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Abstract

This thesis presents an experimental investigation of turbulent explosions result-
ing from hydrogen enriched fuel blends in an obstructed flame tube facility. The
influence of mixture reactivity and thermal radiation induced ignition in turbulent
explosions were studied followed by a quantification of the flow field development.

Fuel lean binary Hy/CO, Ho/CH,4 and ternary Ho/CH4/CO mixtures were first
studied in a two-obstacle configuration to assess the impact of mixture reactivity
on explosion overpressures and flame speeds. The mixture reactivity was varied by
introducing different Hy substitutions at equivalence ratios of 0.80, 0.60 and 0.40.
The results highlight significant differences in explosion behaviour between the
two blending components, with CO mixtures providing substantially higher over-
pressures than the corresponding CH4 blends. The results suggest that methane has
a mitigating effect up to comparatively high hydrogen blending fractions and that
synergistic effects between fuel components need to be taken into account. A new
scaling parameter () is proposed that successfully linearises the peak explosion
overpressure between different fuel blends in response to the hydrogen concentra-
tion. A scaling based on acoustic theory shows good agreement with experimental
data and a simple method for estimating the overpressure change caused by varia-
tions in the mixture reactivity in a fixed geometry is also evaluated.

The impact of thermal radiation induced ignition was explored in fuel lean
Hy/CH4/Air mixtures with a continuous wave laser operating in the near infrared
as the radiation source and acetylene black particles as the radiation target due
to their relationship with soot emissions. Influences of ignition location and ig-
nition delay time were studied. The results show that the ignition kernels caused
by irradiated particles can be successfully entrained into the main flow and/or re-
circulation zones formed around obstacles and cause multipoint explosions. The
resulting relationship between fuel consumption ahead of the advancing flame and
the evolution of the strength of the explosion was shown to be complex and typ-
ically lead to increased explosion durations with reduced peak pressures. The

complex effect of forward radiation induced ignition on the pressure development



stems from the interactions of the two explosion kernels resulting in two sharp
pressure rises separated by a quasi-stable stage with a duration depending on the
radiation induced ignition time. The total impulse was estimated by integrating the
instantaneous pressure over time and the results show different characteristics for
different configurations.

The mixture reactivity also affects turbulent explosions indirectly via turbulence-
chemistry interactions in the critical recirculation zones behind the obstacles. The
flow field development was therefore quantified in a two obstacle configuration
using high-speed (10 kHz) particle image velocimetry (PIV), time-series PIV and
Mie scattering in Hy/CO/Air and Ho/CH4/Air mixtures with Hy substitution levels
of 50%, 80% and 100% for a fixed stoichiometry of 0.60. The time-resolved evo-
lution of the recirculation zone behind the second obstacle was successfully cap-
tured with the explosion over-pressure and flame propagation speed also measured.
Data is presented for the mean horizontal (%) and vertical (v) velocity components
at 24 spatial locations for each mixture along with the translational velocities of
the shear driven recirculating eddies. It is shown that, despite large differences in
flow velocities and over-pressures, the impact of the mixture reactivity on the tem-
poral evolution of the flow field evolution can be approximately normalised using

a dimensionless time scale.
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1. Introduction

Energy is essential for economic development and human civilisation. With the
development of knowledge and technology, renewable energy such as solar energy
and wind energy is being increasingly used, but still the majority of the energy
consumption comes from fossil fuel. Due to the unbalanced distribution of fossil
fuel on the earth and, practically, the need for large energy supply in a short time,
transport over long distances and the subsequent storage on a large scale becomes
a necessity. Such storage sites feature a high energy density and are capable of
maintaining a stable energy supply. However, it also creates huge risks to the sur-
rounding facilities, properties and human lives in case some unexpected accidents
happen. Vapour cloud explosions (VCEs) are an associated hazard that receives
more and more attention. In this chapter, a general description of VCEs is given
followed by the methods to estimate the possible damage. The flame propaga-
tion speed and the resulting overpressure time history are critical parameters in
estimating the resulting damage, and are discussed in the context of the flame ac-
celeration process. Studies on radiation induced ignition are reviewed due to the
possible augmentation effect in VCEs. This chapter ends with an outline of this

thesis.

1.1. Vapour cloud explosions

In large fuel storage sites, a vapour cloud can form when a leakage presents. Leak-
age may occur because of a facility defect, failure of a container resulting from
erosion, improper or careless operation or some other unexpected reason. When
a leakage occurs, flammable gases or liquids will blend with the air, forming a
highly explosive cloud typically covering a large area. The amount of flammable
mixture relates to the leak time. An accidental ignition source such as a spark, ac-
cumulated static electricity, or even a high temperature object can ignite the cloud,
leading to a serious explosion.

Vapour cloud explosions draw increasing attention due to the devastating impact
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and the frequency of such explosions. Understanding the mechanisms behind such
explosions is paramount in explaining, mitigating and, ultimately, avoiding such
accidents. The choice of the storage site, the design of the facilities, the materi-
als used, etc. could all be affected by considering the impact of such explosions.
Additional sensors might need to be installed to monitor the related parameters
and extra safety measures might be required need to be taken in case of accidents.
A risk assessment cannot be comprehensive without considering the possibility of
such explosions and the related safety measures taken. A number of such explo-
sions have occurred in the past. Strehlow [[1]] and Lewis [2[] presented a detailed
and comprehensive review, including the time, location, fuel type, leaking dura-
tion, the amount of fuel leaked, size of the vapour cloud, possible reasons, as well
as injuries and casualties. These accidents happened both onshore and offshore
and the leaked fuels cover a large range from very reactive fuels such as hydro-
gen and ethylene to less reactive fuels like propane and methane, and to mixed
hydrocarbons. The damage of a vapour cloud explosion not only comes from the
overpressure generated, but also from the fires that follow.

While VCEs cause tremendous losses, they also provide myriads of valuable
data, which is of great help in setting light upon the mechanisms and estimating

the potential damage.

1.2. Estimating the damage from VCEs

Most of the vapour cloud explosions produce blast waves of various magnitude,
which together with the fires that (may) follow, are the main cause of damage. The
extent of the damage depends on many factors, some of the important ones are the
fuel type, the amount of the substance escaped, the equivalence ratio, obstacles in
the flame propagation direction and the ignition source. A qualitative description
is far from enough in activities such as designing a fuel storage or carrying out
a thorough risk assessment. Therefore, building models to estimate the damage
quantitively becomes a necessity.

Vapour cloud explosions are essentially very complex physical-chemical pro-
cesses. The fuel type, the equivalence ratio affect the chemical reactions. The
shape and size of the cloud, the ignition location and the obstacles influence the
fluid dynamics. The interactions between the flame and obstacle, between the
chemistry and turbulence, between flame and shock waves make it much more

complex. The difficulties also lie in the wide range of time and length scales. The
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actual size of the cloud is on the scale of metres or kilometres while the smallest
turbulent eddy falls on the sub millimetre scale. Significant differences exist in the
time scale of mixture formation and the fast chemical reactions. Further more, the
cloud cannot be totally homogeneous in reality. Stratification will occur resulting
from the differences in the density of the fuel and air. The state of the gas mixture
might be premixed, non-premixed or partially premixed. When liquid fuel exists,
evaporation has to be considered as well as multi-phase fluid dynamics.

Despite the seemingly unconquerable difficulties, a number of models are avail-
able to date to estimate the damage from gaseous explosions and they are well
reviewed by several researchers [3H7]. These models can be formed into three cat-
egories, namely empirical models, phenomenological models and computational
fluid dynamic (CFD) models.

Empirical models are based on experimental data and contain little or no physics.
These models are usually very simple, straightforward, time efficient and do not
need accurate input, but the results can be very inaccurate, or even misleading [4]].
However, they are still widely used in industry because of their simplicity. The
TNT-equivalency method was among the first prediction models and has been used
for many years. It depicts the explosive potential of the vapour cloud by converting
it to an equivalent charge weight of TNT whose blast data is known from exper-
iments [4]]. In order to calculate the equivalent weight of TNT, an empirically
determined efficiency factor is used which can introduce vast discrepancies in the
resulting overpressure. There also exist fundamental differences between the blast
wave from a vapour cloud explosion and a TNT explosion, especially in the near
field [8]]. Typically, a vapour cloud explosion generates a smaller explosion over-
pressure with a longer duration and higher impulse than a blast wave from TNT
explosions [4]. In far field, however, the TNT-equivalency method can be used to
estimate the possible damage. Later, it was realised that the overpressures in VCEs
are generated only by part of the cloud which is confined or partially confined and
this gives a good reason for the advance of TNO Multi-Energy Method [9]. The
part of the cloud that is confined or congested is modelled separately using a 1-D
explosion model, in which a hemispherical cloud of stoichiometric concentration
and a constant flame speed is assumed. If there are more than one part of the cloud
that is confined or congested, then they should be modelled separately. The dif-
ficulty in this method lies in the estimation of the initial blast wave. Apart from
these two commonly used methods, there are many other models available such
as the Baker-Strehlow Method, the Congestion Assessment Method and the Sedg-
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wick Loss Assessment Method as summarised in the Health & Safety Laboratory
report by Lea and Ledin [[7].

Phenomenological models are simplified models which include only the essence
of the physics of an explosion. Detailed conservative equations are not solved, but
rather empirical correlations are used. The geometry is generally quite simple,
usually a rectangular chamber with turbulence generating grids to represent the
obstacles. In terms of both the cost of the simulation results, it falls somewhere
between empirical correlations and CFD simulations. The SCOPE (Shell Code
for Overpressure Prediction in gas Explosions) model is one such model devel-
oped by Shell Global Solutions [10]. Explosions in venting conditions can be
modelled with the external explosion considered. The turbulent burning velocity
is calculated based on experimental correlations while the flame surface area en-
hancement after passing the grid is based on CFD results. Further details of this
method, the basic differential equations, empirical correlations and the hierarchi-
cal structure of the model are given by Puttock et al. [10,/11]]. Lowesmith et al. [[12]
used this model with slight modifications to predict the explosion overpressure and
the flame speed in vented confined explosions involving methane/hydrogen mix-
tures and good agreement was found with the experimental results. One drawback
linked with this model is that it can only calculate the scenario where ignition oc-
curs at the rear end of the closed chamber opposite side of the vent. CLICHE
(Confined LInked CHamber Explosion) code is another phenomenological model
developed by Advantica Technologies Ltd. [[7], which is capable of predicting the
overpressure from explosions where a sequence of chambers are interlinked. Be-
sides, there is no restriction on the ignition location, making it more closely related
to a practical explosion scenario.

Computational fluid dynamics models simulate explosions by numerically solv-
ing all the conservative equations within a discretised domain. The advantage over
the previous two is that it can give the largest amount of information on the flow
field, the velocity, the temperature, density and, of course, the pressure. Such
methods can in principle model the real geometry without simplification. The pre-
cision is also the highest among the three. However, it is very time consuming and
needs powerful computing sources, which makes it infeasible for large scale plants
or fuel storages. Furthermore, the physics and chemistry applied in such models
remain conjectural.

The flame speed is an important parameter in all models. The explosion over-

pressure is generally accepted to be proportional to the heat release rate, which is
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directly related to the flame speed. Therefore, the flame acceleration in an explo-
sion scenario is extremely important for an accurate estimate of the damage and a

detailed, comprehensive description of the flame acceleration is necessary.

1.3. Flame acceleration leading to explosions

In a vapour cloud explosion, it is generally assumed that ignition occurs at a single
point and is followed by coherent flame propagation through the rest of the cloud.
The chemical energy stored in the fuel is released in the combustion process. The
rate of energy release and the extent of potential damage is thus related to the
consumption rate of the fuel, which is directly related to the burning velocity, the
speed at which the flame front moves, normal to its surface relative to the unburned
gas mixture [|13]].

Typically, the flame in an explosion propagates in two distinct modes, known
as deflagration and detonation. In deflagrations, the flame propagates at subsonic
speeds, and the propagation is governed by (turbulent) heat transfer and diffusion.
No appreciable changes in pressure are observed in low speed deflagrations. In det-
onations, however, the flame propagation can reach speeds from 1000 to 3500 m/s
depending on the mixture. The chemical reactions in a detonation are triggered
by the fast compression of the flammable gases and the resulting temperature rise
from the shock wave. The detonation wave is in turn sustained by the energy
released from the chemical reactions. The detonation velocity for stoichiometric
hydrocarbon mixtures is roughly 2000 m/s. The high overpressure associated with
the high flame speed can cause devastating damage [/13]].

Detonations can be triggered indirectly via a weak ignition followed by flame
acceleration and transition from deflagration to detonation (DDT) or directly by a
strong ignition source. Most of the VCEs in history did not involve a detonation
except two possible cases, Port Hudson and Bruailles incidents [4]]. In the former
one, a dense, stable and slowly dispersing cloud of propane of about 60 tonnes,
covering an area of 10 acres, was formed [2]. It was ignited after around 24 min
by a refrigerator spark in a concrete blockhouse and the venting of the explosion
provided a strong and turbulent ignition source for the remaining cloud, which
triggered the possible detonation, or quasi-detonation. In the Bruailles incident,
ethylene, which is highly reactive and has a wide detonable limit, was leaked. The
leak was from a high pressure pipeline, therefore the ignition probably occurred in

highly turbulent conditions, which would favour the transition to detonation [4]].
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Starting from an initial flame kernel, where the flame propagates at the laminar
burning velocity, typically less than 1 m/s, to the final fast deflagration or detona-
tion, where the flame travels at a few thousand m/s, numerous factors can attribute
to the flame acceleration process.

Considering a freely propagating flame in a laminar flow, the flame speed normal
to its surface relative to the unburnt gas is called the laminar burning velocity [14].
It is a property of the mixture alone and mainly depends on the gas type, equiv-
alence ratio, initial temperature and pressure as well as the stretch caused by the
flow. For most hydrocarbons, the laminar burning velocity is in the range of 0.3
— 0.7 m/s. This is the velocity at which a fixed observer would see a flame travel
through a stagnant mixture in a fully open-ended tube. The mass conservation

across the flame front gives

puST = py(ty + Sp, — up) (1.1)

in which, u,, and u;, are the velocities of the unburned and burned gas respectively,
py and pyp the corresponding density and S, the laminar burning velocity. The

expansion ratio 7 is defined as

r=t_1 (1.2)
Pb
Substitute into Eq. (I.T)) and we have
Uy = Up + TSI, (1.3)

In cases where the burned gas is prevented from moving, for instance, the centre-
ignited VCEs and flame propagation from the closed end of a tube (the case in the

current experiment), u, = 0, thus
Uy = TSI, (1.4)

A fixed observer would see the flame travel at the burning velocity augmented by
the expansion ratio. A typical value for the expansion ratio would be 7 so that
laminar flame speed is in the range of 2 — 5 m/s.

Turbulence plays an important role in the flame acceleration. Turbulent combus-
tion, until today, remains one of the most intensively studied but least understood

phenomenon in combustion research [15]]. Turbulent flow is characterised by vor-
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tices of various scales. The energy is transferred from large scale eddies to smaller
ones down to the Kolmogorow scale where the energy is consumed by friction.
These eddies can wrinkle, penetrate and even tear the flame front, enlarging the
flame surface area and the burning velocity considerably. The interactions be-
tween the turbulent eddies and flame structure characterise turbulent combustion
into several combustion regimes [16]. The eddies also enhance the mixing pro-
cess and promote heat and mass transfer, which also results in an increase in the
burning velocity.

The turbulent burning velocity, defined as the approach velocity of the turbulent
flame brush relative to the unburned mixture, unlike the laminar burning velocity,
largely depends on the flow condition, i.e. the turbulence intensity [[14]. It is a
fundamental and paramount parameter in turbulent combustion and considerable
amount of effort has been devoted regarding to the definition, measurement, cor-
relation and prediction of the turbulent burning velocity [[17-H20].

