x0.12 0.089 55%15 2.95x0.48
1.2 0.85+0.036  0.5x0.04 0.091  5.48%0.12 3.1+0.6

0.8 0.21+0.036 -0.6+0.24  11.5+1.2  0.075 -7.79+2.4 3.05+0.8
0.9 0.26+£0.036  -0.7+0.24  12.2+1.2 0.05 -13.8+2.4 5.1+1.2

0.5+0.0025
1.0 0.30+0.036 -0.55+0.24 13.4+1.2 0.045 -12.1+2.4 1.35+0.8
MPa, 303+2 K
1.1 0.32+0.036  -0.3+0.18 17.3+1.2  0.043 -6.9+2.4 2.1+0.9
1.2 0.3+0.036  0.03+0.024  39+1.2 0.047 0.62+2.4 3.15+0.6
0.8 0.24+0.036  -0.6+0.12 12+1.2 0.078 -7.65%1.2 5.15+1.2
0.9 0.34+0.036 -0.15+0.09 13.2+1.2  0.047 -3.1+1.8 13.73+£3.6
0.5+0.0025 1.0 0.44+0.036 -0.09+0.06  15%1.2 0.037 -2.4%1.2 8.73%3
MPa, 360+2 K 11 0.5+0.036  -0.06+0.06  18+1.2 0.033 -1.9+1.8 -0.8+0.8
1.2 0.48+0.036 ) 25+1.2 0.035 -1.2+1.2 -1.9+0.7
0.075+0.04
0.8 0.22+0.036  -0.55+0.12 8+1.2 0.038 -14.2+2.4 10.1+2.4
0.9 0.27+0.036 -0.45+0.24 9.8+1.2 0.031 -13.4+4.8 11+4.8
1.0+0.0025
1.0 0.31+0.036 -0.3+0.18 11.2+1.2 0.027 -10.2+4.8 12+8
MPa, 360+2 K
11 0.35+0.036 -0.25+0.1.2 13.3x1.2 0.025 -10.1+3.6 1+3.6

1.2 0.32+0.036  -0.1+0.08 21.5+1.2  0.027 -4.2+4.8 -2.2+1.8
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Table 4-3: Laminar burning velocity, Markstein length, critical flame radius flame, thickness,
burned gas and strain Markstein number for 70% hydrogen fraction

Experimental o,
o (1) u; (M/s) Ly (mm) re (mm) May, Masr
Conditions (mm)
0.8 0.71+0.06 0.1+0.06 35+1.2 0.097  1.25%1.2 1.2+0.36
0.9 0.84+0.06 0.35+0.06 40£1.2 0.085 4.1+1 1.7£0.3
0.1+0.0025
1.0 0.95+0.048 0.7£0.0 - 0.076  9.1+0.00 1.55+0.6
MPa, 303+2 K
11 0.99+0.042 0.5+0.0 - 0.075 6.62+0.06 2.1+0.6
1.2 0.99+0.048 0.55+0.06 - 0.077  6.1+0.48 1.7£0.42
0.8 0.92+0.06 0.75+0.08 46x1.2 0.091 8.2+1.2 0.55+0.6
0.9 1.06+0.06 0.65+0.1 53+1.2 0.08 8+1.2 1.34+1.8
0.1+0.0025
1.0 1.28+0.07 0.65+0.12 0.067  9.65+1.8 1.2+0.6
MPa, 360+2 K
11 1.34+0.052 0.6+0.06 0.067 9+1.2 2.2%1
1.2 1.35+0.048 0.5+0.12 0.067 7.4%0.6 3.3x1

0.8 0.29+0.048 -1.15+0.3 8.2+0.6 0.052 -22+4.8 1.05+0.6
0.9 0.37+0.048 -0.8+0.18 10+0.6 0.042 -19.2+2.4 1.75+1.2

0.5+0.0025
1.0 0.44+0.048 -0.9+0.36  11.7#0.6  0.035 -24.5+8 3+6
MPa, 303+2 K
1.1 0.51+0.048 -0.35+0.3  13.8#0.6  0.031 -12+4.8 -1.2+1.8
1.2 0.49+0.048 -0.3+0.3 14.5+0.6  0.033 -9+4.8 -0.2+0.36
0.8 0.43+0.06 -0.25+0.24  9.1+0.6 0.042 -5.8+4.8 12+2.4
0.9 0.56+0.06 -0.25+0.12 10.5+0.6  0.032 -7.6£3.6 31+11
0.5+0.0025
1.0 0.66+0.06 -0.35+0.18 11+0.6 0.028 -12.3+4.8 3511
MPa, 360+2 K
11 0.69+0.055 -0.55+0.24 12.4+0.6  0.027 -20+3.6 -7+8.5
1.2 0.74+0.055 -0.5+0.12 13+0.6 0.026  -19.2+3.6 -22+4.8
0.8 0.34+0.048 -0.55+0.18  7.5+0.6 0.028 -19.5+3 18.5+5
0.9 0.42+0.048 -0.75+0.24 9+0.6 0.023 -33+4.8 30+6
1.0+0.0025
1.0 0.52+0.048 -0.4+0.12 9.5+0.6 0.019 -21+4.8 30+8
MPa, 360+2 K
11 0.5+0.058 -0.6+£0.12  10.6+0.6 0.02 -28+4.8 28+7

1.2 0.49+0.06 -0.4+0.12 11.9+0.6  0.025 -20+4.8 -3+6
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Table 4-4: Laminar burning velocity, Markstein length, critical flame radius, flame thickness,
burned gas and strain Markstein number for pure hydrogen explosions

Experimental o,
o ¢ u; (M/s) L, (mm) ra (mm) May, Masr
Conditions (mm)
0.5 0.7+0.06 -0.7+0.24 18+1.2 0.103 -6.7+0.6 12.3£2.4
0.8 1.79£0.12 1.15+0.3 36+1.2 0.047 24.1+2.5 -1.1+1.2
1.0 2.3£0.12 1.0£0.3 45.5+1.2 0.04 25+4.8 0.44+0.48
0.1+0.0025
1.5 2.91+0.06 0.95+0.18 - 0.037 25.2+3.6 6.2+1.2
MPa, 303+2 K
1.7 2.98+0.06 1.15+0.18 - 0.038 30+2.4 9.85x2.4
2 2.83+0.07 0.95+0.18 - 0.043 22+3.6 4.6%1.2
2.5 2.53+0.06 0.95+0.18 - 0.052 18+1.2 3.8x£1.2

05 0.98+0.07 -0.3+0.18  19.4+12  0.087 -4.5+2.4 2.85+1.2

0.8 2.27+0.08 0.8+0.18 41.8+1.2 0.044 17.9+3.6 -4+4.8
1.0 2.93+0.12 0.95+0.3 57£1.2 0.037 25.2+6 -4.87+1.8
0.1+0.0025
1.5 3.68+0.08 0.9+0.06 - 0.035 25.6+1.2 3.9+2.4
MPa, 360+2 K
1.7 3.83+0.06 0.95+0.12 - 0.035 26.8+2.4 7.4+4.9
2 3.55+0.06 0.8+0.12 - 0.04 19.6+1.2 1.1+1.2
2.5 3.46+0.06 0.85+0.18 - 0.045 18.6+2.4 5.85+1.2
0.5 0.24+0.12 -1+0.6 6.2+0.6  0.0166 -2.7+1.2 2.7+1.2
0.8 1.2840.15 -0.45+0.6 7+0.6 0.100 -3.95+2.4 2.1+1.2
1.0 1.98+0.24 -0.4+0.6 11+0.6 0.169 -5+2.4 3.5+3
0.5+0.0025
1.5 3+0.36 0.85+0.18 16+0.6 0.307 13.4+3.6 3.65%+2.4
MPa, 303+2 K
1.7 3.22+0.36 0.65+0.6 17.5+0.6  0.349 11.5+4.8 -1+3.6
2 2.56+0.36 0.6+0.36 21.4+0.6  0.286 7.2+2.4 0.17+0.18
2.5 2+0.3 0.45+0.48 30+0.6 0.244 3.84£3.6 0.6+2.4
0.5 0.48+0.36 -0.7+0.48 6.3+0.6 0.045 -15.5+2.4 14+4.8
0.8 1.62+0.2 -0.2+0.24 6.6+0.6 0.015 -12.9+2.4 18.5+4.8
1.0 2.35+0.3 -0.45+0.36 10+1.8 0.011 -22.7+4.8 35+12
0.5+0.0025
1.5 3.35+0.4 -0.2+0.18 13+1.8 0.0097 -20.5+4 32+14
MPa, 360+2 K
1.7 3.55+0.42 -0.3+0.24 14+0.6 0.0096 -25.3+6 -50£29
2 3.2+0.36 -0.2+0.18 14.5+0.6 0.0111 -17.8+3.6 -50+29

25 2.75+0.36 -0.15+0.12 17.5+06  0.014 -10.5+4.8 -35+19
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4.6 Comparisons between the experimental laminar burning velocities and
kinetic mechanisms for methane/hydrogen/air mixtures

An important reason for measuring the unstretched laminar burning velocity is to provide
reliable data for validating kinetics models used in the optimal combustor design in practical
applications. However, there is uncertainty in both the experimental measurements (as discussed
above) and numerical predictions [26]. For the comparisons reported here, the premixed laminar
burning velocity was calculated using the one-dimensional steady freely propagating planar flame
code, Chemkin-Pro 2021. As explained in Chapter 3, the 1D planar flame is modelled in this code
by solving the governing continuity, energy and species conservation equations using detailed
chemical kinetics. Thermal diffusion (the Soret effect) and a multi-component diffusion model

were used to evaluate the transport properties [117].

Three H2/CH4 mechanisms were compared with the experimentally derived laminar burning
velocities. These are (i) the latest version of the San Diego mechanism, which has 58 species and
270 elementary reactions [116, 119]; (ii) the Konnov reduced mechanism with 27 species and 177
elementary reactions [26, 115]; and (iii) the Aramco 2 reduced mechanism with 25 species and
105 elementary reactions [115]. These mechanisms were selected as they were previously
validated using low-pressure experimental data [26, 115, 116]. They cover a range of mechanism

sizes with respect to the number of species, with the lowest having 25 species and the highest 58.