Obstacles in the propagation path can accelerate the flame considerably by in-
troducing turbulence in the recirculation zone behind the obstacle. Turbulence will
increase the rate of heat release due to interface wrinkling resulting in an increased
flame front area. The result is an increase in the flow velocity, in turn, causing
stronger turbulence, which further increases the rate of heat release. This positive
flame acceleration feedback mechanism has been well established [21,22]]. Mean-
while, the geometrical increase of the flame surface also plays a role in obstructed
channels [15]]. In earlier work, Chapman and Wheeler [23]] photographed the
CHy4/Air flame propagation in a round tube with and without restrictions, finding
that the flame accelerated significantly faster in the case with restrictions. Moen
et al. [21]] obtained flame speeds up to 130 m/s in stoichiometric methane-air mix-
tures — around ~24 times the flame speed observed in the absence of obstacles.
Wang et al. [24]] studied the influence of blockage ratio in flame acceleration and
reported that a larger blockage ratio benefits the flame acceleration accompanied
by a stronger heat dissipation, so the final effect relies on competition between the
two factors. Shchelkin spirals [25}26]] were used by Lindstedt and Michels [27]],
showing an improved performance in flame acceleration due to the reduced mo-
mentum losses. Na’inna et al. [28]] and Gamezo et al. [29] reported that the sep-
aration distances of obstacles have a significant influence on the flame propaga-
tion speeds. Chan et al. [30] further investigated the effect of the confinement in
an obstructed rectangular channel with a top perforated plate featuring different

opening areas to provide different degrees of confinement. The results show that
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flame acceleration in an obstructed tube was compromised by the venting. A quan-
titive description of the flame-obstacle interaction was given by Sakthitharan [31]]
and Lindstedt and Sakthitharan [32]]. Time resolved velocity measurements were
carried out using Laser Doppler Anemometry (LDA) in a rectangular tube with
a baffle-type obstacle. Turbulence production and the dissipation rate of the tur-
bulence were estimated. The turbulence within the recirculation zone behind the
obstacle was found to be essentially isotropic while anisotropic turbulence was ob-
served within the shear layer at the time of the flame arrival. The peak pressure
observed coincides with the final burnout of the gas pocket behind the obstacle.

The enhancing effect of obstacles is significant, but the flame speed slows down
immediately after the obstacle as pointed out by Moen et el. [21]]. Lee et al. [33]]
studied the flame acceleration in a round tube consisting of a three-meter’s obsta-
cle section close to the ignition followed by an eight-meter smooth obstacle-free
section. Hydrogen diluted with air was used with Hy concentrations from 10% to
45%. Different obstacles including Shchelkin spirals and orifice plates with vari-
ous blockage ratios were used. Flame acceleration was observed for all cases in
the obstacle section. Upon entering the obstacle-free section, a remarkable drop
in the flame speed was observed for hydrogen concentrations up to 20% although
the flame may re-accelerate later in the smooth tube or decay depending on the hy-
drogen concentration. For Hy concentrations larger than 25%, no deceleration was
observed because a quasi-detonation (see next page for its definition) had already
been achieved in the obstructed section.

Repeated obstacles, however, can accelerate the flame speed continuously and
even trigger a transition from deflagration to detonation [27,34-36]]. Lee et al. [37]
studied this phenomenon thoroughly with a wide range of hydrocarbon-air mix-
tures in tubes of different diameter and different blockage ratio. A steady-state
terminal flame speed was believed to be achievable in obstructed tubes, based on
which, four regimes were determined, the choking, quasi-detonation, Chapman-
Jouguet (C-J) detonation as well as the quenching regime [38]]. Kuznetsov et al. [39]
photographically visualised the turbulent flame propagation and different regimes
in obstructed tubes. In the choking regime, the flame accelerated to a terminal
velocity at the order of the sound speed in the combustion products, i.e. 600 —
1000 m/s. Ciccarelli and Dorofeev [15] pointed out that in a smooth tube, a flame
accelerating to such a flame speed usually transits to a detonation, while in ob-
structed tubes, the turbulence can sustain such a flame velocity without DDT. The

shock wave ahead of the flame front in this regime dispersed in all directions due
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to the complex reflections from the obstacles. Chue et al. [40]] proposed that this
complex shock-flame structure can be modelled as a Chapman-Jouguet deflagra-
tion and argued that flame propagation in this regime was more governed by the
mixture energy content rather than turbulent transport rates. This is supported
by the experimental observations that the tube diameter and wall roughness does
not affect the final steady flame velocity. Another regime is the quasi-detonation
regime, where the flame propagates at close to the C-J velocity, but with a deficit
and the larger the blockage ratio, the larger the velocity deficit. The deficit is ex-
pected to be caused by the enhanced heat and momentum loss associated with the
obstacles since in a smooth tube, the velocity deficit is very small, about 1% — 2%
due to the boundary layer effects [15]. Further acceleration leads to the normal
C-J detonation regime where a shock wave is formed and coupled with the reac-
tion zone immediately after it. The quenching regime, in the experiment of Lee
et al. [37]], refers to the case where the flame became fully quenched after trav-
elling a short distance. This regime occurs for large blockage ratios and mixtures
approaching the flammable limits. These regimes have also been observed by other
researchers using different fuels and configurations (e.g. [22,29133]/41-45]).

In the experiments carried out by Kuznetsov et al. [4647]], a slow subsonic flame
propagation (~ 100 — 200 m/s) was observed besides the choked flame and deto-
nation, therefore, they categorised the flame acceleration as weak or strong. A set
of parameters were considered to be important in the flame acceleration behaviour,
such as the expansion ratio, ratio of specific heats, Lewis number, Markstein num-
ber and Zeldovich number [|15]]. A categorisation based on the expansion ratio and
Zeldovich number appeared promising [[15]].

Bradley et al. [48,149] recently suggested that there is another feedback mech-
anism promoting the flame acceleration process and it is more profound at high
flame speeds. The expansion of the combustion products builds up a shock wave
ahead of the flame front and there will be a sharp temperature rise in the unburned
mixtures when the shock wave passes. The mixture reactivity will increase due
to the temperature rise and so the turbulent burning velocity. Besides, there will
be a tendency for the Markstein number to decrease [50], which also increase the
turbulent burning velocity. The increased flame speed will further increase the
strength of the shock, which in turn increases the temperature rise. This mecha-
nism becomes more important as the flame speed increases, because the pressure
ratio associated with a slow flame is marginal.

Turbulence can increase the flame speed by increasing the flame surface area
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and the transport of the local mass and energy, but cannot increase to infinity.
When the turbulence intensity exceeds a certain level, quenching begins to have
an impact, which will compromise the flame acceleration. The burning velocity
can be enhanced by turbulence to a limited level of 10 — 20 times the laminar
burning velocity [15]]. Bradley et al. [48|] theoretically calculated the maximum
turbulent burning velocity a certain mixture can achieve and the findings agreed
well with the experimental results. The likelihood of DDT has also been estimated
by calculating the autoignition time of the mixture after the shock wave.

Flame instability also plays an important role in turbulence generation and flame
acceleration [50,51]. A planar flame is intrinsically unstable because of the Landau-
Darrieus (L-D) instability [52}|53]]. The hydrodynamic effects associated with the
expansion of the combustion products cause the initial slightly curved flame to
become more curved. A linear analysis reveals that the flame front is unstable to
perturbations of any wavelength, while the rate of growth is inversely proportional
to their wavelength, which means that small flame wrinkles grow faster than the
larger ones [54]. Another one is the diffusive instability which is caused by the
unbalanced diffusion of heat and mass. For a mixture with Le < 1, such instabili-
ties can increase the curvature of a slightly curved flame front and lead to unstable
flames. While for mixtures with Le > 1, it has the effect of smoothing the flame
wrinkles and stabilise the flame. In obstructed channels, the effects of L-D and dif-
fusive instabilities are relatively weak compared to Kelvin-Helmholtz (K-H) and
Rayleigh-Taylor (R-T) instabilities and the former might only play a role at the
initial stage of the flame propagation [15]. The K-H instability is associated with
shear flow featuring a large velocity difference across the interface [[55]]. The dis-
placement flow due to the expansion of the combustion products can attain high Re
numbers [32]], under which the sheared interface evolves into well-defined concen-
trated vortices [[56]]. The R-T instability develops when a lighter fluid is accelerated
towards a heavier fluid [57,58]]. Keenan et al. [59] introduced R-T instability as an
additional time-dependent combustion enhancing mechanism into the modelling
of premixed deflagrations, which led to closer agreement with experimental re-
sults. In obstructed channels, both K-H and R-T instabilities are triggered when
the flame is suddenly accelerated over an obstacle, leading to enhanced flame sur-

face area and burning velocity.
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1.4. Radiation induced ignition of explosions

Particles subjected to strong radiation can cause ignition of the surrounding ex-
plosive atmosphere and this could potentially augment the damage in large scale
vapour cloud explosions via additional multi-point explosion kernels. It can also
potentially increase the risk in mine industries since optical fibres have been in-
creasingly used for monitoring and remote control. Should a defect occur on the
fibre, the light emerged could cause serious explosions [60]]. Radiation effects are
also expected to be of potential importance in dust explosions [|60L/61]].

Moore and Weinberg [62] first proposed the radiation induced multi-point igni-
tion mechanism, which tries to explain the unexpected high overpressures in the
1974 Flixborough explosion. They stated that the forward thermal radiation from
hot combustion products in large vapour cloud explosions can cause multi-point
ignition ahead of the flame front via suspended particles, and therefore increase
the overall flame propagation speed considerably, leading to higher overpressures.
Later in their experiments, ignition was successfully achieved in propane/air mix-
tures using a continuous wave (CW) COs laser (operating at 10.6 ym) with a uni-
form radiation flux of up to 400 kW/m? over an area of 7.1 mm? [63}/64]. The
lowest radiation flux that achieved ignition was 100 kW/m?. By contrast, the black
body radiation from a stoichiometric flame was estimated [62] to be in the order
of 1 MW/m? assuming a flame temperature of 2000 K and unit emissivity. Adler
et al. [[65]] further extended the experiment using stoichiometric mixtures of a range
of hydrocarbons as well as of diethyl ether, carbon disulphide and hydrogen. The
results were presented in the form of the minimum flux as a function of the ignition
time. The minimum radiation flux was surprisingly low at 22 kW/m? for carbon
disulphide—air mixtures. Stamatov et al. [|66]] showed that the ignition delay was
inversely proportional to the radiation flux in methane/air mixtures using a AR+
laser operating at 514.5 nm to ignite alumina particles. Beyrau et al. [|60] and Had-
jipanayis [67]] used a CW laser diode operating at 808 nm =+ 2 nm to investigate
radiative ignition in the atmosphere of butane—air mixtures. Possible ignition was
shown for a range of carbon based materials including different carbon blacks,
graphite, the Cg( fullerene and diamond powder, as well as for non-reactive pow-
ders such as silicon carbide, iron-, copper- and silicon oxides. The ignition time
decreased with an increase in the irradiance and the shortest ignition time was
about 20 ms for acetylene black particles at an irradiance of 1.6 MW/m?. Com-

paratively, Hardee et al. [68] recorded a radiation flux of the order 450 kW/m?
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in CHy-air LNG fireballs, while Roberts [69] reported values in the range 140 —
450 kW/m? in LPG fire balls. Direct measurements by Roberts et al. [[70] showed
a maximum surface emissive power up to 556 kW/m? in a 1708 kg LPG non-
premixed fireball. Holbrow et al. [71] measured the thermal radiation from fire-
balls caused by dust explosions. Six types of dust were used and average surface
emissive powers of 227 kW/m? and 2900 kW/m? were obtained for coal and alu-
minium dust, respectively. The radiance on particles suspended ahead of a flame
front also strongly depends on the presence of soot, the flame temperature and, to
a lesser extent, the burnt gas composition. The influence of soot, fuel type, fuel-air
ratio as well as combustion pressure has been investigated by Lefebvre [72]. Had-
jipanayis et al. [[73]] estimated flame radiation from the major combustion products
(H20 and COs3) and a sensitivity analysis was performed to assess the impact of
the equivalence ratio, mixture pressure, flame temperature and soot fraction. It was
shown that the emissivity of gas-soot mixtures is mainly determined by the soot
concentration and to a lesser extent by temperature.

The particle size was found to have a significant impact on the time to ignition.
Specifically, finer particles led to shorter ignition times due to the higher surface
area to volume ratio which was found to reduce both particle and gas heating times.
Hadjipanayis found that finer particles feature an increased rate of temperature rise
under radiation [|67]].

Flammable particles and non-flammable particles can behave differently. Moore
and Weinberg [[63}64]], based on the ignition behaviour of cotton wool (flammable)
and Kaowool (non-flammable), concluded that for lower radiation fluxes, flammable
particles ignited first while for larger radiation fluxes, non-flammable particles
ignited first. Further more, non-flammable particles can ignite propane/air mix-
tures almost throughout its flammable range while for flammable particles, igni-
tion could not be achieved near the rich limit. The reason was attributed to the
volatilisation of the particles, which forms a layer of gases beyond the rich limit
around the particles. Hadjipanayis [67]] found similar results that ignition could
be achieved across the whole flammability range of butane/air using silicon car-
bide particles, while near the rich flammability no ignition could be obtained with
carbon black. Beyrau et al. [74] suggested that for inert particles, this radiation
induced ignition is intrinsically thermal ignition and thus the temperature plays a
key role, while for reactive particles, it becomes complex because evaporation and
surface chemistry could have an impact. Time-resolved temperature measurement

under irradiance was carried out by Beyrau et al. [74] using emission spectroscopy
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concerning that the rate of the temperature rise and the equilibrium temperature
could directly relate to the ignition time. The ignition temperature was measured
with two different ignition regimes observed by comparing the temperature history
under radiation in both inert and explosive atmosphere. For non-reactive powders,
the ignition temperature falls within the range 1200 4 200 K obtained from pow-
ders with different particle sizes while for reactive powders, temperature appears
not to be the sole ignition criteria.

The above mentioned studies feature a relatively large radiation area compared
to the quenching dimension. Concerns on ignition caused by optical fibres leads to
other studies where particles are mounted onto the fibre tip directly, characterising
a much smaller radiation area. Hills et al. [75] and Zhang et al. [76] experimen-
tally ignited more than 300 gas/air mixtures using a CW Nd:YAG laser operating
at 1.06 pum as the radiation source. Both single-mode and multi-mode fibres were
used to deliver the laser beam with particles of Appin coal at different sizes tested.
No explosion was achieved in hydrogen/air mixtures using single-mode fibre be-
cause of the limited maximum power about 300 mW. When 100/140 pm multi-
mode optical fibre was used, ignitions were achieved typically within 100 ms of
illumination. They also examined the minimum power needed to ignite coal par-
ticles of 38 — 45 pum using a 50/125 pm optical fibre and a minimum power of
100 mW was found for hydrogen/air mixtures with 10% — 15% hydrogen. The
minimum power increased sharply near the lower flammable limit of 4%. A the-
oretical model was built to predict the ignition in hydrogen/air mixtures with the
ignition marked by the occurrence of a positive temperature gradient near the par-
ticle surface [75]. This model predicted that the minimum optical power needed
increased rapidly for particles less than 10 yum and larger than 60 ym which was
not in good agreement with experimental data indicating no clear relationships.
The predicted optimal hydrogen/air concentration of 13% for ignition with 40-pm
particles agreed well with the experimental results of 10% — 15%. Dubaniewicz
etal. [77)78]] studied the ignition in methane/air mixtures with the minimum energy
and time delay compared. A mixed manganese oxide ((FeMn)2O3) with a particle
size of 0.6 pm and black iron oxide with an average particle size of 0.4 ym were
used. Coal dust with a volatility of 37% and ash content of 6% was also tested.
It was found that using single-mode fibres, threshold ignition delay was approxi-
mately proportional to the inverse square of the igniting power. The smaller core
fibres required lower incident power for ignition than larger core fibres, but larger

power density.
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1.5. Thesis outline

This thesis is divided into six chapters beginning with a general description of
vapour cloud explosions. The flame acceleration process is discussed, focusing
on the enhancing effect of obstacles as a result of the importance of turbulence.
The augmentation of radiation induced ignition in large vapour cloud explosions
cannot currently be ruled out and thus a review was also presented in Chapter 1]

Chapter [2] elaborates the experimental facilities used in this thesis. The basic
facilities, a flame tube and the associated components, are introduced first. A
different configuration, specifically for the radiation induced ignition experiments,
is presented in the second section. A high-speed particle image velocimetry (HS-
PIV) setup is given afterwards with the measurement uncertainties analysed. The
chapter finishes with a description of the experimental procedure.

In Chapter [3] explosion overpressure and flame speed resulting from hydrogen
enriched binary (H2/CO and H2/CH,) and ternary fuels (Ho/CH4/CO) are pre-
sented. The significantly different behaviours of CO and CH,4 blended with hydro-
gen is highlighted. Scalings of the peak explosion overpressure are explored based
on a newly proposed mixture composition parameter (3) and acoustic theory.