A comparison of predicted and experimentally derived laminar burning velocities for pure
H»-air and H>-CHgs-air mixtures at 0.1, 0.5 and 1 MPa is presented in Figures 4.17-20. The
numerical predictions for low-pressure explosions agree well with the experimentally derived
laminar burning velocities. However, there is worse agreement for rich mixture explosions,
particularly as the pressure increases (Figures 4.18&20), although the numerical predictions

remain within the uncertainty of the experimental measurements. For pure hydrogen at ¢ = 2.5,
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Figure 4.17: Comparison between the experimentally derived laminar burning velocities for pure
hydrogen with numerical predictions using different mechanisms at 0.1 MPa, (a) 303 K and (b)
360K.

all the mechanisms produced higher laminar burning velocities than the experiments. The Aramco
2.0 and Konnov mechanisms give similar predictions across all conditions (Figures 4.17&18). The
San Diego mechanism predicts higher H2/CHs burning velocities compared to the other two
schemes (Figure 4.19). At higher pressures, there is a more significant deviation between the
predicted burning velocities from the three schemes, and for these conditions, the Aramco scheme
gives the highest predictions (Figure 4.20a). The C1-C2 chemistry is now playing a role, and the
Aramco and Konnov schemes use the PLOG formulation for some pressure-dependent reactions
within the C1-C2 scheme, whereas the San Diego mechanism uses Troe fall-off. The schemes have

clear differences in the parameterization of key pressure-dependent reactions.

Another difference between the predicted and experimental laminar burning velocities is
observed for pure hydrogen at high pressure and low temperature. As shown in Figure 4.11, the
laminar burning velocities at equivalence ratios of 1.5 and 1.7 for 303 K did not decrease as the
pressure increased from 0.1 to 0.5 MPa. This trend is reasonably well matched by predictions based
on the Aramco 2.0 and Konnov kinetics, which show convergence of the predicted u; at ¢ = 1.5

(Figure 4.21). However, the predicted u, using the San Diego mechanism decreases as the pressure
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increases overall values of ¢. To clarify the prediction of u; with the rise in pressure, the species
concentrations and net rate of reaction are presented. Previous reaction analysis on
methane/hydrogen/air mixtures [75, 116] showed that as the initial pressure increased, the mole
fraction of the three active radicals (H, O, OH) declined significantly, lowering the laminar burning
velocity. The Konnov and San Diego mechanisms present the mole fraction of these active species

for a small interval of 0.1-0.2 mm in which the main chemical reactions occur (Figure 4.22).

5 |- 100% H,, 0.5MPa, 303K @ | 5. 100% H,, 0.5 MPa, 360 K (b) |
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- San Diego + + San Diego
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Figure 4.18: Comparison between the experimentally derived laminar burning velocities for pure
hydrogen with numerical predictions using different mechanisms at 0.5 MPa, (a) 303 K and (b)

360K.
10 . . . . . 10 T T T T T
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Figure 4.19: Comparison between experimentally derived laminar burning velocities for
methane/hydrogen mixtures with different mechanisms at 0.1 MPa and 303 K, (a) 30% H: and (b)
50% H.
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Figure 4.20: Comparison between experimentally derived laminar burning velocities for
methane/hydrogen mixtures with different mechanisms at 0.5, 1.0 MPa and 360 K, (a) 50% H and
(b) 70% H..
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Figure 4.21: Numerical predictions of laminar burning velocities vs. equivalence ratio for pure
hydrogen at two different pressures and 303 K.
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Figure 4.22: Active radical concentrations for pure H; at 303K and ¢ = 1.7, from (a) Konnov and

(b) San Diego mechanism.
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The Konnov mechanism showed that as the pressure increases from 0.1 to 0.5 MPa, the peak
mole fractions of H, O and OH reduce by 42%, 50% and 8%, respectively. However, the reductions
in these species mole fractions become 48%, 57% and 26% when using the San Diego scheme. It
is clear that as the pressure increases, the reduction in active radical concentrations is more
significant for the San Diego mechanism than for the Konnov scheme, which could explain the

differences between the laminar burning velocities predicted from the two schemes.

To further investigate the reasons for these differences, the net rates of selected pressure-
dependent reactions are presented in Figure 4.23. The difference between the two schemes for the
main chain branching reaction rate H+O,=0OH+O is tiny at both pressures and thus is not shown.
The description of the competing termination reaction H+Oz (+M) = HO (+M) varies between the
schemes. Each scheme uses a Troe fall-off formulation, but the parameterization of the low-
pressure limit Arrhenius expressions and collider efficiencies for species such as H>O and H:
differ. However, this leads to only minor differences in the peak rate of reactions. H+Oz (+M) =
HO> (+M), OH+OH (+M) =H20> (+M) between the two schemes for the H; air flame at 303K and

¢ = 1.7 (Figure 4.23a).
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Figure 4.23: Net rate of key pressure-dependent reactions for a pure Ho/air flame at 303 K and ¢ =
1.7, from simulations using the San Diego and Konnov reaction mechanisms (a) H+O; (+M) = HO;
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There are also slight differences in the net rate of reaction OH+OH (+M) =H20, (+M)
between the two schemes, as presented in Figure 4.23b. The reaction is described in H2O>
(+M)=0OH+OH (+M), using the same low and high-pressure limits and collider efficiencies in the
Aramco and Konnov schemes. However, a slight difference exists in the Troe parameters. The San
Diego mechanism expresses this reaction in its reverse form, OH+OH (+M) =H,0, (+M), but
again, this does not lead to significant discrepancies in the net reaction rate. However, there are
pretty large discrepancies in the net rate of the radical recombination reaction H+OH+M=H,O+M
between the Konnov and San Diego schemes (Figure 4.23c), which will impact the concentration
of the active radial pool. These are particularly pronounced for the high-pressure conditions and
could explain the lower radical concentrations predicted using the San Diego scheme at higher
pressures, leading to lower predicted burning velocity.

4.7 Conclusions

Flame speeds, unstretched laminar burning velocities and Markstein numbers for H, and

H2/CHa/air mixtures were derived from experimental measurements at elevated pressure using a

spherically expanding explosion technique. The following conclusions can be drawn:

1- Laminar burning velocities increase with both the H, fraction in the mixture and with
temperature. As the pressure increased, the laminar burning velocity decreased except for pure
hydrogen/air mixtures and low-temperature explosions at ¢ = 1.5 and 1.7, where the burning
velocity is unaffected by pressure. The latter is due to the low H and OH mole fraction reduction
in such cases.

2- For high-pressure explosions (0.5 and 1 MPa), cellularity has been observed in all mixtures due
to the DL and TD instabilities. Cellularity is observed more quickly for larger hydrogen volume

fractions, pressures, and lower temperatures.
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3- Mas varies non-monotonically with the pressure and hydrogen fractions due to the competing
effects of the Zel'dovich, Ze, and Lewis numbers, Le.

4- For pure H; explosions, Masr increases with pressure for ¢ < 1.5 and decreases with pressure for
¢ > 1.5 due to the increased value of Le in the rich Ha/air mixture.

5- Uncertainties in the values of u;, Ly, Map, and Mag are caused by an increase in extrapolation
uncertainty with increasing pressure and H, volumetric fraction due to the lower number of
experimental points available for use within the extrapolation.

6- The experimentally derived laminar burning velocities agree with predictions based on recently
developed H2/CH4 mechanisms within the San Diego, Konnov and Aramco2.0 models. Although
the agreement between numerical and experiment becomes poorer for rich-pure hydrogen

explosions, predictions remain within the limits of uncertainty in the experimental results.

The Map and u; from this chapter will be used in chapter 4 to analyze the turbulent flame
propagation. They will be used in the numerical model to calculate the wrinkling factor in Chapter

6.
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Chapter 5: Turbulent Burning Velocities

5.1 Introduction
This work employed a Schlieren technique to measure flame speeds for Hz/CHa/air mixtures

in a spherical stainless steel combustion vessel (Leeds MK I1), from which turbulent burning
velocities were derived. The hydrogen volume fractions were 30, 50, 70 and 100%. The initial
pressures were 0.1, 0.5 and 1.0 MPa, and the initial temperatures were 303 and 360 K. The
equivalence ratio (¢) was varied between 0.5 to 2 for pure hydrogen and from 0.8 to 1.2 for
methane/hydrogen mixtures. The root mean square (rms) turbulent velocity (x’) was varied from
2.0t0 10.0 ms*. The objectives of this study are: (a) to present an extensive experimental database
of turbulent burning velocities for these mixtures over a wide range of conditions; (b) to establish
a new correlation for u¢for a flame with Lewis numbers, Le, not equal to unity, and (c) to quantify
the dependence of turbulent burning velocity on pressure, temperature, stretch rate, laminar flame
instability and rms velocity. This chapter is organised as follows: Section 5.2 presents the current
experimental conditions on the turbulent regime diagram, while Section 5.3 presents flame images
to visualise the flame wrinkling, Section 5.4 presents the turbulent burning velocity as a function
of flame radius and equivalence ratio, Section 5.5 discusses the effect of flame stretch rate and
instabilities on the turbulent burning velocity, Section 5.6 presents empirical correlations of
turbulent burning velocity, and finally the conclusion of this chapter is given in Section 5.7.
5.2 Turbulence regimes

Various regimes have been used to describe how turbulent premixed flames depend on the
most influential parameters [41-43]. These encompass chemical scales (such as u; and di) and
turbulent scales (including L, 4, #, and u"). The integral scales primarily govern flame convection

and can only induce significant wrinkling in large flame kernels [125, 126].
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In contrast, the Kolmogorov scales may lack the requisite energy for effective flame wrinkling
[43]. Therefore, the Taylor scales are central to flame wrinkling due to their responsibility for shear

forces.

The Taylor- and Kolmogorov- length scales, A and #, are obtained using Equations 2.15 and
2.16, respectively [126]. Tables 5.1 and 5.2 provide data for 4 and 5 length scales concerning 50%
H> at ¢=1 and 100% H> at ¢=1.5, respectively. The data presented in these tables encompasses
CHoa/H>/air and Ho/air mixtures. The equivalence ratio has a minor impact on the turbulent length
scale, primarily because air is the dominant medium. For CHa/Hz/air mixtures, slight variations in
J-and 5 (within < =£5 per cent) arise due to hydrogen volume fraction and equivalence ratio. In the
case of Hz/air mixtures, changes in equivalence ratio result in variations of <£11% in 2 and . The
current study excluded the length scales at 303 K and 1 MPa as they were not studied (discussed
in Chapter 3). Notably, initial pressure and temperature exert noticeable effects on the Taylor scale
(4), with A decreasing as the pressure increases and increasing as the temperature rises. This is due
to the unburned kinematic viscosity (v) change, which affects the Reynolds number. Additionally,
as the Reynolds number increases, Taylor scales (A) decrease with higher fan speeds (u'). Hence,
pressure, temperature, and u' emerge as the most influential parameters determining the Taylor

scale and, consequently, flame wrinkling.

Table 5-1: Taylor (4) and Kolmogorov () length scales for 50% H; with ¢=1 at various
experimental pressures, temperatures and rms turbulent velocities.

0.1 MPa 0.5 MPa 1 MPa
u’ mst 2 6 10 2 6 75
303K 7 mm 0.061 0.026 0.018 0.018 0.008 0.0068
Amm 1.66 0.96 0.74 0.74 0.43 0.38
u’ ms? 2 6 10 2 6 8.5 2 6
360 K 7 mm 0.077 0.033 0.028 0.023 0.01 0.0077 0.013 0.006
Amm 1.94 1.12 0.89 0.86 0.5 0.4 0.61 0.34
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Table 5-2: Taylor (1) and Kolmogorov (g) length scales for 100% H, with ¢=1.5 at various
experimental pressures, temperatures and rms turbulent velocities.

0.1 MPa 0.5 MPa 1 MPa
u'mst 2 6 10 2 6 8
303 K 7 mm 0.078 0.034 0.023 0.023 0.01 0.0083
Amm 1.98 1.14 0.88 0.88 0.51 0.443
u’ ms*t 2 6 10 2 6 9.5 2 6
360 K 7 mm 0.099 0.043 0.029 0.029 0.013 0.0092 0.017 0.0077
Amm 2.3 1.3 1 1 0.59 0.47 0.72 0.42

Figures 5.1a-b depict the experimental conditions and turbulence parameters outlined within
Modified Peters-Borghi’s diagram [41-43]. The Y-axis represents the wrinkling factor (u /),
while the X-axis denotes the size of the wrinkling (L/1). The lines (in different colours and styles)
in this diagram represent constant values for the Reynolds number (Re), Karlovitz number (Ka),
Damkdohler number (Da) and the effective turbulent length scale (Is), respectively. According to
the Klimov-Williams criteria (discussed in Chapter 1), nearly all flames with 30% Ha, and some
with 50% and 70% H> (those at high initial pressure), fall within the reaction sheet (thickened
flamelets) regime (Ka > 1), primarily due to their low laminar burning velocity and, consequently,
an extended chemical time scale. However, these flames may not experience disturbances at the
Kolmogorov scale (7), as these lack the requisite momentum for effective mass and heat transfer
in and out of the preheat zone [44]. This assessment is consistent with the criteria established by
Poinsot et al. [42] and Pope [43], as indicated by the line 6 = Is = 13n. Consequently, all
experiments fall below this line (red dash-dotted line), signifying the existence of flamelets for all
experimental conditions. The flamelet assumption is valid in wrinkled and corrugated flamelet
regimes, where chemical reactions occur significantly faster than turbulent mixing [173]. Some
experiments with 100% H> fall within the wrinkled flamelet regime, primarily due to the high
laminar burning velocity. Pure hydrogen exhibits a short chemical time scale and a thin flame

structure. Consequently, Ka decreases as u /u) decreases and L/d) increases.
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This suggests that the flame surface for pure hydrogen exhibits laminar-like propagation (spherical

flame) with large-scale wrinkles, as will be discussed in the following sections.
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Figure 5.1: Modified Peters-Borghi’s diagram [42-44], with the present experimental conditions,
with laminar burning velocity and flame thickness taken from [12]. The legends for the present
experimental conditions and turbulence parameters represent (a) 30, 70% H- and (b) 50, 100% H,.
¢ €[0.8 1.2] for mixtures with 30% ,50% and 70% H2; [0.5 2] for pure H2.
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5.3 Turbulent flame radius and flame images
Figure 5.2 illustrates the time history of the flame radius (rv) for methane-hydrogen mixtures

with various » " at 0.5 MPa, 360K and ¢ = 1. The ry-time curves exhibit an upward concave shape
in all these experiments, signifying flame acceleration over time. Flame propagation speed
increases with greater hydrogen volume fractions and fan speeds, «’. For instance, at u' = 2 ms™,
the flame reaches the optical field of view's limits (r, = 55 mm) after 5 ms for 30% Ha, whereas it
takes approximately 3.5 ms for 100% H». Notably, the maximum flame radius varies with the fan
speed. The maximum flame radius is achieved at the lowest fan speed, measuring around 55 mm
for u' = 2.0 ms, while it falls within the range of 37 mm (50% H) to 47 mm (100% H.) at higher
fan speeds. At high fan speeds, large turbulent eddies cause erratic displacement of the small flame
kernel during the early stages of flame propagation, as depicted in Figures 5.3a-b. Consequently,
the flame reaches the optical field of view's limits before further development can occur. At high
fan speeds, the flame drift is more prominent at lower H> volume fractions than at higher H>
volume fractions. A comparison between Figures 5.3b&c shows that the flame drifts to the left for
50% Hy, while it remains centred for 100% H. with a high fan speed (u' = 9.5 ms™?). The increase
in H> fraction leads to reduced chemical time scales, causing the flame to develop before large
turbulent eddies have a significant impact. Referring back to the regime diagram (Figure 5.1b), the
pure hydrogen flame is situated within the wrinkled flamelets regime, indicating that hydrogen

flame propagation exhibits a spherical flame with a wrinkled surface (Figure 5.3c).
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Figure 5.2: The equivalent flame radius vs. time for stoichiometric mixtures at 0.5 MPa and 360 K.

S

Figure 5.3: Flame images, Pu = 0.5 MPa, Tu= 360 K and ¢ =0.8, () 50% H, u’= 2 ms™, (b) 50% Ho,
u’=8.5ms? and (c) 100% H,, u’= 9.5 ms?

For a fixed fuel/air mixture, initial temperature, and u’, an increase in pressure has three
primary effects: (i) Taylor length scales decrease, (ii) Markstein length decreases, indicating a
positive stretch rate effect on the flame speed, (iii) the mixture reactivity decreases, as indicated
by a lower laminar burning velocity ui, allowing for more time for the flame to be wrinkled by the
turbulent scales and (iv) the Darrieus—Landau (DL) instability is enhanced due to the smaller flame
thickness. Therefore, a reduction in Taylor scales imposes a positive stretch on the flame. While
the stretch effect can be quantified using the Markstein number (May) [12, 44, 127], flame
wrinkling results from the combined influences of stretch, chemical, turbulent scales and

instability effects in this scenario.
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Consequently, the finest flame wrinkling scales are observed at the highest pressure. Low May
values, extensive chemical time scales, reduced Taylor eddies, and flame thicknesses collectively
contribute to finer flame wrinkling. This effect is also noticeable at fixed u'x, Py, Ty, and ¢ (Figures
5.4a-d). As the hydrogen volume fraction increases, May and u; increase, leading to larger flame
wrinkling scales. A clear distinction can be observed when comparing the images for 30% Ha (with
more condensed scales) and 100% H> (with less condensed scales). In the case of 30% H>, turbulent
eddies have more time to create surface wrinkles, thanks to the longer chemical lifetime of the
flame [126]. The flame with 30% H: falls into the thickened flamelet regime with fine surface
scales, while the flame with 100% Ha sits in the wrinkled flamelet regime (Figures 5.1a & b).
Moreover, an increase in u' reduces A, resulting in smaller flame wrinkling scales. Flame wrinkling
is also observed at different times after ignition in the same experiment. The flame at r, =12 mm
exhibits larger wrinkling scales than at ry = 40 mm. The proportion of affected eddies, which can
wrinkle the flame, increases as the flame kernel expands [125]. This phenomenon has been

quantified in terms of an increasing effective rms velocity, u'k, as the flame radius increases.

It is very challenging to qualitatively assess the effect of stretch on flame wrinkling, as this
interacts with the impact of the TD and DL instabilities. The flame images for 100% H; at Ty =
360 K, r, = 40 mm, and u' = 2 ms* are presented in Figures 5.5a-d. Both chemical and turbulent
scales are held constant to investigate the stretch effect on the turbulent flame. In Figures 5.5a-b,
there is an 8% difference in the laminar burning velocity for these cases, while in Figures 5.5¢c-d,
the difference is 6%. The sole parameter that changes is May, which is 25.6 for ¢ = 1.5, 19.6 for ¢
= 2 at 0.1 MPa, and -22.7 for ¢ = 1, -10.5 for ¢ = 2.5 at 0.5 MPa. However, flame thickness

decreases with pressure, which enhances the DL instability.
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Flames with lower May values allow for more wrinkling, but these differences can be challenging
to identify. This difficulty arises from the need to achieve a significant change in May and a
transition from positive to negative Map while keeping the laminar burning velocity and flame

thickness constant. Such a transition is not feasible under the current conditions.

Figure 5.4: Flame images at rV= 45 mm, 0.1 MPa, 360 K, u’=2 ms™ and ¢=1, (a) 30% H,, Ma,= 4.1,
(b) 50% H», May,= 5.4, (c) 70% H>, May=9.65 and (d) 100% H,, Map= 25.2.
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Figure 5.5: Iame images for 100% H: at T,= 360K, r,= 40 mm, d u’=2ms? (a) P,=0.1 MPa,
Map= 25.6, ¢= 1.5, ui=3.68 ms?, (b) Py= 0.1 MPa, Ma,= 19.6, ¢$=2 u=3.55 ms?, (c) P,= 0.5 MPa,
Map=-22.7, =1, ui=2.35 ms?, (d) P,= 0.5 MPa, May=-10.5, ¢= 2.5, u=2.75 ms™.

5.4 Turbulent Burning Velocity ut
Figures 5.6 and 5.7 depict ut as a function of the flame radius, ry, for various CHa/H>/air

mixtures, pressures, and «’ values. Initially, the turbulent burning velocity is relatively slow at the
onset of the explosion, gradually increasing as the flame develops. This behaviour has been
previously explained [125]: when the flame initiates from the central ignition source, the flame
surface can only be wrinkled by eddies with length scales smaller than the size of the flame kernel.
This implies that the effective rms turbulent velocity (u ) is smaller in the centre and increases

toward the vessel wall until it reaches the value of u .
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In other words, the proportion of turbulent eddies affecting the flame grows as the flame kernel
expands [125, 127, 135]. Consequently, spherical turbulent flame experiments provide data for
turbulent burning velocities over a range of turbulent scales [145]. Figure 5.8 illustrates the
relationship between ut and u k, showing that u; increases linearly with u k. In each explosion, the
maximum U is observed at the maximum u ', as u’x approaches u'. This pattern is consistently
observed across all conditions. Moreover, ut > u 'k + u; for the mixture with 100% hydrogen, while
Ut < u’x + U for 30% hydrogen. This trend can be seen at «’= 2 ms? in figure 5.8a and d. The

increased ut is due to the diffusional-thermal instabilities of hydrogen [123].