Chapter [] presents the results of radiation induced ignition experiments. The
radiation ignition time scale was first explored under quiescent conditions using
fuel lean Ho/CH4/Air mixtures with different hydrogen concentrations. The influ-
ence of the secondary radiation induced ignition kernel on the overall explosion
overpressure development is discussed thereafter, focusing on the impact of radia-
tion induced ignition location and ignition delay time (7;4). The flame speed and
pressure impulse are also included due to the relevance in assessing the explosion
severity.

In Chapter [5] high speed particle image velocietry (HS-PIV) measurements in
the critical recirculation region behind an obstacle are presented. Both CO and
CH,4 blended with Ho were used considering the significantly different explosion
behaviour presented in Chapter [3| Time-resolved velocity data was obtained with
the influence of mixture reactivity studied. The comprehensive dataset obtained
shows the links between the flow field, flame speeds and the resulting overpressure.

Finally, Chapter [6] concludes the present study and gives suggestions for future

work.
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2. Experimental configurations

Any experimental configuration is mainly determined by its purpose, the param-
eters to be measured and the corresponding measurement techniques. It is also
restricted by the available space, safety considerations as well as cost. In this the-
sis, three main objectives to be achieved are (a) the quantitative of the explosion
behaviour (overpressure and flame speed) of hydrogen enriched fuels, (b) the im-
pact of radiation induced ignition in turbulent explosions, (c) the quantification of
the flow field development in turbulent explosions. This chapter accordingly de-
scribes the corresponding experimental configurations in three sections, the basic
facilities, the instruments for radiation induced ignition and the high-speed particle
image velocimetry (HS-PIV) setup for flow field measurement. The last section in

this chapter lists the experimental procedure.

2.1. Basic experimental facilities

The basic experimental facilities consist of the following components:

1. A flame tube facility capable of replicating laboratory scale explosions safely

and reproducibly.

2. A gas mixing system to prepare homogeneous premixed flammable mixtures

of given composition.
3. An ignition device to initiate the flame propagation.

4. Basic measurement instruments including pressure transducers and ionisa-

tion probe detectors.

The general layout out of the experimental system is shown in Figure
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2.1.1. Flame tube

A flame tube with a rectangular cross-section area of 72 x 34 mm and a total length
of 4400 mm was used in this experiment. Figure 2.2 shows a picture of the flame
tube fixed onto height-adjustable tables. The tube is made up of four parts: two in-
terchangeable optical sections of length 400 mm and two longer driven sections of
length 1800 mm. The optical section is made of copper and can be fitted with high-
quality fused silicon glass windows on both sides if optical access is needed. The
rectangular cross-section characteristic allows an optical access without introduc-
ing additional difficulties associated with the light refraction at the glass surface
into the interpretation of the results. It also offers a (close to) two-dimensional
flow field facilitating measurement and model simulation. There are three ports on
both top and bottom of each optical section that can be used to accommodate pres-
sure transducers, ionisation probe detectors, cross fractal grids or obstacles.
The two longer flame-driven sections are made of copper with aluminium shield
outside and round ports located along the centreline of the side walls to install

pressure transducers and ionisation probe detectors (see Figure 2.2)).

Pressure Transducer

Ionisation Probe

Figure 2.2.: Image of the flame tube facility.

The length to diameter ratio (L/d) is an important parameter in flame propaga-
tion studies. The pressure back-reflection waves from the closed non-ignition end
of the tube will interact with the forward propagation flame and lead to highly
chaotic, non-reproducible results. Therefore, the L/d ratio must be large enough to
allow measurement to be taken before the arrival of the pressure back-reflection.
The current tube features a L/d ratio of 95, ensuring a long enough acoustic time
scale to permit undisturbed and reproducible results within the region of mea-

surement. In the configuration used for the radiation induced multi-point ignition

49



experiments, another section with a length of 2818 mm was added, enlarging the
L/d ratio to 156 and providing a longer measurement time without being affected
by the pressure wave reflected from the downstream closed end. Details of the

modification are given in Section [2.2.1

2.1.2. Gas mixing system

In combustion experiments, the composition of the gas mixture is critical for re-
producibility. Small variations in the equivalence ratio or for a specific gas com-
ponent, e.g. hydrogen, may result in large uncertainties. In the current experiment,
the flame tube not only serves as the flame propagation vessel, but also as the
mixing chamber. The explosive atmosphere was created using bottled gases of CO
(purity 99.999%), CH (purity 99.5%) and Hs (purity 99.99%) diluted with filtered
air. A partial pressure method was adopted in the preparation due to the simplicity
in implementation yet high accuracy [67,80]. The fuel components were injected
first to the required partial pressure and dry filtered air was added finally to the re-
quired initial pressure. The injection process was controlled via digital mass flow
controllers (Bronkhorst UK LTD) [81]]. The opening and closing of the flow con-
trollers are automatically adjusted based on the real-time pressure inside the tube
monitored by a static pressure transducer (UNIK 5000; GE Measurement & Con-
trol). Leak tests were performed on a regular basis to ensure identical conditions
throughout the entire measurement and the leak rate was < 16 Pa/s compared to a
filling time less than 60 s.

After injecting the gas components, homogenisation was achieved by circulat-
ing the gas mixture via an ATEX rated circulating pump (MD 4C EX; Vacuubrand)
for five minutes corresponding to 28 flame-tube-volumes. In the radiation induced
ignition experiment, the flame tube was extended (see Section[2.2.T)) and the circu-

lation time was increased to ten minutes corresponding to 23 flame-tube-volumes.

2.1.3. Ignition device

A standard electronic ignition device (Sparkrite SX1000; EDA Sparkrite, Ltd.)
with an energy release of 5 mJ [[80]] was installed at one end of the tube as indicated
in Figure It consists of a spark plug and a power supply of 12 V. The spark
plug protrudes the solid surface by 55 mm and all the subsequent measurement
of the location, e.g. the location of the pressure transducer, is the distance to the

spark plug rather than to this end of the tube. The spark was triggered by a standard
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TTL signal of 5 V, which also triggered all the data acquisition cards to achieve
synchronised measurement. When camera was used (radiation induced ignition
experiment and HS-PIV measurement), the same TTL signal was also used to

trigger the recording sequence.

2.1.4. Pressure transducers

The explosion overpressure was measured using four piezoelectric pressure trans-
ducers (1 x PCB 113A21 and 3 x PCB 113B21; PCB Piezotronics, Inc.) installed
along the flame tube. The transducers are made of acceleration-compensated rigid
quartz elements, manufactured to eliminate resonance and are well suited to mea-
sure dynamic pressures in explosion scenarios. They provide virtually noise-free,
clean and high resolution signals at a frequency of 1 MHz. Another major ad-
vantage of these transducers is that there are no ringing effects even with sudden
appreciable changes in pressure, as may be expected in transient flame propaga-
tion [[31]. The pressure transducers are accommodated in plastic plugs and then
fixed to the flame tube. Silicone rubber coating was applied manually with a thick-
ness of ~0.3 mm to thermally insulate the diaphragm to minimise the change in
offset voltage caused by the temperature variations since the pressure transducer
surface is exposed to high temperatures when the flame travels past it. The coat-
ing lasts for approximately 400 runs (experiments) before starting to peel off the
surface. The sudden pressure drop after the flame passed measured without the
coating was eliminated after coating with silicone rubber as shown by Sakthitha-
ran [31]. The transducer with the silicone rubber coating can also avoid the drift
in the offset voltage caused by the thermal effects [31]]. The signals from the
transducers are amplified, digitised and then stored in a microcomputer for further

analysis.

2.1.5. Ionisation probes

Ionisation probe detectors were mounted along the tube to measure the flame ar-
rival times and the flame propagation speed can readily be obtained by dividing
the distances between two consecutive probes by the corresponding differences in
the flame arrival time. The ionisation probes are made of coaxial stainless steel
cable with an outer diameter of 1.5 mm and the resistance > 10 M2 between
the core and the sheath [31f]. The circuit was developed and successfully used by
Lindstedt [[80] and Lindstedt and Michels [82] with a positive electrode collector
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and a bias of 125 V applied across the coaxial cable. The results of ionisation
within a flame cause a current flow across the probe and a pulse is generated via
the custom-built amplifier. The probes are mounted within PTFE plugs which are
then fitted into the ports along the tube. The use of PTFE plugs ensures shielding
of the probes from direct electrical interference transmitted via the flame tube.

2.2. Configuration for radiation induced multi-point

explosions

Based on the review on radiation induced ignition in Chapter|[I] and considering the
possible magnitude of radiation level as well as the likelihood of the appearance
of suspended particles, the radiation induced ignition mechanism cannot currently
be ruled out, which leads to the current experimental study. In the previous studies
on radiatively ignition, both open and enclosed geometries have been used. Moore
and Weinberg [63,/64] used a premixed propane-air burner with the particles sus-
pended at the burner mouth via a fine quartz fibre. Later Adler et al. [65]] employed
a water cooled porous plug burner to provide the flammable atmosphere. A spher-
ical explosion chamber with a volume of 0.5 L was used by Stamatov et al. [66]
with the particles held in the centre. Enclosed chambers with volumes of 2 L, 8 L
and 20 L were used by Hills et al. [[75]], Zhang et al. [[76], Welzel et al. [83]] and
Dubaniewicz et al. [[77,/78]], respectively. Beyrau et al. [60] and Hadjipanayis [67]
used an initially confined chamber sealed with a thin aluminium foil, which was
ruptured upon ignitions, to study the radiatively ignition performance of a number
types of particles in the atmosphere of butane and air.

In this experiment, the focus is on the possibility of radiation induced ignition
via soot, as an example of dust particles, trapped in corners around obstacles and
their subsequent entrainment into the adjacent recirculation zone as well as the
pressure development. Such particles can potentially be present or transported
by pressure waves propagating ahead of a flame front and then trapped in more
stagnant regions. In order to achieve this, the following requirements on the ex-

perimental facility have to be met:

1. Reproducible preparation of homogeneous explosive mixtures of specified

composition.

2. A closed chamber allowing laboratory scale explosions to happen.
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3. A sufficient long test time free of the interference from the pressure back-

reflections.
4. Capability of generating turbulence in the irradiated region.

5. Injecting the particles into an explosive atmosphere safely with high repeata-
bility.

6. Optical access to allow the passing-through of laser beam and recording of

the flame evolution.

( Sillicon glass Spark

L] P.4' }:3 L] L] P2 L] Iil L] E-: *
| . I 1T I g
o :
-—{mﬁamr i | —
Open air CW NIR Laser CCD Gas supply [

Camera

Figure 2.3.: Schematic of the experimental setup for radiation induced ignition (P
— Pressure transducers, I — Ionisation probe detectors).

2.2.1. Modification of the flame tube

The original flame tube (see Section [2.1.1)) was modified to fulfil the radiation in-
duced ignition experiment according to the requirements mentioned above. An
end-section with a total length of 2818 mm, featuring a round cross-section with
an inner diameter of 89 mm was added to the original tube to provide a longer test
time free of reflected pressure waves from the closed downstream end. One solid
obstacle with a thickness of 5 mm and a height of 36 mm, offering a blockage ratio
of 50%, was installed at a distance of 400 mm from the ignition end to generate
turbulence. For one experimental series, an identical second obstacle was installed
on the top wall at a distance of 80 mm from the ignition to enhance flame propa-
gation. A silicon glass (268 (W) x 72 (H) x 25 (D) mm) was installed on one side
of the optical section to allow recording and an infrared laser beam was directed
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through this window upon the particles. The setup is schematically shown in Fig-
ure with the dimensions of the modified flame tube shown in Figure Ten
ionisation probes were used to measure the flame arrival time and four pressure
transducers were installed to record the pressure development with their locations
specified in Table [2.1]

End section

| Ogtical section
/ [ I .

\ \ I |

] T 1 ]

400

1800 400

Driven section

Figure 2.4.: Dimensions of the modified flame tube (unit: mm).

Table 2.1.: Locations (X) of pressure transducers (P) and ionisation probe (I) de-
tectors from the ignition point.

X [m] [0.600 0.845 1.075 1.305 1.535 1.765 2.000 2.225 3.145 3.450
Sensor | 1 P1+I I P2+1 I I I P3+I  P4+I1 I

2.2.2. Particle injector

In the experiment, the radiation induced ignition time scale plays a critical role.
To remove any possible side effects associated with heat transfer at the boundary
of the agglomerate, enough particles were irradiated, leaving the controlling fac-
tors to be the radiation power and mixture reactivity. The drawback associated is
that not all the particles are consumed during the combustion and some particles
will be dispersed by the pressure wave and stick onto the silicon glass window.
Therefore, the glass window needs to be cleaned every run to prevent the laser
power from being affected by contamination. The impact of radiatively ignition
location was explored by igniting both downstream and upstream of the obstacle
(see Chapter ). When ignited downstream, the particles can be introduced before
closing the window. However, in the case of upstream ignition, the particles will be
blown away during the mixture preparation and thus a particle injector, schemati-
cally shown in Figure was designed to inject the particles. An explosive-proof
device is extremely important, because the particles are injected into highly explo-

54



sive atmosphere. A pneumatic valve was accordingly used to prevent any possible
electric spark. The working gas of the valve was supplied using a Ng cylinder at
8 bar. A Burkert solenoid controller, which is also ATEX rated, was used to control
the pneumatic valve. The volume of the injector is around 2.8 x 10~3 L, which
is negligible compared to a volume of 0.37 L in the critical recirculation region
behind the obstacle (the total volume of the flame tube is 28.3 L), therefore, the

(local) inhomogeneity introduced during the particle injection is inconsequential.

8 bar

Particle container

Pneumatic valve e
N, cylinder

Flame tube

Figure 2.5.: Particle injector.

2.2.3. Radiation source

To assess the possibility of thermal radiation induced multi-point ignition in large
vapour cloud explosions, a radiation source with similar characteristics to that from
combustion products is favoured. The radiation in an explosion has a number of
sources, excited molecules, radicals as well as the continuous radiation from solid
particles such as soot and dust. In the absence of the latter, the main radiation
comes from hot water vapour and CO,. Assuming a characteristic temperature of
2200 K [73] in the explosion products and a black body radiation, the maximum
irradiance is approximately 1300 kW/m? according to the Stephan-Boltzman’s law
(E = oT*, where E is the irradiance, o = 5.67 x 10~% W/(m?-K*) the Stefan-
Boltzmann constant and 7" the absolute temperature). The spectral distribution lies
in the range of A = 1 — 5 pum, while the maximum irradiance is at A4, = 1.3 ym
given by Wien’s law (A0 = b/T', where b =2.90 x 1073 m-K is the Wien’s dis-
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Figure 2.6.: Camera images of the laser spot with the target at different distances
from collimator. Colour bar indicates laser light intensity.
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Figure 2.7.: Spatial distribution of the laser beam with the target located at a dis-
tance of 200 mm from the collimator. The intensity units in counts.
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Figure 2.9.: Beam size as a function of the distance from the collimator.

placement constant). Accordingly a infrared light source capable of producing a
radiation flux at the order of 1000 kW/m? over an area larger than the quenching
dimension of the investigated flammable mixtures is preferred. Laser light has the
capability of producing highly intensified radiation and was used in previous re-
search. Moore and Weinberg [63,64]] employed a CO; laser operating at 10.6 pm.
Stamatov et al. [66] used a AR+ laser operating at 514.5 nm while Nd: YAG laser
operating at 1.06 ym was used by Hills et al. [75]] and Zhang et al. [76].
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In this research, a CW laser diode (LIMO50-FG400-WL808; LIMO GmbH)
operating at 808 nm £ 2 nm was used as the radiation source to replicate the
infrared radiation from combustion products. The maximum optical power was
50.9 W. The laser diode was coupled to a high-power laser fibre (multi-mode,
LIMO-SMA905-F400-1.5) and a collimator (F220SMA-780, Thorlabs). The light
after the collimator was not perfectly collimated and the divergence of the beam
was characterised by projecting the laser beam onto a white paper target and imag-
ing it with a CCD camera. A Gaussian spatial distribution of the beam intensity
was determined and the radiation flux was calculated by dividing the laser power
by laser spot area which was considered as 68% of the Gaussian beam profile (1/e).
Hadjipanayis [67] stated from experiment that the 1/e criteria gives a more appro-

priate representative of the irradiated area for the ignition of the adjacent charge.
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Figure 2.10.: Camera images of the laser beam at different angles. Colour bar
indicates laser light intensity.