It is widely recognised that elevated pressures can reduce the burning rate in laminar
explosions due to the promotion of chain-terminating reactions [12, 168]. However, for mild
turbulent conditions, such as u’ =2 ms™ in Figure 5.6, u; of the CHa/H2 mixture remains relatively
constant as the initial pressure is increased from low (0.1 MPa) to high (1 MPa). This trend was
observed previously for iso-octane/air flame [126]; the turbulent burning velocity was not affected
by pressure increase with low rms velocity (1 ms™). In the case of 30% H; with ¢=0.9, at u’>6
ms, u; increases by approximately 15% as the pressure increases from 0.1 to 0.5 MPa and by
approximately 10% as the pressure increases from 0.5 to 1 MPa. Similarly, for 70% H; at high «’
=6 ms? and ¢= 1.2, u; remains relatively unchanged as the pressure is increased from 0.5 to 1

MPa.
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Figure 5.6: The variation of turbulent burning velocity with the flame radius for CH4/H2/air
mixtures at different pressures and initial rms velocities, (a) 30% H., $=0.9, (b) 30% H,, ¢=1.1, (c)
50% H,, ¢=1, (d) 70% H>, ¢=10.8, (€) 70% Ha, ¢= 1, and (e) 70% H,, ¢=1.2.



119

] T T T T T T T T T T
360 K, ¢ = 0.5, 100% H, a 360 K, ¢ = 0.8, 100% H, b
12+. . .0.1MPa b 12F= = 0.1 MPa T
| — —05MPa - =0.5MPa
— 1MPa u=6ms? —— 1 MPa u=6mst X
d —~ 9} /—/\’I’; |
‘v _ 7
4 = / -
~ -
i =5 6 LIA™ e -
a WTD—I:I =
- ~ - hd -~
- 3+ !\JIV\— —\I-vv!/"-l— -1
- u'=2ms?
0 1 - 1 - 1 T 1 T 1 T 0 L L L L L
10 20 30 40 50 60 10 20 30 40 50 60
r, (mm) r, (mm)
— T T T T
T T T T T 360 K, ¢ =1.5, 100% H, ]
12| 360K, ¢=1,100% H, c d
+ +0.1 MPa N 122 == 01MPa ) i
- -05MPa u'=6ms - — -05MPa u=6ms
10 L~e—F - 4 1 —— 1 MPa ‘_/_j—(
—~9r ]
‘_I/‘\ 1 IU)
2 . E
~ b :"‘ 6| -
=1 .
- 3
(. -1
o u'=2ms 3l
2+ i
0 L L L L L 0 L L L L L
10 20 30 20 50 60 10 20 30 40 50 60
r, (mm) r, (mm)

Figure 5.7: The variation of turbulent burning velocity with the flame radius for Hz/air mixtures at
different pressures and initial rms velocities, (a) ¢=0.5, (b) ¢= 0.8, (c) ¢=1, and (d) ¢=1.5.

As mentioned earlier, the increase in pressure results in (i) positive flame stretch (indicated
by negative May), (ii) a reduction in Taylor length scales, (iii) a decrease in the flame reactivity,
i.e., the laminar burning velocity (u) and (iv) enhancement in the flame instabilities [123]. These
effects collectively lead to a finer, more wrinkled flame structure, increasing the turbulent burning
velocity [126]. When comparing Figure 5.7a and b with d at «” = 6 ms™, it is apparent that u; rises
as the pressure increases from 0.5 to 1 MPa for lean mixtures, while there is no significant change
for rich mixtures. This can be attributed to the DT instability as Lewis number, Le, < 1 with lean
mixtures and Le >1 for rich mixtures [94]. The increase in pressure results in a finer flame structure
but with lower flame reactivity (ui). Additionally, the interaction between the turbulent flow and

flame is contingent upon the flame's dependence on the stretch rate.
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This can be inferred from the fact that May for lean hydrogen is lower than that for rich hydrogen,
as shown in the previous chapter. Changing the pressure leads to alterations in chemical and

turbulent time scales along with the Markstein number and flame instabilities.
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The effect of flame stretch and the DL and TD flame instabilities can be quantified while
keeping the chemical and turbulent scales constant, as illustrated in Figure 5.9. May, decreases from
-10.5t0-22.7, and Le increases from ~1.1 to ~ 1.8 as ¢ increases from 1 to 2.5 while u' is constant.
For ¢= 2.5, ui is 14% higher than u, at ¢= 1, as presented in chapter 4. However, u; for ¢= 2.5 is
approximately 20% lower than u: at ¢= 1. This is due to the stretch (May) and laminar flame
instabilities (Le) effect. This trend has also been observed in previous studies, where fuels with
negative May burn faster in turbulent spherical flames than those with positive May [127, 174,
175]. Moreover, the mixture with high laminar flame cellularity (lower Le) has more turbulent

flame wrinkling than the mixture with low laminar flame cellularity (higher Le) [123].
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Figure 5.9: Variation of turbulent burning velocity with the flame radius for Hx/air mixtures at 360
K, 0.5 MPa and initial rms velocities. For ¢= 1, May,=-22.7 and u;= 2.35 ms™. For ¢= 2.5, Ma,= -10.5,
ui=2.75 ms™,
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The turbulent burning velocities at a volumetric flame radius of 30 mm are depicted as
functions of equivalence ratio in Figures 5.10 and 5.11, including all experimental conditions. The
corresponding effective rms velocity, u’x at 30 mm, is given in Table 5.3. In these Figures, it is
evident that ut increases with the hydrogen fraction, u ’, and initial temperature. Moreover, higher
u’ values reduce 2, resulting in more flame wrinkling. Pressure has an interesting effect: u: remains
relatively constant at low fan speeds (x’ = 2 ms™) but increases with pressure at x’ > 6 ms™, as
discussed earlier. As the equivalence ratio changes, u: varies and peaks at lean conditions for
H2/CHa and rich conditions for pure Hz flames. This variation can be attributed to modifications

in flame reactivity, flame thickness, and flame stretch rate (u; and May) [44, 66].

The maximum u: for H2/CH4 mixtures occurs on the lean side (¢= 0.9 — 1.0). Notably, May
and Le are lower on the lean side than the rich side despite higher u; as discussed in Figure 5.9.
Conversely, for most pure H, flames, the maximum ut appears on the rich side (¢= 1.7). This is
observed even though May and Le are lower on the lean side. It is important to note that u; at ¢=
1.7 is 8-10 times higher than at ¢= 0.5. For H2/CHa/air mixtures, the stretch and laminar flame
instability effects dominate the flame reactivity since the change in uj is relatively small (< 20%)
when ¢ varies from 0.8 to 1.2. In contrast, in pure H> flames, flame reactivity takes precedence

over the stretch and cellularity effects.

Table 5-3: The effective rms fluctuation velocity « 'k at r,= 30 mm for all experimental u".

u’ ms? 2 6 7.5 8.5 9.5 10
u’kms? 1.409 4.23 5.29 6.0 6.7 7.05
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Figure 5.10: Variation of turbulent burning velocity at r,= 30 mm with equivalence ratio for
different fuel mixtures, pressures, temperatures and initial rms velocities
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Figure 5.11: Variation of turbulent burning velocity at r,= 30 mm with equivalence ratio for
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Some studies [176-179] reported that ut increases linearly with u’, up to a point where it
reaches a steady state, and further increases in u' do not lead to changes in ut. This phenomenon,
often referred to as the ‘bending’ of the turbulent burning velocity, is explained in detail in a DNS
study [179]. In the explosions conducted in this study, it is evident that u: increases with u’,
regardless of the initial pressure, temperature, and H> volume fractions. To explore the presence
or absence of the turbulent bending phenomenon, utis plotted as a function of u' for stoichiometric
mixtures with different H> volume fractions and pressures in Figure 5.12. In these specific
explosions, bending behaviour is not observed, and u; continues to increase with u'. However, the
rate of increase in ut varies for the cases of 30%, 50%, and 70% H» at 0.1 MPa when u' is increased
from 6 to 10 ms*. This variation may be attributed to flame-to-flame interactions or 'bending.' Pure
hydrogen explosions exhibit no bending, as Ka values are lower than in CH4/H> flames. Flame-to-
flame interaction plays a more prominent role in premixed explosions with high Ka values, mainly
due to an increased u'/u; ratio, which alters the flame surface area [179, 180]. However, bending
was not observed in any of the high-pressure explosions, as the flame thickness decreases at higher

pressures, reducing Ka values.

0.1 MPa, 360K, ¢ = 1 a 5 bar, 360K, ¢ =1 b
—a1—30% H, | —0—30% H,
6] —o—50%H, —O—50%H,

—%—70% H, / oL o T0% H, 1
> | —e—100% V / o~ o 100m, /
[%2] (%]
3"‘ =}
1

—
2l / bl / // ]

u' (ms™) u' (ms™)
Figure 5.12: Variation of turbulent burning velocity u: with «’ for stoichiometric mixture with
different H, volume fractions and pressures.
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5.5 Effect of Flame Stretch Rate and Flame Instabilities on Turbulent Burning
Velocity

In the flamelet regime, flame stretch rates can significantly influence the localised flame
propagation speed, potentially leading to flame extinction. This underscores the importance of
quantifying the effect of stretch on turbulent premixed flames. The laminar flamelet model for
interpreting turbulent premixed flames suggests that the influence of stretch rates depends on the
Lewis number, Le. The Markstein number, May, is a parameter that can be experimentally
measured and represents the effect of the Lewis number [127]. The literature has reported that
mixtures with Le < 1, signifying the presence of DT instability, burn faster than those with Le > 1
[123, 181]. A similar observation in the literature was found that u: is slower for mixtures with Le

> 1.0 and positive May, values [126].

To quantify the effect of stretch on u, it is normalised by u; to mitigate the influence of
chemical scales and is plotted as a function of May in Figure 5.13. In this context, chemical and
turbulent length scales must be held constant to investigate the impact of flame stretch and
instabilities. At fixed u' and pressure, the normalised ut increases in the negative range of May (low
Le) but decreases as May becomes more negative. For instance, in the case of 50% H, the peak
value of the normalised u: occurs in the range of -10 < May < -5, while for 100% Ha, it peaks in
the range of -16 < Map < -14 and the curves are flattened in the most negative regime. This
observation is attributed to the fact that laminar burning velocity significantly influences the
turbulent burning velocity in this region. In the case of pure H», the most negative May is associated
with the lean side, where u; at ¢= 1.7 is 8-10 times that at ¢= 0.5. This demonstrates that the effect

of chemical time scales dominates the effects of stretch and flame instability in pure H> flames.
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The flames here are in the wrinkled flamelet regime (Figure 5.1), where the effect of turbulent
eddies is not significant enough to compete with the advancement of the flame front due to the
high laminar burning velocity. Hence, in this region, laminar flame propagation dominates over
the corrugation of the flame front by turbulence. It can also be stated that the claim that positive

stretch (negative May) increases the turbulent burning velocity is not universally valid.

a
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Figure 5.13: Variation of normalised turbulent burning velocity with Markstein number Ma, at 0.5
MPa and 360K (a) 50% H,, ¢ =0.8-1.2 and (b) 100% Ha, ¢ = 0.5-2.

The influence of stretch can also be examined using the classical U-K diagram [66], to which
the present data has been added, as shown in Figure 5.14. In this diagram, the y-axis represents U,
which is uyu k, while the x-axis represents the Karlovitz stretch factor (Kai), and the numbers
adjacent to the black solid lines represent values of Mas from [66]. This diagram, initially
developed in [127, 135], illustrates the effect of stretch on turbulent burning velocity and its
potential to lead to flame extinction. The regime under Mas=5 is recognised as the flame extinction
regime [66]. Notably, none of the present experiments fall within this regime, owing to the
increased flame resistance to strain-induced extinction due to the addition of hydrogen [15, 16].
Nevertheless, experiments involving 50% or less hydrogen volume fractions at 303 K are closer

to the flame extinction regime than those with 70% or higher.
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Flame extinction was observed in the case with 30% Hz, 303 K, ¢ > 1.1, and »’ > 6 ms™.
This could be due to the low flame reactivity (low ur) and the elevated heat loss linked to the lower
fresh gas temperature. It is worth noting that flame extinction was not observed under the same
conditions with an initial temperature of 360 K. Additionally, more than half of the present
measurements are in the region with Ka: < 0.1, and most of the data for pure H> falls within the
region of Kar < 0.01. As discussed previously, the increased H» fraction leads to higher u; and
reduced flame thickness, resulting in low Kai values. In reference to the regime diagram,
explosions with 100% H; are in the flamelet regime, as Ka1 << 1. The flames in the low Kaz region
exhibit high U values. According to Bradley et al. [127], the stretch and flame instability effects
are attributed to high normalised turbulent velocity in the low Kaz region. However, it is essential
to consider the chemical time scale (u) when analysing the stretch effect, as discussed in relation
to Figure 5.13. Therefore, this study suggests that the high turbulent velocity values in hydrogen

flames primarily result from the high flame reactivity.

Al % Bradley et al. (2020) |
x © X = 100% H,
’ 50 % H,
sl . = 70% H, i
o e e 30% H,
-E *iw**
e KRKE

N
T
%
e x*
X X " x
S
%
#iped
WL
X5
i
g
N
o
e
] NS
" 1

08 2 ok 7
3 3:\ 7{
flame extinction 5
O 1 1 1 1
0.001 0.01 0.1 1 10

Kal
Figure 5.14: The present experimental measurements in the U-K diagram.
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5.6 Turbulent burning velocity correlation
The turbulent burning velocity is a crucial physical parameter in turbulent combustion, often

serving as an input parameter for combustion modelling [23-25, 49]. Different scaling parameters
have been used to correlate uyu " and uy/uy by considering the effect of flame stretch, Lewis number,
turbulent length scales and pressure [123]. The primary factors governing the turbulent burning
velocity are the turbulent transport of heat and mass within mixtures, the chemical time scales (u
and a1), flame stretch rate and the total surface area of wrinkled flamelets associated with turbulent

flow intensity and pressure. Based on the literature review, the best performance is obtained from

two correlations: (i) U-Ka1 correlation [66, 127, 135] and (ii) The general scaling law ut/ul =

! a B
f ((u /ul) ’(L/Sl) ,LeY ) [123]. The present study focussed on these correlations, which are

presented in the current section. The U-K correlation [66, 127, 135] allows the turbulent burning

velocity to be correlated under the current fuel and operational conditions.

_u — B
U="1e/, = ake, 5.)

The Karlovitz stretch factor (Kay) is given in chapter 3. The constants (o and B) in Equation
5.1 are functions of Markstein number (May), which account for the effects of Le, curvature stretch,
and strain rates [174]. This is the main difference between the present and previous correlations
[66, 127, 135]. Mas is based on previous studies [68, 182, 183] that emphasised the sensitivity of
turbulent burning velocity to strain rate, making curvature stretch less significant, enabling it to be
neglected. However, recent DNS research on lean premixed hydrogen flames [53] has indicated
that the effect of curvature stretch on turbulent burning velocity is more substantial than previously

thought.
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Moreover, the method used to evaluate Masr was built on the assumption that Le=1 is unsuitable
for the current fuel/air-premixed flames [154]. Therefore, the present study correlated o and P as
a function of May to include the curvature and strain effects [72, 154]. Moreover, May is a strong
function of Le [44, 135], which has been shown to have an appreciable effect on turbulent burning

velocity, as discussed earlier and presented in the literature [123, 138].

U= ut/u, is plotted as a function of Kaz in Figures 5.15a-c for different values of the fuel
k

mixture and May. The current fuel mixtures are classified based on Ka; and May to improve the
accuracy of the u; correlation. Since pure hydrogen flames have low Ka; values ranging from 0-
0.1, the hydrogen correlation is separated from the CHa4/H2 one. Figure 5.15a shows the pure
hydrogen plot with negative and positive Map. The U value for pure hydrogen increases as Kaz
decreases. In very small Ka1 ranging between 0 and 0.01, the U value sharply increases. Two
correlations for hydrogen flames are presented in Equation 5.2 for negative or positive May values.
For H2/CH4 mixture with higher Kaz, two correlations are presented in Equation 5.3 for negative

and positive Map. The correlation coefficient R? values for the above expressions ranged between
d h lati b ues = (4 (Y ) h th
0.7 and 0.8. The U-K correlation can be recast to /u, =f ( /ul) ( /61) to match the

Damkdhler hypothesis. Note that the effect of Le is included in the constants A and B as they are

functions of Mawp.
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It is important to note the following points about the above correlations: (a) it has a low
sensitivity to May, and as a result, the effect of the large error bar in May on the correlation
performance is minimised (b) it is valid for the us measured on the reference radii ry around which
the volume of the unburned gases equals to the volume of the burned gases (changing this reference
would require the correlation to be modified), (c) the fluctuation turbulent velocity used here is the
effective turbulent velocity u 'k which is usually lower than the rms velocity «’ depending on the
flame radius, (d) the Prandtl number has been included in this correlation as has been given in
chapter 3 (with the present of hydrogen Prandtl number #1), and (e) the correlation covered the
regime with a wide range of Karlovitz stretch factor (0.001-1.2). The regime with a very low

Karlovitz number (<0.1) was considered to be unstable in previous studies [66, 127, 135].

For 100% Ha

a,f =
a =0.00175(300 — May,) +0.1,8 = —0.013(0.1May, + 22) + 0.04, for positive May, 0.01 > K, < 0.1 5.2)
{ a = 0.00168(300 — Ma;,) +0.1,8 = —0.015(0.1May, + 22) + 0.04, for negative Ma, K, < 0.01
For CH4/H:
a,f =
a =0.0016(348 — Ma;) + 0.05, B = —0.009(May, + 24) + 0.05, for positive May,, (5.3)

a = 0.0212(348 — Ma,) +0.03, B =—0.01(0.1May + 22) +0.025, for negative Ma,
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The general scaling parameters from the literature, based on the Damkdéhler hypothesis, are
used to evaluate the current measurements (Figure 5.16). The present data seems to be bound
0.86

around the correlation of [123] {ut/ul = 0.47 (Da/Le)

al

}With R?~0.7. The relatively low

R? value maybe due to the present data being spread over a wide range of turbulent regimes (Figure

5.1). Therefore, the current data fits better (with R?=0.85) with the line {ut/ul / =
Kal

0.86
0.7 (D a/ Le) } This suggests slight differences between the power exponents of the present

data and the literature. This difference was also evident in previous studies [123, 184] which can
be due to the differences in either ut, ui, o and/or Kaz. In addition, the present correlation confirms

the previous finding [123] that the performance of general turbulent correlations of the form
{ut/ul = (A)a(B)b} must include any pair of independent parameters A and B taken from (u /u,
L/01, Da, Kat, Re), because they are coordinate axes or boundary curves in a combustion regime
diagram [185]. Both correlations in Figures 5.15 and 5.16 include at least a pair of these
independent parameters. Although both correlations provide good performance in ut prediction,

the scaling parameters in Figure 5.16 are preferred, due to the large uncertainty in the May, values.
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5.7 Chapter Conclusions
This study determined turbulent burning velocities for hydrogen/air and

methane/hydrogen/air mixtures through spherical flame propagation experiments utilising the
Schlieren technique. A broad spectrum of hydrogen volume fractions, equivalence ratios, initial
pressures, and rms velocities were explored, particularly under elevated conditions. Several key

conclusions can be drawn from this investigation:



136

Most of the flames with 30% H>, and some with 50% and 70% H> (those at high
initial pressure), fall within the reaction sheet (thickened flamelets) regime (Ka > 1),
primarily due to their low laminar burning velocity and, consequently, an extended
chemical time scale. However, the flame with 100% H. falls within the wrinkled and
corrugated flamelet regime, primarily due to the high laminar burning velocity. This
suggests that the flame surface for pure hydrogen exhibits laminar-like propagation

(spherical flame) with large-scale wrinkles.

Turbulent burning velocity increases with higher hydrogen volume fractions,
elevated fan speeds (u'), and increased temperature. At u' = 2 ms™, variations in initial
pressure do not significantly affect ui; however, for u' >6 ms™, an increase in pressure

leads to higher u.

Pure hydrogen flames exhibit short chemical time scales, enabling flame
development before the substantial impact of large turbulent eddies. This results in

spherical flame propagation with a wrinkled surface.

The most refined flame wrinkling scales are observed at higher pressures due to
reduced turbulent Taylor scales and extended chemical time scales. An increase in u'

reduces the Taylor length scales, leading to finer flame wrinkling scales.

Flame wrinkling scales are more condensed for 30% H. flames than 100% H. flames.
This is attributed to turbulent eddies having more time to wrinkle the surface in cases

with a longer chemical lifetime, as with 30% Ho.



137

The normalised turbulent burning velocity peaks within a range of May values and
then flattens to low values as May becomes more negative, indicating the dominance
of laminar burning velocity over turbulence effects (chemical time scales) on u for

these regions.