The camera images of the laser spot when the target was located at different
distances from the collimator are shown in Figure [2.6] Figure[2.7) gives the spatial
distribution of the laser energy when the target was located at a distance of 200 mm

from the collimator, which is the distance between the particle agglomerates and
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the collimator in this experiment. Figure 2.8 shows the laser beam intensity distri-
bution along the line crossing the centre of the laser spot when the target is 200 mm
away from the collimator together with its Gaussian fit. The diameter of the beam
increases with the distance from the collimator, which is illustrated in Figure

Restricted by the facility, the laser beam was projected onto the particles at an
angle and the influence of the shooting laser beam angle on the beam area was
also characterised. Figure [2.10]illustrates the camera images of the laser spot at
different angles while keeping the distance fixed at 200 mm and Figure shows
the variation of actual beam area with the angle based on the 1/e rule. It can be
seen that the influence is marginal at small angles and becomes stronger with the
angle increasing. In this experiment, the angle was smaller than 30°.

The laser beam was directed through a silicon glass window (25 mm in thick-
ness) as shown in Figure [2.3] The attenuation of the laser power was quantified
by measuring the laser power both before and after the glass and a reduction of
10% was observed, as shown in Figure 2.12] In the calculations of radiation flux,

the power after the glass was used, which was the actual power delivered onto the

particles.
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Figure 2.11.: Influence of the angle on the beam size.

2.2.4. Ignition detection

The ignition event was recoreded using a high speed CCD camera with a recording
rate of 2000 Hz, providing an uncertainty of 0.5 ms. Combined filters with a band-
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pass region of 335 — 500 nm were used to filter out the original laser light and its
reflections in order to protect the camera chip and get a clear image of the ignition
kernel. The recording started at the same time as the radiation synchronised by a
TTL signal. The onset of the ignition was marked by the appearance of an outward
propagating flame in the images and the ignition time was defined as the interval
from target illumination to ignition. A sequence of the recorded images are shown

in Figure[4.3] in which case the ignition time was 9 ms.
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Figure 2.12.: Attenuation of the laser power through the silicon glass.

2.2.5. Irradiated particles

The properties of the irradiated particles can have significant influence on the ig-
nition delay time as reviewed in Section [I.4] The micro structure of the particles
affects the absorption efficiency of the laser energy and the heat loss to the sur-
rounding atmosphere, which directly affects the ignition time. In this work, acety-
lene black particles were used as the radiation target due to their relationship with
soot emissions. They feature an amorphous microstructure consisting of very fine
particles typically of 35 nm in size but tend to agglomerate to much larger struc-
tures. The particles appear black, suggesting high absorptivity of the NIR laser
light used. Hadjipanayis [67] compared the ignition delay times of a variety of
different particles, finding that the acetylene black gives the shortest ignition delay
time. In this experiment, it is also desirable to keep the time to ignition short given

the modest distance (400 mm) between the irradiated area and the spark ignited
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flame. The particles were kept and dried in an oven (120 C°) for at least 24 hours

before each experiment.

2.3. Mie scattering and high-speed particle image
velocimetry (HS-PIV)

Particle image velocity (PIV) is a well established and widely used experimental
technique in combustion research due to its attractive and advanced capability of
measuring a 2-D planar flow field non-intrusively [[84-86]. It allows the investiga-
tion of the turbulent flows over a broad range of length scales. Together with other
laser based techniques, such as planar laser-induced fluorescence, great progress
has been made in the understanding of turbulence-flame interactions. In order to
achieve a deeper understanding of the relationships between the flow field, defla-
gration speed and the resulting overpressure, and to provide data relating to the
scaling of explosion overpressures presented in Chapter 3] simultaneous Mie scat-
tering and High-speed PIV at 10 kHz was performed to quantify the flow field
evolution ahead of the advancing flame front.

2.3.1. Mie scattering and HS-PIV configuration

High-speed PIV at 10 kHz was performed to quantify the flow field evolution in
oder to tackle the transient nature of the current flame propagation featuring typ-
ically a time scale of millisecond. The HS-PIV system consists of an Edgeware
Nd: YAG laser (IS6II-DE) operating at 532 nm and a high speed camera (Photron
Fastcam SA6) synchronised by an external LaVision high speed controller. The
camera was fitted with a Nikon 50 mm lens (f1.4) and a 3 nm narrow band fil-
ter for a wavelength of 532 nm. Silicone fluid (Polycraft Dow Corning 200/50;
flash point 373 K) was introduced as seeding droplets (particles) within the last
30 seconds during the circulation process through the inlet pipe (see Figure [2.T)).
The seeding particles (droplets), with an average diameter of 0.5 pm, were gener-
ated via a liquid nebuliser (PALAS, AGF 10.0). The droplets have an evaporation
temperature of 373 K and therefore the flow field can only be measured in the
unreacted mixtures ahead of the flame front.

The experimental configuration is shown schematically in Figure 2.13] Two
solid obstacles with a thickness of 5 mm and a height of 36 mm (blockage ratio

of 50%), were installed at distances of 80 mm and 400 mm from the ignition end
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in a staggered arrangement. A similar configuration was previously investigated
by Hampp and Lindstedt [[79] performing 10 kHz PIV measurements in the recir-
culation region behind a single obstacle with a turbulence-generating cross fractal
grid (CFQ) installed upstream of the obstacle (between the obstacle and ignition
spark). The flame passing through the CFG was also visualised using chemilu-
minescence based imaging at 2.5 kHz. The measurement window was located
50 mm downstream the obstacle (the height of the obstacle was 36 mm) in their
work and it is essential to develop a better understanding of the flow field close
to the obstacle. The current measurement window accordingly starts 3 mm down-
stream. The geometry was also simplified by the replacement of the cross-fractal
grid with a solid obstacle to more readily facilitate theoretical studies. The laser
light sheet was directed vertically from the top into the optical section with a thick-
ness around 0.8 mm in the centre of the recirculation zone. A silicon glass window
(268 (W) x 72 (H) x 25 (D) mm) was installed on one side of the optical section
(facing the camera) to offer optical access and recording. Eight ionisation probe
detectors and four pressure transducers were mounted along the tube to measure
the flame arrival time and pressure development and the locations are specified in
Table

Laser light sheet
C Sillicon glass Spark

R, R2,EI = I
11 11 @9| d

i
Open air CMOS Gas supply
Camera

Figure 2.13.: Schematic of the experimental test facility.

Table 2.2.: Locations (X) of pressure transducers (P) and ionisation probe (I) de-
tectors from the ignition point.
X[m] | 0.845 1.075 1305 1.535 2.000 2225 3.145 3.450
Sensor | P1+I 1 P2+1 | 1 P3+I  P4+I I
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The Mie scattering images feature a resolution of 352 x 426 pixels (correspond-
ing to 52 x 63 mm in physical space) and the measurement was controlled by
LaVision DaVis 8.3. The optimal timing between the double laser pulses (At)
varies depending on the mixture reactivity (details can be found in Table to-
gether with the estimated uncertainties). The maximum pressure at the outlet of
the ATEX rated circulation pump is 1.2 bar and a pressure drop of 0.5 bar is neces-
sary for the nebuliser (seeder) to work. Therefore, the initial pressure was 50 kPa
in all the HS-PIV measurement. The leak rate was < 16 Pa/s compared to a filling
time of around 45 s.

Table 2.3.: Summary of the estimated uncertainties in the experiments where At
is the time interval between the two laser pulses, €, and €, the error associated
with relaxation time and velocity bias. The mixtures used were Ho/CO/Air and
Hy/CHy/Air at & = 0.60 with different Hy substitutions specified below and PIV
denotes standard PIV and TS-PIV Time-Series PIV.

Hy At [us] € [%] €y [%]

[%] | PIV | TS-PIV | PIV | TS-PIV | PIV | TS-PIV
Hs/Air 100 6 100 -5.2 -0.75 0.03 0.07

50 15 100 -14.1 -0.75 0.02 0.02

Mixture

H>/CO/Air
80 10 100 -8.0 -0.75 0.03 0.05
. 50 15 100 -14.1 -0.75 0.01 0.02
Hy/CH4/Air
80 15 100 -14.1 -0.75 0.02 0.02
100 10=—
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Figure 2.14.: Comparison of the standard PIV and time-series PIV calculation at
a point x = 10 mm, y = 50 mm (see Figure [5.4(b)| for its location) in Ho/CO/Air
mixtures with Hy = 50% and ® = 0.60.
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2.3.2. Measurement uncertainties

The particle image velocimetry calculations were carried out using DaVis 8.3 via
a multi-pass method with a decreasing interrogation window size from 128 x 128
pixels to 32 x 32 pixels with a 75% overlap. The final pass of the smallest inter-
rogation window was performed on a high accuracy mode with an adaptive PIV
calculation warping the round weighted window to an elliptical (maximum aspect
ratio of four) Gaussian bell to incorporate the local flow field acceleration [[87].
Prior to the calculation of the velocity vectors, background subtractions were per-
formed to enhance the signal to noise ratio for the Mie scattering images featuring
352 x 426 pixels corresponding to 52 x 63 mm in physical space and providing a
spatial resolution of 147 um. A normalised cross-correlation function was used to
compensate the varying background intensities and signal densities [[88]]. The stan-
dard PIV calculation was used for high velocities (after line A in Figure 2.14(a)).
For low velocities, time-series PIV was used, which effectively removes the fluctu-
ations in the measured velocity compared to standard PIV calculations. Figure[2.14]
exemplifies the difference between PIV and time-series PIV at a point x = 10 mm,
y = 50 mm (see Figure for its location) in Ha/CO/Air mixtures with Hy =
50% and ® = 0.60. It is obvious that for low velocities, the standard PIV calcu-
lation is affected by noise. The resulting velocity field features 45 x 54 vectors
giving a vector spacing of 1.16 mm. The transient nature of the flame propagation
makes it difficult to obtain statistically independent turbulence information. The
mean flow velocities averaged from at least three experiments are shown along

with the variability.

Table 2.4.: Physical properties of the gas mixtures where p,, u, v and Sy, are
the density of the unburned gas mixture, dynamic viscosity, expansion ratio and
laminar burning velocity.

Mixture H, [%] | pu [kg/m?®] | 4 x 10° [Pa-s] | ~ | Sp [m/s]

Hs/Air 100 0.47 1.84 4.54 0.82

. 50 0.53 1.84 4.72 0.43
H5/CO/Air

80 0.49 1.84 4.61 0.63

. 50 0.55 1.82 4.58 0.18
Hy/CH4/Air

80 0.52 1.83 4.57 0.34

The velocity lag between the seeding particles and the flow field is another
source of uncertainties. Smaller seeding particles follow the flow better, but limit

the intensity of the reflected light [86,/89]. The current average droplet size was
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0.5 pum and the relaxation time to a step change in the fluid velocity can therefore
be estimated to 0.74 us using Eq. (81,901, where d,, is the average seed-
ing particle size, p,, is the density of the seeding particles (971 kg/m?3) and 4 the
viscosity of the reactants (see Table[2.4).

_ 2 Pp
Ts — dp@ (21)

The motion of the seeding particles under Stokes’ resistance with a large density
ratio between the particle and fluid (in the current scenario, p,/p, ~ 1867 >> 1
where p,, is the density of the unreacted gas mixture listed in Table was anal-
ysed by Melling and is governed by Eq. (2.2) [90], where C is the characteristic
frequency of the particle motion defined as the reciprocal of the relaxation time,

and Uy, U, the velocity of the bedded flow and the seeding particles, respectively.

au,
—L =CU; - U,p) (2.2)
dt
1
C=— (2.3)
Ts
Integrating Eq. (2.2)) over time gives
Uy =Us — Cre™ (2.4)

where C}; is a constant to be determined. Assuming a worst case scenario where a
seeding particle starts to accelerate from quiescence, the initial condition of U, =
0 at time zero gives C, = Uy. Further assume Uy does not change over time
(reasonable considering the short time interval between the two laser pulses in this
study), the distance travelled by the seeding particle over a time period At can be
calculated by integrating Eq. (2.4)),

At
Sp = / Updt = Uy (At — %(1 — e~ CA) 2.5)
0

The velocity calculated using PIV without noticing the velocity lag is

1 -
Up=Sp/At=Us(1 - (- ) (2.6)

Then the uncertainties associated with the relaxation time can be estimated using

Eq. 2.7).
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In this experiment, the At used was 6 us, 10 us and 15 s, giving estimated errors
of -14.1%, -8.0% and -5.2%, respectively. For time-series PIV, ¢, is -0.75%. The
negative sign means that the measured velocity is smaller that the real flow field
velocity, which is obviously a result of the drag effect. Considering that this is a
worst-case-scenario estimate, the uncertainties associated with the measurements
will be much smaller due to the fact that the seeding particles have already reached

a certain magnitude of velocity at the first laser pulse.

Azx x4+ Az
Light sheet
\Ax
Az
L
Ly
View point

Figure 2.15.: Velocity bias due to out-of-plane velocity.

The out-of-plane velocity, which is the velocity perpendicular to the measure-
ment plane, may also introduce errors in 2-D PIV via velocity bias and the dis-
appearance of seeding particles [91,/92]]. The velocity bias due to the out of plate
velocity is illustrated in Figure where Az is the spurious displacement and
Az the out-of-plate displacement. The distance between the light sheet and the
view point (camera) is 450 mm in the current setup and denoted by L in Fig-
ure 2.15] During the short time interval (At) between the two laser pulses, the
associated velocity bias error can be calculated as ¢, = 0 Ax/At

z+Az)/At”
mum gas velocity attained in this experiment is < 200 m/s at the time the flame

The maxi-
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arrives at the measurement section. Assuming a 10% velocity fluctuation gives an
out-of-plate velocity of 20 m/s and the velocity bias error can thus be estimated
to be €, = 0.02%. For time-series PIV, although At increases, the flow speed de-
creases (time-series PIV was performed only for low flow speeds) and the resulted
velocity bias is below 0.1%. If the out-of-plate velocity is too large, the seeding
particles will disappear outside the thin laser light sheet, which is the other error
associated with out-of-plate velocity. Again, assuming a 10% velocity fluctuation,
the maximum out-of-plate displacement Az is around 0.1 mm, which is much less
than the thinnest light sheet size of 0.5 mm, so this error can be neglected in the
current measurements.

The strong heat release in thin reaction layers and the corresponding temper-
ature gradient can lead to uncertainties associated with thermophoresis [86}93].
The impact was insignificant for the current diagnostic set up as the measurements
were performed in the reactants ahead of the flame front and the silicone oil seed-
ing particles evaporate at a temperature of 373 K. The temperature gradient can
also result in an inhomogeneous field of refraction index, causing beam steering
and image distortion. However, on a laboratory scale the deformation of the light
sheet is negligible and the image distortion does not affect accuracy if the time
interval between the cross-correlated images is sufficiently small as pointed out by
Stella et al. [86].

2.4. Experimental procedure

To ensure good repeatability, the experimental procedure should be consistent be-
tween different experiments. The operational procedure for the current experi-

ments is described as below:

1. Turn on the power supply and check carefully to make sure every component
works properly, e.g. flow controllers, solenoid valves, ignition device. If

high speed laser is used, wait for 20 — 30 minutes for the laser head to heat

up.

2. Flush the flame tube with air for one minute to blow away the remaining
combustion products from the previous experiment, providing repeatable

initial conditions.

3. Empty the flame tube with the vacuum pump to a pressure below 5 kPa via
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a rotary vane pump (RE 2.5; VACCUBRAND GmbH).

4. Prepare the target gas mixture using a partial pressure method. The fuel
component is injected first. Air comes last. The filling process is less than

one minute in total.

5. After filling, circulate the gas mixtures to achieve homogeneity via the ATEX
rated pump (MD 4C EX; Vacuubrand). Before extending the tube, the gas
mixture was circulated for five minutes corresponding to 28 flame-tube-
volumes. With the extension to the flame tube, the circulation time was
increased to ten minutes corresponding to 23 flame-tube-volumes. In the
HS-PIV measurements, the seeding particles were introduced within the last

30 seconds of circulation.

6. Wait for two minutes to achieve quiescent conditions. Close the correspond-

ing valves to isolate the flame tube completely.

7. Carry out synchronised measurement by triggering the spark and all the data
acquisition cards using one TTL signal. In the radiation induced ignition

experiments, acetylene black particles were injected before ignition.

8. Open the corresponding valves, empty the combustion products and restart

the current sequence.