This influence is also evident in the U-K diagram. Therefore, chemical reactivity
precedes the effects of stretch and flame instability. It should be noted that the
assertion that positive stretch (negative May) consistently increases turbulent burning

velocity is not universally valid.

The turbulent burning velocity correlations will be used to calculate the wrinkling
factor in the numerical simulation (next chapter). In addition, the experimental flame

propagation rate with time will be used to validate the numerical model.
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Chapter 6: Simulation of turbulent hydrogen/air flame propagation

6.1 Introduction
CFD tools can provide information about spherical flames that is difficult to obtain

experimentally [45]. Premixed turbulent combustion modelling is more complicated than non-
premixed modelling due to the more significant interaction between turbulence and chemistry. As
discussed in Chapter 5, the hydrogen flame follows the flamelet concept, which is applicable when
the relevant chemical timescale is short compared to the convection and diffusion timescales
(Damkohler number > 1). Thus, the Weller flame surface wrinkling combustion (£ ) model [24]
has been chosen to simulate the combustion in a spherical flame propagation. The main
assumptions in the Z model are that the flame is perfectly premixed, the reactions occur in a very
thin layer, and the chemistry is very fast - the flamelet assumptions. This chapter is organized as
follows: Section 6.2 presents the results of the original XiFoam solver, Section 6.3 gives a mesh
dependency analysis for the model, Section 6.4 presents the model validation, Section 6.5
discusses the velocity and temperature field, Section 6.6 presents the flame surface wrinkling,
Section 6.7 present the practical application of the current model (flame zone simulation in gas
turbine combustor) and the conclusions are given in Section 6.8.
6.2 The original =Z combustion model

The XiFoam solver uses two methods to calculate the wrinkling factor (£) in the source term
of the transport equation for the density-weighted mean reaction regress variable (equations 3.34
and 3.35). These methods are based on the Gulder correlation [45] and transport = equation [25].
These methods are tested in the present study. Figure 6.1 compares the flame radius rate of
evolution for the experimental results and LES simulations using the original XiFoam method of
calculating E. The flame radius in the numerical simulation is calculated from the flame images,

which are recorded every 0.5 ms time step.
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The images were imported into paint software to calculate the flame radius. The initial conditions
are 360 K, 0.5 MPa, ¢ = 1, and u’= 6 ms™*. Although the present experiments include a wide range
of conditions, the pressure, ¢ and u’ are in the centre of the studied conditions. The flame
propagation in the numerical simulation is slower than in the experiment. The error in the algebraic
method prediction is 46%, and 40% in the transport method. The turbulent correlation is suitable
for mixtures with an un-unity Lewis number. Therefore, the present study calculates the wrinkling
factor using different empirical correlations for the turbulent burning velocity. As given in Chapter
3, the experimental correlation for the turbulent burning velocity (equations 3.39 and 3.41) is used
to calculate = and solve the transport equation for the density-weighted mean reaction regress

variable (equations 3.34 and 3.35).
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Figure 6.1: Evolution of the flame radius with time from the experiment and the original Xifoam
simulation methods.
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6.3 Mesh Dependency in the k-&¢ Turbulence Model
The mesh dependency for the k-¢ turbulence model is tested with three mesh sizes (case

A=0.6, case B=1 and case C=1.4 million elements). The mesh was hexahedral with volume of 6
mm?3, 3.6 mm? and 2.57 mm?, respectively. Figure 6.2 presents the flame radius as a function of
time for stoichiometric hydrogen/air at 360 K and 0.5 MPa. The agreement with the experimental
result is good for all cases, which will be discussed in more detail below. The result showed that

there is not a significant difference in the flame radius prediction between these cases.

Therefore, Case A, with 0.6 million elements, was chosen for the k-¢ turbulence model to

investigate the turbulent flame propagation.
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Figure 6.2: Flame radius with time for stoichiometric hydrogen/air at 360K and 0.5 MPa with three
mesh sizes.

6.4 Model Validation
A range of different parameters have been tested to validate the numerical model. These are

presented in this section as follows: (1) the laminar burning velocity, (2) combustion and turbulent

model validation, and (3) the turbulent burning velocity correlation.
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6.4.1 Laminar Burning Velocity Validation

The E model does not solve for the combustion chemistry. Instead, the laminar burning
velocity (Sy) is implemented in the source term of the transport equation for the density-weighted
mean reaction regress variable (equations 3.34-36). As discussed in Chapter 3, Sy can be modelled
using the transport equation suggested by Weller et al. [25]. The u; in the transport equation is
calculated by the empirical correlation presented in equation 3.38 [163]. The current experimental
laminar burning velocity (ui) is used to validate this correlation (Figure 6.3). The u; from equation
3.38 provides good agreement with the experiment and can be used to solve the transport equation
for Su. It can be noticed that the uncertainty in this correlation is around 20 %. This has also been

reported in [12, 163].

5| 100% H,, 0.1 MPa, 360 K a | [ 100% H,, 0.5 MPa, 360 K ‘ b |
O EXP O EXP.
% Ravi S. and Petersen E. (2012) % RaviS. and Petersen E. (2012)

g it gl iR
=l ﬁ | F, é% %

0.5 1.0 15 2.0 25 0.5 1.0 15 2.0 2.5

¢ ¢

Figure 6.3: The comparison between u; from the present experiment and correlation in [163], (a) 0.1
MPa and (b) 0.5 MPa.
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Figure 6.4: Experimental and numerical hydrogen flame (LES simulation), 1 ms after ignition, at
0.1 MPa, 360 K and u’= 6 m/s.
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Figure 6.5: Flame radius vs time for experimental and LES simulation with two combustion models
(Su constant and transport equation) for stoichiometric hydrogen flame at 360 K, and «’= 6 ms*, (a)
0.1 MPa and (b) 0.5 MPa.
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Figure 6.6: Flame radius vs time for experimental and k-¢ simulation with two combustion models
(Su constant and transport equation) for stoichiometric hydrogen flame at 360 K, 0.5 MPa, and u’=
6 ms™,
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6.4.2 Combustion and Turbulence Model Validation

As outlined in Chapter 3 for the combustion model, Sy can be modelled in two ways: first,
as a constant, which equals the experimental laminar burning velocity (ur), and second, by using
the transport equation 3.37. The dynamic-k-equation LES and k-¢ models simulate the turbulent
spherical flame propagation. Figure 6.4 presents the experimental and numerical hydrogen flame
with LES simulation after 1 ms of ignition at 0.1 MPa, 360. Figures 6.5 and 6.6 present the flame
radius as a function of time from the experiments and simulations with two combustion models
(Su constant and transport equation) for a stoichiometric hydrogen flame at 360 K with different
pressures and rms velocities. In the LES simulation, the maximum predicted error in the flame
radius is around 13% for the Sy = transport equation and 22% for S, = u;. However, the maximum
predicted error in the flame radius is around 25% for the Sy = transport equation and 16% for Sy =
ur in the k-e simulation. The method using constant laminar burning velocity agrees better with the
experiments than that S, derived from the transport equation in the k- simulation because this
model solves the time-averaged Navier-Stokes equations and accounts for the flow main effects.
Thus, this study recommends the combustion model with the transport equation for the LES

method and a constant u; for the k- method.

Figure 6.7 compares the flame isotherm-surface at 2000 K of the k-¢ (0.6 million elements)
and LES simulations (10,509,720 elements) for a stoichiometric hydrogen flame at 360 K, 0.5
MPa, and «’= 6 ms™. The LES simulation can predict the turbulent flame wrinkling, while the k-¢
simulation cannot predict it. The flame surface from the k-¢ simulation is smooth without flame
wrinkling, as the RANS simulation solves the time-averaged Navier-Stokes equations and

accounts for the turbulent flow's time-averaged effects.
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The k-e simulations do not resolve the turbulent eddies but are represented by a statistical model.
As a result, the k- model is less accurate when dealing with turbulent wrinkling. In contrast, LES
resolves the large eddies (the energy-containing structures) directly by solving for the large
turbulent scales, while the smaller eddies (which have less impact on the flow dynamics) are
modelled using a sub-grid-scale model. By resolving the larger turbulent structures, LES provides
a more accurate representation of the flow field, especially in regions where turbulence and

combustion interactions are significant (i.e. near the flame front).

Figure 6.7: Flame isotherm-surface at 2000 K after 2.5 ms of ignition for stoichiometric hydrogen
flame at 360 K, 0.5 MPa, and u’= 6 ms*, (a) k-¢ and (b) LES simulation.

6.4.3 Turbulent burning velocity correlations

Two turbulent burning velocity correlations have been presented in Chapters 3 and 5, the U-
K (equation 3.39) and the Da/Le correlation (equation 3.41). The u is a function of u'k in equation
3.39. The u'k is calculated from equation 3.40 to include the effect of running fans during the flame
propagation. The u’k equation is a function of fan speed and flame radius. Therefore, the rms
velocity in numerical simulation is changed as the flame radius increases to consider the running
fans' effect during the turbulent flame propagation. However, the u'k is not included in equation

3.41, which accounts for a constant rms velocity, the global u'.
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The LES model is used to simulate the spherical flame propagation at initial pressure 0.5
MPa, temperature 360 K, »’= 6 ms™, and ¢ = 1. The transport equation is used to calculate the
laminar burning velocity. The results showed that the U-K correlation agrees better with the
experimental flame propagation than the Da/Le correlation (Figure 6.8). The maximum difference
between the predicted flame radius and the experiments is 11% for the U-K correlation and 24%
for the Da/Le correlation. As discussed in Chapter 5, the U-K correlation accounts for the flame
wrinkling effect as a function of the flame kernel (u'k). The rms velocity in the Da/Le correlation
is taken as 6 ms™, while it was taken as a function of flame radius in the U-K correlation (lower
than 6 ms™). The high value of rms velocity in the Da/Le correlation increases the turbulent

burning velocity. Therefore, the U-K correlation has been chosen for further investigation.
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Figure 6.8: The flame radius vs time for experimental and LES simulation with two E calculations
(equations 3.39 and 3.41) for stoichiometric hydrogen flame at 360 K, 0.5 MPa, and u#’= 6 ms™.
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The LES turbulence model, with the U-K correlation and Sy transport equation, has been
used to simulate the propagation of the hydrogen flame (Figure 6.9). It has been noticed that the
slope of the experimental flame radius is concave upwards as time progresses while it declines in
the numerical simulation. Experimentally (as discussed in Chapter 5), the acceleration in the flame
propagation results from two factors: (i) as the flame kernel increases, the proportion of the
effective turbulent eddies increases [125, 127, 158], and (ii) as the flame radius reaches 60 mm,
the vessel pressure increases, reducing the Taylor scales and enhancing flame wrinkling. The E is
modelled using an algebraic equation based on the experimental correlation equation 3.39. The
first effect is accounted for in the model Z, which is in the u'x value (equation 3.40). However, the
second effect is not included in the current modelling. Equations 3.39 and 3.41 are derived using
the Schlieren technique, in which the flame propagation is recorded within limited optical access
(<60 mm flame radius). The images are recorded during the period of constant pressure [126]. This
means that equations 3.39-41 are valid only for flame radius <60 mm in the flame propagation at
constant pressure. Therefore, the present study recommends the U-K correlation for hydrogen/air

flame propagation at constant pressure conditions, such as in a gas turbine.
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Figure 6.9: Flame radius vs. time for experimental and LES simulation for stoichiometric hydrogen
flame at 360 K, (a) 0.1 MPa u’=2 ms?, (b) 0.5 MPa u’=2 ms* (c) 1 MPa u’= 2 ms*and (c) 1 MPa
uw’=6ms?