The whole process was controlled remotely via a purpose-written LabView pro-
gram, in which the actual amount of fuel gas injected was checked before ignition
to prevent any risks (e.g. over injection of a certain fuel component) from mal-
function of the flow controllers. All the related experimental details were stored
automatically. The whole process took around 30 minutes (45 minutes in the radi-
ation induced ignition experiments where opening and closing of the glass window

was necessary for cleaning).
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3. Explosion overpressure and flame
speed

Due to the depletion of fossil fuels and increasing environmental concerns, the
need to find renewable and green energy sources is pressing. Hydrogen is seen as
a promising future alternative fuel due to its zero-carbon emission characteristic.
Direct use of hydrogen poses strong risks in safety consideration because of the
very reactive nature. But used as an additive, hydrogen can enhance the reactivity
of hydrocarbon fuels significantly, leading to improved combustion stability and
widened flammable limits. Burning under lean or ultra-lean conditions is there-
fore possible, lowering the emissions of CO2 and NO,. However, the explosion
behaviour caused by hydrogen enrichment, has not been well established. In this
chapter, the explosion overpressure and flame speed resulting from turbulent de-
flagrations of hydrogen enriched CO and/or CH, are systematically studied in an
obstructed flame tube facility. Scalings for the peak explosion overpressure are

explored in the last section of this chapter.

3.1. Introduction

Hydrogen has the potential as a zero-carbon emission energy carrier, provided that
suitable (e.g. renewable) production methods are used. However, a safe and re-
liable hydrogen economy is challenging to achieve [94]. A potential way to use
hydrogen in practical systems is as an additive that improves combustion charac-
teristics. For example, the addition of hydrogen extends the lean operating limit
and yields reduced CO and NO,, emissions [95}/96]. Moreover, the substitution of
small amounts of kerosene with hydrogen can stabilise flames that may otherwise
extinguish in gas turbine engines at the same operating point [97]]. Wang et al. [98]]
have shown that the (initial) flame development is enhanced by hydrogen addi-
tion — especially under lean conditions. The recent progress in hydrogen enriched

combustion has been reviewed by Tang et al. [99] with regard to aspects such as
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minimum ignition energies, laminar burning velocities and flame instabilities.

While the addition of hydrogen benefits low emissions and flame stability, it
also poses higher explosion risks due to the increased reactivity. This requires an
assessment of related hazards in order to assure safe operation. In this context,
Salzano et al. [[100] used a 5 litre closed cylindrical vessel to study the combined
impact of hydrogen substitution, initial pressure and turbulence on the explosion
behaviour in Ho/CHy4/Air mixtures. It was concluded that a low hydrogen con-
tent (up to 10% by volume) has a negligible impact, while a hydrogen content in
excess of 50% can result in a strong increase of the maximum rate of pressure
rise (i.e. dP/dt) regardless of the initial pressure. Similar results were observed
by Ma et al. [[101]] using a 20 litre spherical vessel with hydrogen content varying
from O to 100%. Lowesmith et al. [[12] carried out a series of large scale explosion
experiments in a 69300 litre enclosure with various hydrogen concentrations to as-
sess the potential of using existing gas infrastructures to convey methane/hydrogen
mixtures. A small increase in the flame speed and overpressure was observed when
replacing CH4 with Hy up to 20% and a significant increase with a 50% substitu-
tion. Bauwens et al. [102] and Chao et al. [[103]] measured the explosion over-
pressure of hydrogen/hydrocarbon mixtures (Hy—air with ® = 0.5, CHy—air and
C3Hg—air with ® = 1) under vented conditions. It was found that the Ho—air mix-
tures generated significantly higher overpressures than the hydrocarbon—air mix-
tures despite having similar laminar burning velocity. The enhancement of flame
speed and overpressure associated with congestion was experimentally studied by
Lowesmith et al. [[104] in a series of large scale experiments. The flame speed
entering the congestion region was found to be critical in terms of the subsequent
turbulent explosion as well as the potential for deflagration to detonation transition
(DDT).

The importance of the obstacles in flame propagation has been well established
and reviewed in Chapter [l For example, Ibrahim and Masri [105] stated that
wall/plate type obstructions lead to the highest, and cylindrical obstructions yield
the lowest, overpressure. In this experiment, wall type obstacles were used. Details

of the configuration will be presented in the next section.

3.2. Experimental details

Experiments were performed in the flame tube facility (length x width x height of
4420 x 34 x 36 mm) with two obstacles installed at distances of 80 mm (top) and
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360 mm (bottom) from the ignition in a staggered arrangement in order to enhance
the flame propagation. A schematic is shown in Figure 3.1} The geometry is a
development of a single obstacle configuration used by Lindstedt and Sakthitha-
ran [32], in which a quantitative description of the interaction of the flame with a
single obstacle was obtained by measuring the time-resolved velocities in a two-
dimensional plane along the vertical tube axis. Eleven ionisation probe detectors
were used to detect the flame arrival time, with the locations specified in Table[3.1]
together with the four pressure transducers for pressure measurement. Details of
the flame tube, pressure transducers, ionisation probe detectors and ignition de-
vice, as well as the experimental procedure, have been elaborated in Chapter [2]and

will not be repeated here.

Spark

Tl el

Open air Gas supply

Figure 3.1.: Schematic of the experimental setup.

Table 3.1.: Locations (X) for pressure transducers (P) and ionisation probe (I) de-
tectors from the ignition point.
X [m] [0.400 0.480 0.600 0.845 1.075 1.305 1.535 1.765 2.000 2.225 3.145 3.450
Sensor| I 1 | P1 I P2+ 1 1 I P3+1 P4+I 1

The gas mixtures used cover both binary (Ho/CO and Ho/CH4) and ternary
(H2/CH4/CO) fuels with a wide range of hydrogen content from the lower igni-
tion limit to that generating fast deflagrations. The preparation of the premixed
gas mixtures has also been described in Chapter 2] The test matrices are given
in Tables [3.2] and [3.3] for binary and ternary mixtures. The hydrogen content is

defined in the customary manner,

Ch

= .1
“ Cug+Cr -1

where C'y and C'r represent the mole fractions of Hy and CO or/and CHy, re-
spectively. A minimum of three repetitions were carried out for each mixture to
provide an estimate of the repeatability.
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Table 3.2.: Test matrix for binary fuel mixtures, where o denotes the volumetric
hydrogen content in the fuel blends (see Eq. (3.1)) and ® the equivalence ratio.

® a(Hy,CO) a(Hs, CHy)

®=0.80 | 0.1 0.2 0.3 04 0.5 0.0 0.2 0.4 0.5 0.6 0.7 0.8
$=0.60 | 0.10203040.50.60.708091002040.50.60.70809 1.0
® =040 | 0.3 04 0.50.6 0.7 0.8 09 1.0 0.7 0.8 0.9 1.0

Table 3.3.: Test matrix for ternary fuel blends at ® = 0.60, where o denotes the
volumetric hydrogen content in the fuel blends (see Eq. (3.1).

CO/CHy ratio | a(H2,CO,CHy)
3:7 00204060708091.0
5:5 00.10.2030.405060.70.80.9 1.0
7:3 00.2040608091.0

3.3. Pressure development

After ignition, the flame kernel propagates semi-spherically until it reaches the
wall of the flame tube. Hampp and Lindstedt [[79] visualised the initial laminar
flame propagation via high-speed (2.5 kHz) chemiluminescence imaging in the
same flame tube using a different obstacle configuration. The flame front propa-
gates forward in a manner consistent with the velocity profile [32]] with the thermal
expansion of the hot combustion products causing flow ahead of the advancing
flame. The resulting strong turbulence generation in the shear layers and recircula-
tion zones in the wake of the obstacles leads to a turbulence driven explosion and
results in a sharp pressure rise.

The pressure development in this experiment is exemplified in Figure us-
ing a 60% Hs / 40% CH, / Air mixture at ® = 0.80. The lines correspond to the
four pressure transducers located at different distances from the ignition end. The
error bars on the peak overpressure visualise the experimental uncertainty based
on three repetitions. The two pressure rises resulting from turbulent explosions
behind the two obstacles (see Figure [3.1)) are marked in Figure[3.2] The amplitude
of the pressure rise is closely related to the turbulence intensity behind each obsta-
cle [32]. The modest initial pressure rise of approximately 25 kPa stems from the
relatively weak turbulence behind the first obstacle. However, the resulting flame

acceleration causes a faster flow ahead of the flame front, which coupled with the
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longer flow development time and the subsequent interaction with the second ob-
stacle results in higher turbulence levels. The highly fragmented flame front leads
to an explosion behind the second obstacle causing a sharp second pressure rise of
over 200 kPa. The timing and amplitude of the peak are strongly correlated with
the mixture reactivity as discussed below. It should be noted that a moderate sec-
ond peak in Zone A is recorded by each transducer and is caused by the pressure
wave reflected from the ignition end. The signals in Zone B, which are somewhat
chaotic, are affected by the pressure wave reflected from the closed far end of the

flame tube and were not considered in the subsequent analysis.

300

—Pl @x=0845m| Zone A «<——> Zone B

—P2@x=1305m Back-

250p—P3 @ x =2.225m .
reflection

= ||—P4@x=3.145m :
v |
=200 9 :
I Second / !
2 obstacle !
2 150} .
- 1
Q 1
g .
> 100~ I
© First

501 obstacle A

1

|

0 : :
0 5 10 15 20 25 30

Time [ms]

Figure 3.2.: Explosion overpressure development in a Ho/CH4/Air mixture, Hy =
60%, ® = 0.80. The errorbars are calculated based on three repetitions and the
signals in Zone B are the pressure back-reflection waves from the downstream
closed end.

Figures - show the time-resolved pressure build-up process in binary
mixtures of Ho/CO/Air at equivalence ratios of 0.80, 0.60 and 0.40, respectively.
The four lines correspond to the four pressure transducers at different locations. It
is clear that the explosion overpressure increases with both hydrogen concentration
and equivalence ratio. The small error bars (obtained based on at least three rep-
etitions for each mixture) indicate good repeatability. Figures[3.6—[3.8]show the
pressure development in Ho/CH4/Air mixtures. The hydrogen concentration was
varied from the lower ignition limit to condition leading to strong turbulent defla-
gration in order to obtain a comprehensive assessment of the impact of Hy con-
centration. Further experiments using ternary mixtures (Ho/CH4/CO) with three
different CO/CHy ratios (3 : 7, 5 : 5 and 7 : 3) were also conducted at a fixed
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stoichiometry of 0.60 and the results are shown in Figures [3.9]to[3.11]
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Figure 3.3.: Explosion overpressure development in Ho/CO/Air mixtures at & =
0.80. The errorbars are calculated based on at least three repetitions.
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Figure 3.4.: Explosion overpressure development in Ho/CO/Air mixtures at & =
0.60. The errorbars are calculated based on at least three repetitions.
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Figure 3.5.: Explosion overpressure development in Hy/CO/Air mixtures at & =
0.40. The errorbars are calculated based on at least three repetitions.
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Figure 3.6.: Explosion overpressure development in Ho/CHy4/Air mixtures at ¢ =
0.80. The errorbars are calculated based on at least three repetitions.
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Figure 3.7.: Explosion overpressure development in Ho/CH4/Air mixtures at ¢ =
0.60. The errorbars are calculated based on at least three repetitions.
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Figure 3.8.: Explosion overpressure development in Ho/CH4/Air mixtures at ¢ =
0.40. The errorbars are calculated based on at least three repetitions.
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Figure 3.9.: Explosion overpressure development in ternary Ho/CH4/CO mixtures
with CO/CHy = 3/7 and ® = 0.60. The errorbars are calculated based on at least
three repetitions.
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Figure 3.10.: Explosion overpressure development in ternary Ho/CH4/CO mixtures
with CO/CHy = 5/5 and ® = 0.60. The errorbars are calculated based on at least
three repetitions.
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Figure 3.11.: Explosion overpressure development in ternary Ho/CH4/CO mixtures
with CO/CHy = 7/3 and ® = 0.60. The errorbars are calculated based on at least

three repetitions.
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Figure 3.12.: Explosion overpressures, flame front positions and flame speeds in
a Hy/CH4/Air mixture with & = 0.60 and Hy = 80%. The pressure is from the
second pressure transducer located 1.305 m from ignition and the signals in Zone
B are affected by pressure waves reflected from the downstream end.
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Figure 3.13.: Flame arrival times and flame speeds in Ho/CH4/Air mixtures with
® = 0.80 and different hydrogen content. The errorbars are calculated based on
at least three runs and the data in Zone B are affected by pressure waves reflected
from the downstream end.

3.4. Flame arrival times and flame speeds

The ions carried with the flame can connect the initially open circuit in the ion-
isation probe detectors installed along the flame tube to register the flame arrival
time. Figure [3.12] shows the overpressure trace recorded 1.035 m away from the

ignition end along with flame front positions and flame speeds. The flame speed
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was inferred from the probe positions and the measured arrival time differences.
For this case, the flame front interacted with the pressure back-reflection at around
27 ms after ignition leading to large uncertainties in the measured flame speeds for

the last two ionisation probes.
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Figure 3.14.: Flame arrival times and flame speeds in Ho/CO/Air mixtures with ®
= 0.80 and different hydrogen contents. The errorbars are calculated based on at
least three runs and the data in Zone B are affected by pressure waves reflected
from the downstream end.
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Figure 3.15.: Flame arrival times and flame speeds in Hy/CO/Air mixtures with ¢
= 0.60 and different hydrogen contents. The errorbars are calculated based on at
least three runs and the data in Zone B are affected by pressure waves reflected
from the downstream end.
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Figure 3.16.: Flame arrival times and flame speeds in Ho/CH4/Air mixtures with
® = 0.60 and different hydrogen contents. The errorbars are calculated based on
at least three runs and the data in Zone B are affected by pressure waves reflected
from the downstream end.
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Figure 3.17.: Flame arrival times and flame speeds in ternary Ho/CH4/CO mixtures
with CO/CH,4 = 3/7 and ® = 0.60. The errorbars are calculated based on at least
three runs and the data in Zone B are affected by pressure waves reflected from the
downstream end.

The impact of increasing hydrogen blending on the flame arrival time and flame
speed is exemplified in Figure [3.13] using Ho/CH4/Air mixtures with ® = 0.80.
The flame arrival time decreases and the flame speed increases with higher Ho
concentration due to the elevated mixture reactivity. The flame speed experienced
a sharp increase at a distance of 0.837 m from ignition, which is a direct result of

the volumetric explosion behind the second obstacle seated 0.360 m from ignition.
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Figure 3.18.: Flame arrival times and flame speeds in ternary Ho/CH4/CO mixtures
with CO/CHy4 = 5/5 and ® = 0.60. The errorbars are calculated based on at least
three runs and the data in Zone B are affected by pressure waves reflected from the
downstream end.
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Figure 3.19.: Flame arrival times and flame speeds in ternary Ho/CH4/CO mixtures
with CO/CH4 = 7/3 and ® = 0.60. The errorbars are calculated based on at least
three runs and the data in Zone B are affected by pressure waves reflected from the
downstream end.

This can also be inferred from the coincidence of the arrival time of the maxi-
mum velocity and peak overpressure in Figure 3.13(b)] Accordingly, the flame
speeds measured at this point were used in scaling the peak explosion overpressure.
Figures [3.14] - [3.16] give the flame arrival times and flame speeds for Ha/CO/Air
mixtures at equivalence ratios of 0.80 and 0.60 and Hy/CH4/Air mixtures at an

equivalence ratio of 0.60, respectively. Figures [3.17)—[3.19] show that for ternary
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mixtures. They share the same trend in that the flame arrival time decreases with
increasing hydrogen concentration and the flame speed increases.

Comprehensive data sets on peak explosion overpressures (from the second
pressure transducer located 1.305 m from ignition) and the maximum flame speeds
are provided in Tables [3.4] and [3.5] for the binary mixtures and Table [3.6] for the
ternary mixtures. For ultra-lean mixtures with an equivalence ratio of 0.40, the
ionisation probe detectors were not triggered reliably so the flame speeds have

been omitted.
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Table 3.6.: Summary of the measurement for ternary Ho/CH,4/CO mixtures at an
equivalence ratio of 0.60, where AP and FS denote the peak explosion overpres-
sure (1.305 m from ignition) and the maximum flame speed. The Mach number
(M a) was calculated based on the maximum flame speed and the calculated speed
of sound (cg) in the unreacted mixture. The estimated mixture reactivity Mach
numbers were denoted as Ma}, Ma} and the superscript (°) in the table indicates
the reference value for estimation.