6.5 Velocity and Temperature Field
A stoichiometric hydrogen flame is used to analyse the velocity and temperature field.

Figures 6.10 and 6.11 present the temperature contours and flow velocity vectors after 3 ms of
ignition for different pressures and rms velocities. The burned mixture moves toward the centre,
while the flow ahead of the flame is accelerated radially outward due to the burned gas expansion.
A strong outwards velocity pulse ahead of the flame is generated due to the combined influences
of a high hydrogen burning rate and high volumetric expansion [65]. As the pressure and rms
velocity increase, the velocity ahead of the flame increases. This results from the high burning rate

(uy) at high pressure and rms velocity.
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The PIV measurements have reported the interaction between the turbulent flow and the flame

propagation in the spherical vessel [65].

As discussed in Chapter 2, the CFD simulation can provide information about the turbulent
flow that is difficult to obtain experimentally. Figures 6.12-6.14 present the velocity magnitude
for the radial line at times 1.5 and 2.5 ms with different pressure and rms velocities. The right Y-
axes represent the regress variable to identify the flame position (b = 0 burned gases, b=1 unburned
gases). The maximum velocity magnitude is within the flame when the mixture starts burning (b
=0.8-0.95). The peak value of the velocity is associated with the peak value of the pressure wave,
as shown in Figures 6.15-6.17. The pressure is not uniform in Figures 6.15-6.17 due to the
expansion of the burned gases, which pushes the unburned gases outward and results in dynamic
variation in the pressure field. In addition, a localized pressure variation can result from the local
variation in the flame surface area introduced by the wrinkling combustion factor. As reported in

the literature, the pressure gradient within the flame creates a velocity wave associated with it [45].

Moreover, the maximum velocity increases as u' increases (U_magnitude =15 m/s at u’= 2
m/s and U_magnitude = 28 m/s at "= 6 m/s (Figures 6.12 and 6.13). This is due to the increased
turbulent kinetic energy. The peak value of pressure increases for turbulent kinetic energy [45].
Another reason for the peak velocity difference is that as rms velocity increases, u rises, resulting
in an increased velocity pulse (the higher burning rate results in higher volume expansion). In
addition, the velocity at 1.5 ms is higher than at 2.5 ms for the same case, as can be seen in 6 ms”
1 0.5and 1 MPa. This is due to the wall confinement, which reduces the maximum velocity as the

flame approaches the wall.
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Figure 6.10: Temperature (K) contour and flow velocity vector ms* after 3 ms of ignition for
different pressures and rms velocities.
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Figure 6.18 presents the temperature distribution for a hydrogen flame at two time steps: the
initial pressure is 0.5 MPa, the temperature is 360 K, and the rms velocity is 6 ms™. The
temperature distribution during the swift flame propagation (hydrogen/air) is challenging to
measure. However, the present numerical model can predict the temperature during the hydrogen
flame propagation. Temperature prediction is crucial in practical applications such as gas turbines.
As reported in Chapter 1, the hydrogen in a gas turbine increases the flame temperature, resulting
in elevated equipment temperature and potentially NOx emissions [13]. Thus, gas turbine
manufacturers have applied different methods to achieve moderate flame temperature, such as
adding more air than stoichiometric and fuel dilution [13]. Moreover, when the hydrogen is
replaced by natural gas in a gas turbine, the enthalpy drops and the products' heat transfer
coefficient changes, affecting the turbine blades cooling system. Therefore, gas turbine designers
can use the current model (k-¢ or LES with U-K correlation) to predict the combustion chamber's

temperature distribution.
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6.6 Flame Wrinkling
Figures 6.19 and 6.20 present the flame isotherm-surface at 2000 K for different pressures

and rms velocities. The turbulent eddies stretch the flame by generating flame surface wrinkles
[186]. The turbulent flame wrinkling can be more significant in the following cases: (i) the
increased pressure and u' result in lower Taylor length scales (), and (ii) the mixture with high
laminar flame cellularity (lower Le, ¢ =0.5) has more turbulent flame wrinkling than the mixture

with low laminar flame cellularity (higher Le, ¢ =1).

The effects of pressure and rms velocity are shown in the current simulation. At ¢=1, the
flame is slightly wrinkled at low pressure (0.1 MPa) and low u’, while it is highly wrinkled at high
pressure and high u'. Thus, the flame surface is more wrinkled for 6 ms™ than 2 ms™. At 6 ms™
Figure 6.19, the flame surface structure is finer with an initial pressure of 0.5 MPa than 0.1 MPa.
As mentioned above, the increased pressure and rms velocity decrease the Taylor length scales,

resulting in significant flame wrinkling.

The flame wrinkling evaluation is essential in practical applications as it enhances the
burning and heat release rates. In the current model, the flame wrinkling is derived by the Z,
calculated based on the turbulent burning velocity correlation. The flame wrinkling is not shown
in the cases with ¢=0.5 for all rms velocities and pressures (Figure 6.20) due to low =, resulting
from low turbulent burning velocity. The flame wrinkling factor (£) is calculated using the
experimental turbulent burning velocities (equations 3.36-41). Looking back to Figure 5.7, the
turbulent burning velocities at ’= 6 ms™ are almost double those at z’= 2 ms™, and those at ¢=1
are double those at $=0.5. In addition, the model does not show a considerable difference in flame
structure between 0.5 and 1 MPa at «’= 6 ms (Figure 6.19). This is because the turbulent burning

velocity did not increase significantly as the pressure increased from 0.5 to 1 MPa (Figure 5.7).
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Therefore, the flame brush thickness in the simulations depends on the turbulent burning velocity.
If the model includes the increased u: with flame size, the flame brush thickness will grow with
the flame size; otherwise, when the model considers constant u: with flame size, the flame brush

will be steady.

2 ms? 6 ms?

0.1
MPa

0.5

MPa

1.0
MPa
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Figure 6.19: Flame isotherm-surface at 2000 K after 3ms of ignition for different pressures and rms
velocities (¢=1).

2 mst 6 ms?

0.5
MPa

1.0
MPa

Figure 6.20: Flame isotherm-surface at 2000 K after 3ms of ignition for different pressures and rms
velocities (¢=0.5).

6.7 Model Demonstration in a Simplified Gas Turbine-Like Configuration
This section aims to show the potential for practical application of the current model. This

simulation does not attempt to replicate full gas turbine conditions. Rather, it illustrates the model's
capacity to handle combustion scenarios relevant to gas turbine research, such as premixed
hydrogen/air flames under constant pressure. The current model can predict the temperature
distribution for premixed hydrogen/air flames at constant pressure conditions (suitable for gas
turbine applications). Siemens Gas Turbine (SGT-100), Dry Low Emission (DLE) combustor, was

selected as a model in the present study (figure 6.21) [187].
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The reasons for choosing this model are that (i) the Siemens research group has extensively studied
this combustor [188-190], (ii) they recently advanced this combustor and ran a gas turbine with
hydrogen/air [190]. However, the actual dimension and experimental results of this novel
combustor have not yet been published. The validation of this simulation will be postponed until

the experimental results of the hydrogen/air gas turbine are published.

The present study numerically simulates the flame zone in the SGT-100-DLE combustor
using OpenFoam software and takes the dimensions from [187] (Figure 6.21b). The following
simplifications are applied to the model to reduce the computational cost: (i) the radial swirler air
inlet (installed ahead of the combustor) is not modelled instead, the swirlFlowRatelnletVelocity
boundary condition is used, and the fuel/air inlet is assumed to be fully premixed, (ii) the transition
outlet is not modelled, and (iii) the asymmetric geometry of the flame zone has been modelled

(figure 6.22).

a b preheated air
Panel-air-inlet «™ Q —y ﬁ!
Air-inlet 3

Flame Zone

Figure 6.21: Siemens Energy SGT 100, DLE combustor [187], a) 3D combustor, and b) cross section
combustor.
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Figure 6.22: The modelled flame zone.

A global structured mesh of 1.956 million elements was generated for the calculation
domain. The calculation domain includes only a premixing section (flame zone). The k-¢
turbulence model associated with the flame wrinkling (£) combustion model has been used. In the
source term of the transport ‘b’ equation, the U-K correlation is used for the turbulent burning
velocity, and Sy= u for the laminar burning velocity. The stoichiometric hydrogen flame at 0.5
MPa, 360 K and «’= 2 m/s are adopted in this simulation. The gradient of any variable is zero on
the symmetry plane. The initial mixture temperature is 360 K, the same as the wall's. Table 6.1

presents the boundary conditions for the current simulation.
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Table 6-1: The initial and boundary conditions of the numerical simulation

intensity 0.05;
value uniform 1;

uniform 0.00754;

Variable Inlet Wall Symmetry Outlet

Pressure zeroGradient zeroGradient symmetrPlane zeroGradient

Temperature | fixedValue; zeroGradient symmetrPlane zeroGradient
uniform 360;

Velocity U swirlFlowRatelnletVelocity; fixedValue; symmetrPlane zeroGradient
Flow rate constant 0.151; uniform (0 0 0);

k Fixed value; kLowReWallllFunction; | symmetrPlane zeroGradient
Uuuniform 1; uniform 1,

epsilon terbulentInletKineticEnergylnlet; | epsilonWallFunction; symmetrPlane zeroGradient

The present model and correlation can provide the location of heat release, near-wall gas

temperatures, combustion dynamic and exit temperature, which are essential for gas turbine

designers. Figure 6.23 presents the temperature contours for the combustor at different time steps.