CO/CHy =3:7
Hj (%) 0 20 40 60 70 80 90 - - -
B 0 0.07 | 0.18 | 0.33 | 0.43 | 0.56 | 0.74 - - -
AP (kPa) | 40 68 93 115 | 161 | 221 | 290 - - -
FS (m/s) | 118 167 - 283 | 332 | 362 | 404 - - -
co (m/s) 349 | 352 355 | 361 | 364 | 369 | 375 - - -
Ma 0.34 | 048 - 0.78 | 091 | 0.98 | 1.08 - - -
Maj 0.31 [ 0.38° | 0.51 | 0.76 | 0.98 | 1.36 | 2.05 - - -
Maj 0.33]038° | 047 | 062 ] 0.74 [ 0.93 | 1.24 - - -

CO/CH4 =5:5
Hj (%) 0 10 20 30 40 50 60 70 80 90
B 0 004 | 0.09 | 0.15 ] 021 | 0.29 | 0.37 | 0.48 | 0.62 | 0.78
AP (kPa) | 49 68 85 96 100 | 116 | 142 | 199 | 257 | 296
FS (m/s) - 185 222 | 263 | 300 | 314 | 320 | 352 | 384 | 413

co (m/s) 349 | 350 352 | 354 | 356 | 359 | 362 | 366 | 370 | 376

Ma - 053 | 063 | 074 | 0.84 | 0.87 | 0.88 | 0.96 | 1.04 | 1.10

Maj 037 | 041 | 046" | 053 | 0.62 | 0.74 | 0.91 | 1.16 | 1.55 | 2.23

Maj 039 | 042 | 046° [ 0.51 [ 0.57 | 0.64 | 0.74 | 0.88 | 1.08 | 1.40
CO/CHy =73

Hs (%) 0 20 40 60 80 90 - - - -

Ié] 0 0.12 | 0.26 | 0.44 | 0.68 | 0.83 - - - -

AP (kPa) | 62 92 122 180 | 274 | 305 - - - -
FS (m/s) 164 | 218 - 318 | 405 | 446 - - - -
co (m/s) 348 352 357 364 | 372 | 377 - - - -

Ma 047 | 0.62 - 0.87 | 1.09 | 1.18 - - - -
Maj 0.38 | 0.49° | 0.66 | 0.94 | 1.51 | 2.03 - - - -
Maj 0.41 [ 0.49° | 0.60 | 0.77 | 1.08 | 1.33 - - - -
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3.5. Scaling of the peak explosion overpressure

The wide range of mixtures included in the current study supports the evaluation
of scaling laws describing the impact of mixture reactivity for methane and carbon
monoxide blends with hydrogen on the explosion overpressure. In this section, the
laminar burning properties of the investigated hydrogen enriched fuel mixtures are
discussed first. Subsequently, a scaling based on a newly proposed mixture com-
position parameter (/3) is elaborated and the link between the measured explosion

overpressure and flow Mach numbers is explored thereafter.

3.5.1. Laminar burning properties

The laminar burning velocity is the speed at which the flame front propagates rela-
tive to the unburned mixture in a laminar mode and it represents a physical property
of the mixture itself. In hydrogen enriched fuels, the laminar burning velocity is
strongly related to the hydrogen substitution levels due to the related mixture re-
activity. Zhang et al. [106|] measured the laminar flame speeds of lean premixed
H>/CO/Air mixtures over a wide range of Hy content using particle image ve-
locimetry. Simulations were also performed and the results show that the laminar
burning velocity increased significantly with Hy content when it was less than
15% and gradually above 15%. Similar results were found by Bouvet et al. [107]],
reporting that the laminar flame speeds, obtained using chemiluminescence and
schlieren techniques, of CO/Air mixtures were very sensitive to small hydrogen
additions at an equivalence ratio of 0.6. Vagelopoulos et al. [[108] measured the
laminar flame speeds and strain rates in mixtures of CO with Hy, CHy4 and air using
the counterflow twin-flame technique. The laminar flame speed was found to be
very sensitive to the stretch rate in ultra-lean mixtures [[109]]. Fu et al. [[110]] studied
the laminar flame speed and flame structure of a Bunsen burner using OH Planar
Laser Induced Fluorescence (PLIF) with the enhancement effect of Hy analysed in
terms of chemical kinetics. The difference in the colour of hydrogen enriched CO
flames was attributed to the radiation spectrum of intermediate radicals produced
in combustion. Natarajan et al. [[111}112] measured the laminar flame speed of lean
Hy/CO/CO45/05/He mixtures with Hy levels from 20% — 90% and the influence of
pressure and preheat was investigated. Numerical simulations based on a CO/Hg
mechanism from Davis et al. [113]] and a C1 mechanism from Li et al. [114] were
also performed. It turned out that the simulation over-predicted the temperature

dependence for mixtures with medium to high levels of H.
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Figure 3.20.: Calculated laminar burning velocities of Ho/CO and Hs/CH4 mix-
tures at an initial temperature of 298 K and pressure of 101.325 kPa.

Laminar burning velocities of Ho/CH,4 mixtures have also been well studied [99,
115H119]]. Donohoe et al. [115] obtained the laminar flame speeds at 1 and 5 atm
for initial temperatures of either 300 or 450 K with the hydrogen content varied
between 50% and 90% of the fuel mixture by volume. A constant-volume com-
bustion chamber was used with a quartz window installed to allow optical access.
The initial flame propagation was discussed by Wang et al. [98]], focusing on the
impact of hydrogen addition and concluded that the enhancement effect of hydro-
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gen addition was more pronounced under lean conditions. The impact of initial
pressure and hydrogen concentration on laminar burning characteristics in natural
gas/hydrogen mixtures was also studied by Miao et al. [117] and Zheng et al. [[118]].
It was found that hydrogen increased the laminar burning velocity and flame in-
stability and that elevated initial pressures lead to decreased flame stability. Tang
et al. [99] gave a comprehensive review of the recent progress in hydrogen en-
riched combustion covering a broad range of topics such as the minimum ignition
energy, laminar burning velocity and flame instability.

The laminar flame properties were determined for all the gas mixtures studied
using an in-house Fortran code [120] with the chemistry adopted from Kraus and
Lindstedt [[121]] featuring 33 species and 168 elementary reactions. The calculation
domain of 7 mm was resolved using 330 control volumes and integrated to steady
state using a time step of 1 x 107> s. The calculated laminar burning velocities
(Sr) of binary mixtures show good agreement with experimental and numerical
results from literature [99,/106L[107,|115] as depicted in Figure @} The lami-
nar burning velocity increases with hydrogen blending fraction and equivalence
ratio for both fuel blends. The influence of hydrogen content is more significant
at higher equivalence ratios, which is reflected by the steeper slope. For Hy/CO
mixtures, the laminar burning velocity increases rapidly at low hydrogen content,
i.e. Hy < 10%, followed by a linear increase at higher Hy fractions with an ®
dependent slope. This phenomenon was also observed by Zhang et al. [[106]. By
contrast, CH, exhibits a characteristically different impact on the hydrogen com-
bustion chemistry as illustrated in Figure This suggest a stronger inhibit-
ing impact of CHy4 on the Ho chemistry than CO, in particular at low blending
fractions. The laminar burning velocity of the ternary mixtures (Ho/CH4/CO),
shown in Figure @ increases with the CO substitutions for CH4. However, the
slopes are governed by the CH4 chemistry.

The transient flame acceleration in the current experimental configuration is de-
pendent upon the mixture reactivity (e.g. St) and turbulence intensity ahead of the
flame front due to the flame surface area enhancement via wrinkling. The flow
acceleration ahead of the flame front is affected by the expansion ratio (7) of the
hot products as defined in Eq. (3.2), where p,, and p;, are the initial and burned gas

density, respectively.

_ Pu—Pb
Pb

(3.2)
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The related physical properties, namely laminar burning velocity (S), adiabatic
flame temperature (7,;), expansion ratio (7) and density of the unburned gas mix-
tures (p,) are listed in Tables and [3.8] for binary mixtures and Table [3.9] for
ternary mixtures. The thermal expansion ratio increases with the equivalence ratio
as a result of the increased heat release for all fuel blends. Increasing Hs addition
to CO results in a decreasing 7 due to a modest reduction in the adiabatic flame
temperature. By contrast, Ho additions to CH, increase 7,4 due to the reduced
thermal nitrogen ballast effect in the mixture. However, with increasing hydrogen
concentrations the number of moles in the products reduces, which dampens the
thermal expansion. The combined effect leads to a decreasing 7 for higher equiv-
alence ratios (0.80 and 0.60) and a slightly increasing trend for lower equivalence
ratios (0.40) with Hs blending fraction. In ternary mixtures, 7,4 increases as a
result of a more dominant effect of CH,4 than CO and 7 decreases marginally with

hydrogen blending fractions.

100

Laminar Burning Velocity [cm/s]

! !
0 20 40 60 80 100
Percentage of Hydrogen [%]

Figure 3.21.: Calculated laminar burning velocities of Ho/CH4/CO mixtures at an
initial temperature of 298 K and a pressure of 101.325 kPa.
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Table 3.7.: Physical properties of Ho/CO mixtures, where pg is the density of the
unburned gas mixtures, v the kinematic viscosity, 7,4 the adiabatic flame temper-
ature, 7 the expansion ratio, Sy, the laminar burning velocity and Re the Reynolds
number calculated using Eq. (3.20)

®=0.80
Hs [%] | po [kg/m3] v x 10° [m?/s] | T,q [K] T St [m/s] Re
10 1.14 1.60 2217 | 557 0.36 6778
20 1.12 1.64 2211 | 5.56 0.48 8865
30 1.09 1.68 2204 | 5.54 0.58 10393
40 1.06 1.72 2197 | 551 0.68 11795
50 1.04 1.77 2190 | 5.49 0.79 13403
® =0.60
Hy [%] | po [kg/m3] [ v x 10° [m?/s] | Toq (K] | 7 [ Sp[m/s] | Re
10 1.15 1.60 1931 | 4.85 0.21 3532
20 1.13 1.63 1920 | 4.82 0.28 4604
30 1.11 1.66 1908 | 4.79 0.33 5302
40 1.09 1.69 1896 | 4.75 0.38 5954
50 1.07 1.72 1884 | 4.72 0.43 6579
60 1.05 1.76 1872 | 4.69 0.49 7319
70 1.02 1.80 1860 | 4.65 0.55 7924
80 1.00 1.83 1848 | 4.61 0.63 8836
90 0.98 1.87 1837 | 4.58 0.72 9843
P =0.40
Hy [%] | polkg/m®] | v x10° [m?/s] | T, [K] | 7 | Sp[m/s] | Re
30 1.13 1.63 1503 | 3.69 0.10 1325
40 1.11 1.65 1492 | 3.66 0.11 1422
50 1.10 1.68 1481 | 3.63 0.12 1528
60 1.08 1.70 1470 | 3.60 0.13 1615
70 1.07 1.73 1458 | 3.57 0.14 1711
80 1.05 1.75 1447 | 3.53 0.15 1784
90 1.04 1.78 1435 | 3.50 0.17 1989
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Table 3.8.: Physical properties of Ho/CH,4 mixtures, where pg is the density of the
unburned gas mixtures, v the kinematic viscosity, 7,4 the adiabatic flame temper-
ature, 7 the expansion ratio, Sy, the laminar burning velocity and Re the Reynolds
number calculated using Eq. (3.20)

® =0.80
H, [%] | po lkg/m3] | v x10° [m?/s] | T,q[K] | 7 | Sp[m/s]| Re
0 1.14 1.58 1994 | 5.70 0.26 5047
20 1.12 1.61 1996 | 5.65 0.29 5489
40 1.10 1.65 2011 | 5.63 0.35 6487
50 1.08 1.67 2021 | 5.61 0.39 7076
60 1.07 1.70 2033 | 5.58 0.45 8052
70 1.04 1.75 2048 | 5.55 0.55 9469
80 1.01 1.80 2070 | 5.50 0.70 11615
® =0.60
H, [%] | po [kg/m?3] | v x 10° [m?/s] | T,a (K1 | 7 | Si [m/s] Re
20 1.14 1.60 1674 | 4.58 0.13 2090
40 1.12 1.63 1689 | 4.58 0.16 2527
50 1.11 1.65 1699 | 4.58 0.18 2818
60 1.09 1.67 1712 | 4.58 0.21 3228
70 1.07 1.70 1728 | 4.58 0.26 3902
80 1.05 1.75 1749 | 4.57 0.34 4998
90 1.01 1.81 1780 | 4.56 0.49 6917
100 0.96 1.92 1827 | 4.54 0.82 10903
® =0.40
Hy [%] | po lkg/m?] [ v x10° [m?%/s] [ T,q[K] | 7 | Sp[m/s] [ Re
70 1.11 1.66 1343 | 3.39 0.04 487
80 1.09 1.69 1357 | 3.40 0.06 719
90 1.06 1.73 1382 | 3.42 0.09 1054
100 1.02 1.80 1424 | 3.47 0.18 2052
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Table 3.9.: Physical properties of Hy/CH4/CO mixtures with & = 0.60, where pg
is the density of the unburned gas mixtures, v the kinematic viscosity, 1,4 the
adiabatic flame temperature, 7 the expansion ratio, Sy, the laminar burning velocity
and Re the Reynolds number calculated using Eq. (3.20)

CO/CH;=3:7
Hy [%] | po [kg/m3] [ v x 10° [m?/s] | Toq [K] | 7 | Sp[m/s] [ Re
0 1.15 1.58 1690 | 4.61 0.13 2120
20 1.14 1.61 1700 | 4.60 0.15 2420
40 1.11 1.64 1714 | 4.60 0.19 2985
60 1.09 1.68 1733 | 4.59 0.25 3829
70 1.07 1.72 1747 | 4.58 0.31 4653
80 1.04 1.76 1764 | 4.57 0.39 5679
90 1.01 1.82 1782 | 4.53 0.54 7540

CO/CH4=5:5
Hy [%] | po lkg/m®] | v x10° [m?%/s] | T, [K] | 7 | Sp[m/s] [ Re
0 1.15 1.58 1721 | 4.64 0.15 2459
10 1.14 1.59 1725 | 4.64 0.16 2600
20 1.13 1.61 1730 | 4.63 0.18 2894
30 1.12 1.62 1735 | 4.63 0.19 3012
40 1.11 1.64 1742 | 4.62 0.22 3450
50 1.10 1.67 1749 | 4.61 0.25 3878
60 1.08 1.70 1757 | 4.60 0.29 4409
70 1.06 1.73 1768 | 4.59 0.35 5213
80 1.03 1.78 1781 | 4.57 0.44 6345
90 1.00 1.84 1799 | 4.55 0.58 8048

CO/CH;=7:3
Hs [%] | po [kg/ms] v x 10° [m?/s] | T,q [K] T St [m/s] Re
0 1.16 1.58 1769 | 4.70 0.17 2825
20 1.13 1.61 1774 | 4.68 0.21 3388
40 1.11 1.66 1780 | 4.65 0.26 4099
60 1.07 1.71 1789 | 4.62 0.35 5290
80 1.02 1.80 1802 | 4.58 0.50 7115
90 0.99 1.85 1811 | 4.55 0.63 8654

98



3.5.2. Scaling with a new J parameter

The mixture reactivity is strongly dependent on hydrogen concentration as shown
in the previous section in terms of the laminar burning velocity. The hydrogen con-
tent of the fuel blend can be described via Eq. (3.3), where Cy and Cr represent
the mole fractions of Ho and CH4/CO, respectively.

Ch

=1 3.3
Cg+Cr (3-3)

Wu et al. [[122] pointed out that the conventional composition parameter, defined
in Eq. (3.3)), imposes a disproportionately larger impact of the hydrogen concen-
tration on the response of hydrocarbon flames. This can be attributed to the fact
that hydrocarbons require more oxygen compared to Hy for a complete oxidation.
The combustion in air accordingly results in a reduced heat release effect due to
the thermal ballast of nitrogen. The non-linear behaviour with increasing Hy con-
tent in methane is also evident in the laminar burning properties as discussed in
Section[3.5.1] Yu et al. [123]] accordingly proposed an alternative scaling parame-

ter (Rp) to better represent the relative amount of hydrogen addition as shown in

Eq. (3:4).
Cu+Cu/(Cu/Ca)st

Cr+[Ca—Cu/(Cu/Ca)st]

The above expression relates the amount of hydrogen and the amount of air re-

Ry = 3.4

quired for full oxidation to the amount of the hydrocarbons and the residual amount
of air. The Ry parameter has been shown to correlate the laminar burning velocity
well for low Hy blending fractions [122H124]]. An alternative scaling relationship
may readily be formed as shown in Eq. (3.3), where the 3 parameter describes the

mixture composition based on the amount of air required to fully oxidise the fuel.

C - C
llcrrenmilicmiony e B

In Eq. (3.3), n is the number of fuel components, C the Hy mole fraction, C £ the
mole fraction of fuel component k (CO and/or CHy) and (Cg/C 4)st 1, the stoichio-
metric fuel to air volumetric ratio for the pure fuel component k (e.g. (Cr/C a)st,cH,
=0.105, (Cr/Ca)st,co = 0.420 and (Cy/C o)st, 5, = 0.420). It is worth noting that
the 3 parameter is bounded between 0 and 1, while Ry can exceed unity for high

Hs concentrations.
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The peak overpressure describes the severity of an explosion and is a key fac-
tor in hazard assessments. A direct comparison of the influence of hydrogen
concentration and equivalence ratio on the peak overpressure in Ho/CO/Air and
Hy/CH4/Air mixtures is shown in Figure The explosion overpressure
(normalised by the initial pressure) increases linearly with hydrogen mole frac-
tion for Ho/CO/Air mixtures. By contrast, increasing hydrogen addition for CHy
mixtures yields a delayed, but subsequently sharp increase in the overpressure.
The enhancement for Ho/CH4/Air mixtures becomes significant for hydrogen lev-
els higher than 50%, which is consistent with previously reported results covering
a wide range of scales [[12,{100,/101f]. The current results further show that CHy
has a stronger inhibiting effect on the Hy chemistry compared to CO. It can be
noted that the o parameter cannot be used to correlate the peak overpressures for
the current Ho/CHy4/Air mixtures linearly. The non-linear impact of Hs content
in Ho/CH4/Air mixtures in terms of the explosion overpressure has been well es-
tablished [12,|100,/101] and is readily evident in the laminar burning properties
(i.e. Sp).

ISP =1Ci it (3.6)

e=\|—FF— 3.7

The scaling parameter Ry was originally proposed for correlating laminar burn-
ing velocities at low hydrogen concentrations [[123]] and it removes some of the
non-linearity effects of hydrogen concentration on the peak explosion overpres-
sure for Ho/CH4/Air mixtures as shown in Figure [3.22(b)| It further removes the
discrepancy of the hydrogen influence on the overpressure between the two binary
fuel mixtures to a certain degree. Linear regression models were fitted for differ-
ent stoichiometries with the results shown in Table and evaluated in terms of
the R? norm (see Eq. (3.6)) and the linear prediction uncertainty (¢) as defined in
Eq. (3.7), where P* is the measured normalised peak overpressure, P* the average
of the measured pressure, P* the linear prediction and N the total number of data
points. The Ry scaling yields a good R? value for ® = 0.8 with increased un-
certainties for equivalence ratios of 0.60 and 0.40 as shown in Figure [3.22(b)| and
Table As noted above, the formulation was originally derived to correlate

laminar burning velocities at low hydrogen contents and the current deviations are
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accordingly not unexpected.

The new [ parameter (see Eq. (3.5)) was found successful in correlating the
current extended conditions with much higher Hy content and provides similar or
improved R? values and prediction uncertainties (see Table [3.10). The definition
of the /3 scaling parameter removes the imbalance of the stoichiometric coefficients
between the different fuels (i.e. 0.5 for Hy and CO and 2 for CH,4) and provides
a linear scaling of the peak overpressure with the hydrogen content for the cur-
rent turbulence driven explosions in both Hy/CO/Air and Ha/CH4/Air mixtures as
shown in Figure However, it should be noted that the scaling is only in-
tended to reflect the impact of hydrogen content on mixtures with different syngas
related fuel components and not the influence of the stoichiometry and the increase

in the gradient with increasing equivalence ratio.

Furthermore, the S scaling does not improve matters for ultra lean mixtures
(® = 0.40) and improvements aimed at removing the equivalence ratio dependent
slope would likely require detailed flow field information. However, the current
data suggests that in the absence of a deflagration to detonation transition (DDT),
a linear approximation for % provides a good scaling for the impact of hydro-
gen enrichment on the explosion overpressure. The current values are given in

Table

Table 3.10.: Scaling results of the peak explosion overpressure in Ho/CO/Air and
Hy/CH4/Air mixtures with Ry and 3 parameters. The R? is the coefficient of
determination assessed via Eq. (3.6) and e is the linear prediction uncertainty as-

sessed via Eq. (3.7).
(0]

Ry scaling B scaling
dp~* dp~*
i R? € e R?
0.80 | 290 | 096 | 7.8% | 4.89 | 098 | 7.9%

0.60 | 1.35 | 0.88 | 20.3% | 3.10 | 0.98 | 9.3%
040 | 095 | 0.85 | 21.0% | 1.06 | 0.86 | 22.7%

€

The significant differences in the explosion overpressures resulting from Ha/
CO and Hy/CHy, see Tables [3.4] and [3.5] can partly be attributed to the differ-
ence in nitrogen content, but also to the different interactions of CO and CHy
with the hydrogen chemistry. The stronger inhibiting effect of CH4 on the Hp
chemistry has also been observed in the laminar burning properties. The distinct
differences in behaviour encourage further investigation using ternary fuel blends
(i.e. Ho/CH4/CO). The results are shown in Figure[3.23] The overall stoichiometry
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Figure 3.22.: Scaling of the peak explosion overpressure in binary mixtures with
P* = P/Py, where Py = 101.325 kPa is the initial pressure. The peak pressure
was obtained from the second pressure transducer installed at a distance of 1.305 m
from the ignition end. The symbols (0/x — ® = 0.80, o/+ — ® =0.60 and >/ — P =
0.40) denote experimental data and the lines least square fits to the data.
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Figure 3.23.: Scaling of the peak explosion overpressure in ternary mixtures with
P* = P/Py, where Py = 101.325 kPa is the initial pressure. The peak pressure
was obtained from the second pressure transducer installed at a distance of 1.305 m
from the ignition end. The symbols denote experimental data and the lines least
square fits with R? indicating the coefficient of determination and e the prediction
uncertainty.
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was kept constant at 0.60, while the ratio between CO and CH,4 was varied (CH4/CO
= 3:7, 5:5 and 7:3). Results for the binary fuel mixtures (Ho/CO and Hs/CHy)
are also shown for comparison. The peak overpressures of the ternary mixtures
are bounded by the binary mixture limits as shown in Figure It further
provides evidence that CH4 has a stronger inhibiting effect than CO on the Hs
chemistry with pronounced differences between the CO and CO/CH4 = 7:3. By
contrast, the differences between the CH, and CO/CH,4 = 3:7 are comparatively
modest. The Ry scaling collapses the data points relatively well, but does not re-
move the non-linearity. The /3 scaling removes the non-linearity and correlates the
current peak overpressure of binary and ternary Ho/CH4/CO mixtures for a given
equivalence ratio. The [ scaling in ternary mixtures at an equivalence ratio of 0.60
yields a % of 3.09 (see Figure while the counterpart in binary mixtures
at ® = 0.60 gives a value of 3.10 (see Table[3.10). This further suggests that, in the
current configuration, a single correlation purely dependent on the equivalence ra-
tio can be established for the explosion overpressure response to hydrogen content

in syngas based fuels regardless of the CO/CHy ratio.

3.5.3. Scaling relations for flame propagation and peak overpressure

In vapour cloud explosions, the pressure wave induced by the expansion of the hot
products culminates in a sharp pressure rise that is related to the fuel reactivity
and the (turbulence generating) physical configuration. Gardner et al. [[125], see
Na’inna et al. [126]], used the extensive MERGE programme data base of Mercx
et al. [[127] to propose an expression for the maximum pressure based on geometric

parameters and the laminar burning velocity,

P =48 x 10"*n*BR?2D" 753 (3.8)

where n is the number of obstacle rows (8 to 30), BR the blockage ratio (0.265 to
0.521) and D the obstacle tube diameter proportional to the obstacle length scale
(19 to 168 mm). For a fixed geometry (e.g. the present study) the relative change

in overpressure, measured from a reference point follows.

P S, ]5
= 3.9
Pref |:SL,ref ( )

Taylor [128]] studied the pressure wave caused by a uniformly expanding sphere

surrounded by a uniformly expanding air wave. When the expansion velocity be-
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comes large, a shock wave forms with a pressure ratio 7 = P/P,, where P and
Py are the pressure immediately after and before the shock wave. Harrison and
Eyre [[129] and Gardner et al. [130] analysed their experimental data using a re-
lated simplified form shown in Eq. (3.10), where Ma, is the flame speed Mach
number and v = C),/C, is the ratio of specific heat capacities.

AP 2vMa?
—=(r=1)= TG
Py

o 1+Ma1

The specified Ma; is based on the maximum flame speed (SF) and the speed of

(3.10)

sound (cg) in the reactant gas mixture.

May = °F (3.11)
Co

The alternative expression in Eq. (3.12)) follows directly from Taylor [128]], where

Ma = U/cp and U is the gas velocity immediately behind the shock wave.

2(m —1)*
Yy =1+ v+ 1))

Flame propagation speeds are typically measured using ionisation probe detectors.

Ma? = (3.12)

If the flame is primarily convected by the mean flow then the difference between
Ma and M a; will not be excessive. For a closed end tube the flame speed can be
written as Eq. (3.13), which accounts for the effects of expansion ratio and flame

surface area enhancement,

Ar
A

where A is the flame surface area and A the cross sectional tube area. For the

Sp=5,-(1+1)- (3.13)

initial laminar flame propagation, A is related to a (parabolic) pipe flow velocity
profile. For the subsequent turbulent flame propagation, the flame area is related
to turbulent fluctuations. Damk®ohler [[I131]] applied mass conservation to equate
Ap/A = Sr/Sr, where St is the turbulent burning velocity. A large number
of correlations have been proposed [16,/132]] and a common form is shown in
Eq. (3.14), where C'is expected to include a dependency on the ratio of the integral
length scale (I;) of turbulence and the laminar flame thickness (I = v/S) [16].
St

v\
— =1 — 5 < <1 3.14
S, +C<SL> 0.5<m< ( )
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The value m ~ 0.7 is often used [[14,|16]]. Bradley et al. [[133}/134]] have fur-
ther shown that the Lewis (Le) number and the Karlovitz stretch factor (Ka =
tr/tK), defined as the ratio of the chemical (tz = lr/Sr) and Kolmogorv (tx =
(v/e;)'/?) time scales (e; is the rate of dissipation), can be expected to exert a
significant influence. The following form was used to correlate a wide range of
data,

Sr 088 v
5.~ (Ka-Lep? (s) G

Peters [[16] showed that a number of relationships can be correlated as Re; =
Da®Ka?, where the Damkohler number is defined as Da = t;/tp = I;/(v'tr).
The scaling relationship given in Eq. for S7 /S, which includes the length
scale dependency, was also derived.

AF St v I 1/2
—_— = — ~ _— .1
A St <SL lF> (3.16)

The definition of the laminar flame thickness and Eqs. (3.13) and (3.16) lead to,

V'l

Sp ~ (7- + 1) - Sy, - Retl/Q where Re; = 3.17)

where Re; is the turbulent Reynolds number. Measurements of turbulence quanti-
ties in practical geometries are often very difficult to perform. Accordingly, es-
timates based on thermochemical parameters that reflect the mixture reactivity
relative to a suitable reference value can potentially be useful. It follows from
Egs. (3.11) and that the change in the Ma (or Ma;) can be estimated from
Eq. with the change in the overpressure estimated via Eq. (3.12).

(T+1) Sip/eco Re; \1/2
(TTef + 1) (SL/CO)ref Ret,ref

The above expression still requires the determination of turbulence properties.

Ma* = Mag.f -

(3.18)

These are often exceptionally difficult to obtain in explosion related flows. The
current configuration provides highly turbulent flows with Reynolds numbers Re >
100,000 and 2000 < Re; < 4000 reported by Lindstedt and Sakthitharan [32] for
a similar configuration using stoichiometric methane-air mixtures. Abdel-Gayed
and Bradley [135] derived (applied) the following correlation between the turbu-

lent and flow Reynolds numbers based on pipe and parallel plate flow data.
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Re; = 13.45 x 1073Re%?  for 70 < Re; < 3000 (3520) (3.19)

The turbulence levels will be significantly higher in obstructed channels. However,
Eq. (3.19) was used by Alexiou et al. [136] to improve the agreement between pre-
dicted and measured rates of pressure rise in such configurations. The dependency
of the flow Re number on the mixture reactivity can be estimated from,
S 1D
Re = 2L DD (3.20)
v

where Dy, is the hydraulic diameter (i.e. Dy, =4 x area/ perimeter). The following

results if only the scaling provided by Eq. (3.19), not the absolute value, is retained.

(t+1) Si/eo Re )0.451' 321)

(Tref + 1) (SL/CO>ref Reref
The particularly simple form of Eq. (3.22) follows and suggests a much weaker

Ma™ = Mayey -

dependency on S7, than proposed by Gardner et al. [[125]].

Ma] = Mayy -

“uref [((TH) oL ]1'451 (3.22)

co [ (Tref +1) SLrey
The value of Ma,.; can be determined either from flame speed measurements
or, via Eq. (3.12), from the peak pressure. The above analysis is only intended
to reflect the increase in overpressure caused by changes in the mixture reactivity
for a given stoichiometry and experimental configuration. The result cannot be
expected to be general. Furthermore, a trivial form can be derived directly from
Eq. if it is assumed that the flame area in the initial laminar flow is self-
similar and the relative scaling only depends on fluid properties.

coref (T+1) St
co (Tref + 1) SL,ref

May = Maye; - (3.23)

Figure [3.24] compares the measured peak explosion overpressures and the the-
oretical predictions using the measured flame speed Ma number. The scaling
captures the mixture reactivity effect reasonably well. Some deviations exist and
this can be expected as the flame speed measurements show scatter related to dif-
ferences between the explosion events and emphasises the need for more detailed

flow field measurements of explosion driven velocity fields.

107



4
o
3l . + H,/CO H,/CO ° 9
o ® = 0.80 $ = 0.60 o ° .
+ [e) +
2r r +
& O
o +
A @ | o *
+ Measurement +
o Theory (Ma)
G L L
H,/CH H,/CH
3l ° 5 2/CHy | H,/CHy4 o
o 4 ® = 0.80 ® = 0.60 o
o
2F o 4 r o©O +
o 2" o +
1@+ o L+ +
N +
"0
Hy,/CH4/CO, ® = 0.60 1| Hy/CH4/CO, ® = 0.60
3t CO/CHy = 3:7 & -CO/CH4 = 5:5 &
2 o *
2r °© 3 00 ©° +
° 4 o .
[e]
1 + o, ++ *
? " w7
0 ‘ ‘ 0 0‘2 0‘4 0‘6 0‘8 1
H,/CH,/CO, & = 0.60 1 ’ B ’
3{CO/CHy = T:3 ?
2 ?
[¢] +
s +
0 L L L L
0 0.2 0.4 3 06 08 1

Figure 3.24.: Comparison of the measured peak overpressures and theoretical pre-
dictions using the scaling based on measured M a numbers. The peak pressure was
obtained from the second pressure transducer installed at a distance of 1.305 m
from the ignition end and P* = AP/Py, where Py = 101.325 kPa is the initial

pressure.