Figure 6.24 illustrates the velocity (U ms-1) after 2 ms of the ignition. The velocity profile follows

the temperature distribution profile, as discussed in the spherical flame (section 6.5).

From the initial results, the following steps need to be carried out in future work to get

reliable numerical results:

1

2

developed and turbulent. This increases the computational cost and time.

3

4

The mesh dependency needs to be validated.

The transition outlet needs to be added to the model.

The turbulence is not fully developed, so the inlet needs to be extended to become fully

The results need to be validated with experimental data for hydrogen/air combustors.
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Figure 6.23: The temperature contours at different time steps for the stoichiometric hydrogen flame
at 0.5 MPa, 360 K and #’= 2 ms™.

U (am/s)

= B3 & S

1 T

08
-00L

(W) @2upjsip [oIpoY

|

apnyuBop =

Figure 6.24: The velocity at 2 ms for the vertical line shown in Figure 6.23 at ms

6.8 Chapter Conclusion
The flame surface wrinkling combustion (£) model has been used to simulate the turbulent

spherical flame propagation of a hydrogen/air mixture. The experimental correlation for the
turbulent burning velocity is used to calculate the source term in the transport equation for the
density-weighted mean reaction regress variable ‘b’. The different components of the numerical
model (the laminar burning velocity, combustion and turbulence model, and the turbulent burning

velocity correlation) have all been tested and validated. The following conclusions can be drawn:
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Although the k-¢ and LES models agree well with the experimental result, LES is

preferred in the flame surface wrinkling investigations.

The LES simulation with the combustion model that uses the transport equation for Sy
provides better agreement with the experiments than for constant laminar burning

velocity.

The k-¢ simulation with the combustion model that uses a constant laminar burning
velocity provides better agreement with the experiments than the transport equation for
Su.

The U-K correlation agrees better with the experimental flame propagation than the

Da/Le correlation.

From the flow field investigation, the maximum velocity was found at b=0.9. This

velocity was associated with the pressure wave in the spherical flame propagation.

The maximum velocity increases as u' increases due to the increased turbulent Kinetic
energy. The peak value of pressure is more significant for higher turbulent Kinetic

energy.

The increased pressure and u' result in lower Taylor length scales (1), leading to

considerable flame wrinkling.

The flame wrinkling is associated with the high turbulent burning velocity. Therefore,

the turbulent burning velocities control the flame wrinkling in the current model.

The current k-e model associated with the wrinkling combustion model has been applied
to simulate the flame zone in SGT-100. However, this simulation was not completed and

left for future study due to the absence of experimental results.
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Chapter 7: Conclusion

The present study has investigated laminar and turbulent premixed flames of methane-
hydrogen-air mixtures at elevated initial pressures up to 1.0 MPa, at initial temperatures (303 K
and 360 K), and over a wide range of equivalence ratios. Measurements were conducted in the
Leeds fan-stirred spherical combustion vessel (MK-I1). The laminar and turbulent measurements
were used as inputs to a numerical model to simulate turbulent flame propagation. The conclusions

of this work can be drawn as follows:

1- The laminar burning velocities for Ho/CHa/air mixtures derived in previous studies [73,
75, 81, 85, 97] were limited to low initial pressure and a narrow range of Ho/CHa/air
mixtures. However, the present study includes a much wider range of Hx/CHoa/air
mixtures at a high initial pressure. The pressure effect on the laminar burning velocity
has been discussed in terms of the net reaction rate and the production of the active
radical species (O, H, OH). Databases for laminar burning velocity, Markstein/length/-
number, flame thickness and critical flame radius have been provided. The experimental
data can serve as a valuable resource for kinetics researchers since the laminar burning
velocity at high initial pressure is used to evaluate kinetic reaction mechanisms, which
could be subsequently employed in the simulation of practical engineering applications.
In addition, the laminar burning velocity can be used as input to a combustion model.
The simulation results were compared against the experimentally derived laminar
burning velocities. The experimentally derived laminar burning velocities agree with
predictions based on recently developed H2/CH4 mechanisms within the San Diego,

Konnov and Aramco2.0 models.
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Although the agreement between numerical and experiment becomes poorer for rich-
pure hydrogen explosions at high initial pressure, predictions remain within the limits of

uncertainty in the experimental results.

An extensive database of turbulent burning velocities for hydrogen/air and
hydrogen/methane/air has been presented. The turbulent burning velocity dependency
on pressure, temperature, stretch rate and root mean square (rms) velocity have been
quantified and discussed. This study is significant because the existing data on high-
pressure turbulent flames, such as one may expect in a hydrogen-fuelled spark-ignition
car engine or an industrial gas turbine, are scarce. In addition, the emphasis was put on
the study of hydrogen-air flames, and this study is timely given the potential of hydrogen
to replace hydrocarbons derived from natural gas and crude oil. Previous experimental
studies [14, 80, 138, 146-148, 191] have limited focus on turbulent flame propagation
for hydrogen/air and methane/hydrogen/air mixtures, particularly at high-pressure (10
bar) and high turbulence (z’ = 10 ms™) conditions, which are most relevant to hydrogen-
fueled ICEs and industrial gas turbines and burners. Moreover, this study revisited the
previous U/K diagram [66, 135] and plotted new data. The latest data is situated in the
regime considered unstable in Bradley’s earlier studies. In addition, this study provided
a new U-K correlation based on May, instead of Masr. Masr is derived for mixtures with a
unity Lewis number, which does not apply to the current fuel/air mixture. New
correlations for turbulent burning velocity have been produced for a flame with a non-
unity Lewis number, including all parameters that affect the turbulent burning velocity.

These correlations have been used to simulate the hydrogen turbulent flame propagation.
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The turbulent flame measurements have shown that the laminar burning velocity
dominates over the turbulent eddy effects on ut. Therefore, chemical reactivity precedes
the effects of stretch and flame instability. In addition, the assertion that positive stretch

(negative May) consistently increases turbulent burning velocity is not universally valid.

Computational Fluid Dynamic (CFD) tools have been used to obtain temperature, flow
velocity, and flame wrinkling, which are difficult to measure for swift flame propagation.
The laminar and turbulent measurements are used in the numerical simulation to achieve
a combustion model that can capture the hydrogen/air turbulent flame propagation at
high initial pressure. The numerical model was evaluated by simulating the spherical
turbulent flame propagation using the flame wrinkling (£) model. Different parameters
have been tested to assess the numerical model (the laminar burning velocity,
combustion and turbulence model, and the turbulent burning velocity correlation). In the
LES simulation, the maximum predicted error in the flame radius is around 13% for the

u = transport equation and 22% for Sy = ui. However, the maximum predicted error in
the flame radius is around 25% for the Sy = transport equation and 16% for Sy = uyin the
k-¢ simulation. Moreover, the maximum difference between the predicted flame radius
and the experiments is 11% for the LES simulation using the U-K correlation and 24%
for the Da/Le correlation. The U-K correlation agreed with the experiment better than
the Da/Le correlation because the U-K correlation accounts for the flame wrinkling effect
as a function of the flame kernel (u'k). Both k-¢ and dynamic-K-equation LES models
have agreed well with the experimental results. However, LES has provided more

information about flame surface wrinkling.
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The U-K correlation performed well when used to calculate the source term in
combustion modelling. The current numerical model can be used to predict the field
temperature and velocity for combustion systems at constant pressure conditions, such
as gas turbines. Therefore, the present study has made recommendations, which are given

below.

The findings of the present study have essisial implication for practical combustor design
and pollutant control. The primary contribution of this work is the development of an
experimentally derived turbulent burning velocity correlation under high-pressure and
high-turbulence conditions relevant to modern engines. This correlation directly impacts
the prediction of flame propagation speed, which is a key parameter in the design of
premixed or partially premixed combustion systems such as gas turbines, internal
combustion engines, and hydrogen-fueled burners. In practical terms, the ability to

predict turbulent burning velocity with higher accuracy allows engineers to:
a- minimizing flashback and blow-off risks in lean-premixed systems.

b- design compact combustion chambers with controlled flame speed to reduce

NOx formation.

c- tune operating conditions (pressure, equivalence ratio, turbulence level) to strike

a balance between efficiency and emissions.
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Though detailed chemistry was not resolved in this work, flame speed correlates with
the flame temperature and local equivalence ratio, both of which are tightly coupled to
NOXx formation, especially in hydrogen combustion. By improving the understanding of
how turbulence influences flame speed under high-pressure conditions, this study
indirectly informs strategies for NOx mitigation, such as operating in lean regimes with
optimized flame stabilization. Furthermore, the empirical correlation developed here can
be integrated into RANS or LES combustion models for combustor design, where
computational cost prohibits the use of detailed chemistry. The flame speed model thus
bridges the gap between fundamental flame dynamics and system-level combustion

performance prediction.

7.1 Future work and recommendations

7.1.1 Experimental work

1-

The laminar burning velocity for hydrogen/air mixtures at high initial pressure (1 MPa)
cannot be derived in the present study due to the flame instabilities. This data is essential
for kinetic validation. This could be done by deriving the laminar burning velocity at
constant pressure or replacing the nitrogen with an inert gas (Argon or Helium) to
suppress the flame instabilities. Therefore, the present study recommends this area for

future research.

Post-processing of the Schlieren images will be performed to quantify the turbulent flame
wrinkling under different initial conditions. With the advancement of artificial
intelligence and neural networks, images can be analysed for accurate quantification of

flame wrinkling.
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Particle Image Velocimetry (PIV) and Planar Laser-Induced Fluorescence (PLIF) are
proposed to further enhance the accuracy of flame measurements. PIV could be
employed to obtain spatially resolved velocity fields, which would enable a more
accurate quantification of turbulent intensity. However, the applicability of PIV is
limited in the present study due to high operating pressures and rms velocity, which
challenge seeding particle tracking, and image resolution. Additionally, PLIF provides
an accurate determination of the reaction position. The Schlieren, PLIF, and PIV could
be combined to improve the understanding of flame-turbulence interactions in future

studies.

7.1.2 Numerical work

1-

The simulation for Siemens Gas Turbine (SGT-100), Dry Low Emission (DLE)

combustor can be finalized using LES and k-¢ turbulence models.

The mesh dependency for k-¢ needs to be validated. It must be noticed that around 25
million elements need to be developed to run for the current model size with the LES

model. As a result, more computational time will be required to run the LES simulation.

The inlet boundary condition needs to be modified to obtain fully developed turbulence.

This increases the computational cost and time.

The transition outlet must be added to the model.
The dimensions of the actual hydrogen/air gas turbine combustor can be sought, and the

numerical results must be validated with experimental data on hydrogen/air combustors.
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