The estimated Mach numbers (Maj and Ma3) using Egs. and
reflect the mixture reactivity as associated with the laminar burning velocity and
expansion ratio. Hence, the correlation does reflect the strength of the approach
flow to the obstacles. It can clearly not be expected to reflect the characteristics of
the resulting turbulent explosion. The results using the estimated mixture reactivity
Mach numbers are illustrated in Figure Predictions based on M a] show good
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Figure 3.25.: Comparison of the measured peak overpressures and theoretical pre-
dictions using the scaling based on estimated Ma] and M a3 numbers. The peak
pressure was obtained from the second pressure transducer installed at a distance
of 1.305 m from the ignition point and P* = AP/P,, where Py = 101.325 kPa is
the initial pressure.
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Figure 3.26.: Comparison of the measured Mach number (Ma) and estimated
Mach number (M a3).
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agreement for mixtures with lower mixture reactivity, yet overestimates the im-
pact of mixture reactivity for more reactive mixtures. Improvements can be seen
when scaling with the trivial expression Ma3. Deviations prevail and this is not
unexpected as the use of unstrained laminar burning velocities is only intended as a
leading order approximation with further work required to quantify the influence of
flame stretch, Lewis number and turbulence-chemistry interactions. Furthermore,
it appears clear that scalings that are based on higher orders in the laminar burning
velocity (e.g. Egs. and (3.9)) do not accurately reflect the current wide range
of mixture reactivities. It should also be noted that the reference Mach numbers
in the estimation (30% Hs for Ho/CO/Air with @ = 0.40, 70% H, for Ho/CH4/Air
with ® = 0.40 and 20% Hj for the rest) were calculated using the measured ex-
plosion overpressure and the reverse application of the scaling relation given by
Eq. (3.12). The reference cases were illustrated in Figure [3.25] Figure [3.26|com-
pares the estimated M a3 and measured M a. The data points are scattered around
the diagonal line with a R? norm of 0.65. The latter value suggests modest agree-
ment with experimental data and caution is required when scaling the peak over-
pressure with the estimated flame speed Mach number (M a3). The detailed data
related are provided in Tables [3.4]and [3.5]for the binary mixtures and Table [3.6| for
the ternary mixtures. For ultra-lean mixtures with ® = 0.40, the ionisation probe

detectors did not trigger reliably and the flame speed data are accordingly omitted.

3.6. Conclusions

This chapter has investigated the turbulent explosions of Hy enriched fuel blends
(CO or/and CHy) in an obstructed channels, focusing on the influence of mix-
ture reactivity, which was varied by introducing different Hy substitution levels for
three different equivalence ratios (0.80, 0.60 and 0.40). The results highlight an en-
hancing effect of mixture reactivity on explosion overpressure and flame propaga-
tion speed. The quantitative relationship between hydrogen mole fraction and peak
overpressure depends on the blend type with a linear dependence in CO blends and
an exponential relation in CH4 blends. Methane was found to have a stronger in-
hibiting effect than CO on Hs chemistry indicated by the lower overpressure at the
same hydrogen concentration. Ternary fuel mixtures with an equivalence ratio of
0.60 and various CO/CHy4 ratios (3 : 7, 5 : 5 and 7 : 3) were also investigated to
further show the synergistic effect.

A new scaling parameter 5 provides a linear correlation with a purely equiv-
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alence ratio dependent gradient for the peak explosion overpressure in response
to Ha content regardless of the fuel blend. The scaling based on a acoustic the-
ory [[128]] and measured flame speed M a number shows arguably good agreement
with experimental data. The estimated Mach numbers (M a] and M a3) incorpo-
rate the mixture reactivity effect via the laminar burning velocity and show some
success in scaling the peak overpressure. The estimation method can be poten-
tially used in circumstances where extensive flame speed data are not available but
suitable reference points can be obtained in the same, or a very closely related,
geometry.

The investigated gas mixtures and the scaling of peak overpressures together
with the produced datasets provide novel insights into the risks associated with
hydrogen enrichments of syngas, biogas and natural gas systems as well as pro-

viding data for model validation.
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4. Radiation induced multipoint

turbulent explosion

It has been discussed in previous chapters that possible secondary explosions via
radiative ignition of dust particles ahead of the advancing flame front cannot cur-
rently be ruled out. Such particles may be trapped in corners around obstacles and
can, following ignition, be entrained into the main flow and/or adjacent recircu-
lation zones. The mechanism is illustrated in Figure 4.1] and related events may
also play a role in dust explosions. This chapter explores the impact of secondary
flame kernels on the explosions resulting from lean premixed Ho/CH4/Air atmo-
sphere. The total impulse was estimated by measuring the overpressure for the full

duration of the explosion. The repeatability of the experiment is also presented.

Radiation

Flow pattern
Y Ground
Particle
agglomerate

Figure 4.1.: Schematic of radiative ignition of dust particles around obstacles.

4.1. Influence of mixture reactivity on the radiative
ignition time

Two time scales must be accommodated when exploring forward radiative ignition

mechanisms. The first is the time for the main (primary) flame to arrive at the

radiation induced ignition location (7, r) and the second is the time required for the

suspended irradiated particles to cause ignition (7;,) at this location. The irradiated
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particles ignition time must be smaller than the main flame arrival time (7;4 <
Tmys)- The arrival time of the primary spark ignited (main) flame predominantly
depends on the flame propagation mode, e.g. on turbulence generating obstacles

and on the laminar burning velocity during the initial phase.
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Figure 4.2.: Influence of hydrogen concentration on the radiation induced ignition
time in quiescent condition. The explosive atmosphere is a Ho/CH4/Air mixture
with an equivalence ratio of 0.80.

The 7;4 is less affected by the configuration, but strongly influenced by particle
properties (e.g. size, surface to volume ratio, chemical composition and internal
heat conductivity), the radiation intensity, the radiation area as well as the mixture
reactivity. Beyrau et al. [74] measured the time-resolved temperature rise of un-
coated silicon carbide particles with sizes in the range 2.33 < wds9/A < 109 and
showed that the 7;4 in stoichiometric butane—air mixtures increased from 37 ms
to 152 ms at a constant irradiance of 1.6 MW/m?. The comparative value for the
current acetylene black (7wd, /A = 0.14) was 20 ms and the nanoscale structure,
featuring interstitial spaces, was suggested as possible cause of the favourable ig-
nition characteristics.

In the current case, the time-to-radiation induced ignition depends on the mix-
ture reactivity, i.e. the Ho concentration. There are, comparatively, more studies
on the properties of the particles, particle size and radiation intensity, but less on
the mixture reactivity. Hence, the mixture reactivity was first characterised by

studying quiescent (no primary flame) Ho/CH,4/Air mixtures with various Hy con-

113



centrations while keeping an overall equivalence ratio of 0.80 in the absence of
spark ignition. A linear decrease in ignition time with an increasing amount of

hydrogen in the reactant mixture was observed as shown in Figure[#.2] The time

Obstacle

\

(a) Oms (b) 3 ms

10 mm 10 mm
Ce— C—]

Flame front

Glowing carbon Glowing carbon
black particles black particles

(e) 12 ms (f) 15 ms

Figure 4.3.: The evolution of radiation induced ignition downstream of the obstacle
in a quiescent (no primary spark ignited flame) Ho/CH4/Air mixture with Hg =
20%, ® = 0.80 and E = 1.79 MW/m?. The figure shows selected slides from the
experimentally recorded flame evolution.
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to radiation induced ignition also decreases with an increase in irradiation. In a
laboratory environment, it is desirable to keep the time to radiation induced ig-
nition short, given the modest distance (~400 mm) between the irradiated area
and the spark ignited primary flame. Figure |4.3|illustrates the ignition event in a
H,/CH4/Air mixture in the absence of a primary flame using selected slides from
the experimentally recorded flame evolution obtained using a CCD camera with
a 2 kHz frame rate. The images have been enhanced for clarity. Ignition was
achieved after 9 ms at an irradiance (E) of 1.79 MW/m?2. The particles glow for
a few milliseconds before ignition and the flame then propagates outwards in a
hemispherical mode given the restrictions of the obstacle and tube walls. The
2 kHz recording rate gives an uncertainty of 0.5 ms in the measured ignition time.
Beyrau et al. [60] and Hadjipanayis [67] have shown that the ignition time be-
comes independent of the target orientation when the irradiated area is greater
than 17 mm? and the current value was set to 23 mm? to remove the impact of

buoyancy.

4.2. Pressure development in radiation induced

multipoint explosions

The impact of radiative ignition is here studied for four cases. Case (a) is a ref-
erence case with only spark ignition, Case (b) features the addition of radiation
induced ignition of particles downstream of the obstacle and Case (c) radiation in-
duced ignition of particles upstream of the obstacle. Case (d) is identical to Case
(c) apart from that a second obstacle is added closer to the spark source in order to

increase flow and turbulence velocities.

4.2.1. Explosion evolution in the absence of radiative ignition

The pressure development for Case (a) is shown in Figure 4.4] The four lines cor-
respond to the pressure transducer locations in Table[2.1] The dashed vertical line
indicates the arrival of a pressure wave caused by back-reflection from the closed
downstream end of the tube. The signal in Zone A exhibits a high reproducibility
(the variability from three experiments is shown) in terms of the pressure evolution
with the peak pressure around 65 kPa at 50 ms caused by the turbulence-driven ex-
plosion behind the obstacle. Zone B is affected by reflected pressure waves and

can show a chaotic behaviour.
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Figure 4.4.: Characteristic pressure traces resulting from a spark ignited flame only,
Case (a), with the pressure transducer locations corresponding to Table Zone
A indicates the temporal domain free of pressure wave reflections from the closed
far end of the tube. In zone B, such interactions cause a chaotic behaviour.
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Figure 4.5.: Characteristic pressure traces resulting from spark ignition com-
bined with radiation induced ignition downstream of the obstacle, Case (b), in a
Hy/CH,4/Air mixture with Hy = 20%, ® = 0.80, E = 1.79 MW/m? and Tig = 10 ms.
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(b) 15 ms

(c) 20 ms (d) 30 ms

(f) 40 ms

Figure 4.6.: Images of the early evolution of an explosion induced by spark igni-
tion followed by radiation induced ignition downstream of the obstacle (Case b).
Conditions as for Figure[4.5]
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Figure 4.7.: Images of the final evolution of an explosion induced by spark igni-
tion followed by radiation induced ignition downstream of the obstacle (Case b).
Conditions as for Figure [4.5]

4.2.2. Impact of radiative ignition of particles downstream of the
obstacle

The pressure and early flame development for Case (b) with spark ignition aug-
mented by radiation induced ignition of particles located downstream of the obsta-
cle are shown in Figures 4.5|and .6] The long dashed line in Figure [4.5]indicates
the arrival of the pressure wave caused by back-reflection. The three short dashed
lines separate the pressure development into three stages, two sharper pressure
rises, indicating two explosions in Stages C and E, bracketing a quasi-stable Stage
D where the expansion caused by the primary flame supplies fresh reactants. The
radiation induced ignition occurred around 10 ms as shown in Figure 4.6] The
flame becomes squeezed during the propagation because of the combustion-driven

flow caused by the primary flame. At around 20 ms, the recirculating flow behind
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Figure 4.8.: Impact of different radiation induced ignition times downstream of the
obstacle on the pressure evolution. Conditions as for Figure@
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Figure 4.9.: Impact on the pressure evolution of different radiation induced ignition
times upstream of the obstacle with other conditions as for Figure@
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the obstacle begins to have an impact and the flame evolves into a local explosion
leading to the pressure rise in Stage C. Later the flame exhibits a strong tendency
to propagate upstream, as shown in Figure before being pushed back by the
approaching primary flame around 55 ms as shown in Figures onwards. The
combined effect leads to the second pressure rise in Stage E. The overall pressure
development differs from the reference case and shows a strong coupling between
the two flames. Accordingly, the impact of different ignition times was investi-
gated and the results are shown in Figure The relationship is quite complex.
An earlier onset of radiation induced ignition leads to an earlier pressure rise and
a shorter quasi-stable stage. The peak pressure (< 55 kPa) is reduced compared to
the reference case. However, the overpressure duration is substantially increased.
The case where ignition is delayed until 17 ms, see Figure 4.8(b), shows a further
reduction in the peak overpressure to 35 — 40 kPa coupled with the prolonged du-
ration. The expansion of the radiation induced flame kernel can clearly cause a
delay in the main flame arrival time and the combustion-driven flow of the primary
flame affects the propagation of the secondary ignition kernel. Hence, the time to
achieve radiation induced ignition has a major influence on the temporal evolution

of the explosion.

4.2.3. Impact of radiative ignition of particles upstream of the
obstacle

The pressure development for Case (c), featuring spark ignition combined with
radiation induced ignition of particles located upstream of the obstacle, is shown in
Figure[4.9] This case is arguably of greater practical relevance due to the similarity
with the scenario shown in Figure The pressure development is shown in
Figure 4.9(b)| with a time-to-radiation induced ignition of 10 ms. The early flame
propagation is shown in Figure.10] The evolution is generally similar to Case (b),
which featured radiation induced ignition of particles located downstream of the
obstacle, and shows two pressure rise stages and a quasi-stable period. However,
a major difference is that the ignition kernel is quickly transported downstream to
the recirculation zone behind the obstacle and, potentially, beyond. From around
20 ms onwards, the secondary flame develops into a local explosion causing the
first pressure rise. Between 30 ms and 40 ms, the flame burns in a quasi-stable
mode as discussed above. An unsteady (e.g. flapping) motion of the shear layer
above the obstacle can be inferred from Figures [f.10(¢) and 4.10(f)| as also obser-
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(a) O ms (b) 10 ms

(c) 15 ms (d) 20 ms

(e) 25 ms (f) 30 ms

Figure 4.10.: Images of the early evolution of an explosion induced by spark igni-
tion followed by a secondary radiation induced ignition upstream of the obstacle
(Case c) with 7;, = 10 ms. Conditions as for Figure@}
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Figure 4.11.: Images of the final evolution of an explosion induced by spark igni-
tion followed by a secondary radiation induced ignition upstream of the obstacle
(Case c) with 7;, = 10 ms. Conditions as for Figure@}

ved by Lindstedt and Sakthitharan [32]]. As the primary flame approaches, the
combined effect of both flames contributes to the second pressure rise. The final
burnout around the obstacle is shown in Figure {.T1] where the secondary explo-
sion in the recirculation zone, caused by the supply of fresh reactants via the com-
bustion induced flow from the primary flame, is readily evident at 55 ms as shown
in Figure The pattern serves to explain the increased duration of multi-
point explosions as well as the reduced peak overpressure. The latter is caused by
the earlier consumption of reactants in a flow field that has had less time to develop
ahead of the primary flame.

An exception to the above behaviour occurs when the time-to-radiation induced
ignition is increased to 23 ms in order to allow the flow field caused by the primary
flame to develop further. The pressure evolution is shown in Figure and the
flame is visualised in Figures.12]and[4.13] The pressure build-up is distinctly di-
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(a) 23 ms (b) 25 ms

(c) 26 ms (d) 27.5 ms

10 mm

(e) 30 ms (f) 32 ms

Figure 4.12.: Images of the early evolution of an explosion induced by spark igni-
tion followed by a secondary radiation induced ignition upstream of the obstacle
(Case c) with 7;, = 23 ms. Conditions as for Figure
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(c) 37 ms (d) 46 ms

Figure 4.13.: Images of the final evolution of an explosion induced by spark igni-
tion followed by a secondary radiation induced ignition upstream of the obstacle
(Case c) with 7;, = 23 ms. Conditions as for Figure

fferent to the other three cases. The radiation induced ignition kernel is transported
far downstream and out of the optical section as shown in Figures
Once established, the resulting flame subsequently propagates in two directions.
The backward-burning flame (propagating towards the primary flame) re-appears
in the optical section at 32 ms as shown in Figure[d.12(f)] The backward propagat-
ing flame moves sufficiently far upstream to reach the recirculation zone formed
behind the obstacle towards the primary flame (the opposite side to what may be
expected) as shown in Figures d.13(b)| and 4.13(c) and subsequently creates a lo-
cal explosion at around 37 ms. The latter leads to the sharp pressure rise shown

in Figure .9(d)] The peak overpressure (around 45 kPa) is smaller than the case
with spark ignition only, shown in Figure 4.4] (around 65 kPa), as the strength of

the recirculation zone is likely affected by the opposing propagation directions of
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Figure 4.14.: Characteristic pressure traces for explosions induced by spark igni-
tion followed by a secondary radiation induced ignition upstream of the second
obstacle in the two obstacle configuration indicated by Figure 2.3] Conditions as
for Figure@ with 7;, = 8.5, 10 and 17 ms. A reference case without a secondary
flame is also shown in Figure [f. T4(d)}

the primary and secondary flames. In both cases the peak overpressure is caused
by turbulence-driven explosions around the obstacle and the secondary ignition
kernels may be quenched by high rates of strain. Overall, it is apparent that NIR
laser induced radiation of particles can readily cause ignition leading to secondary
explosions ahead of a propagating primary flame and that the resulting complex
interactions impact the peak pressure and the overpressure duration. Typically
the primary flame arrives relatively late after the consumption of the fuel around
the obstacle by the secondary flame. The arrival time of the primary flame was
therefore reduced by introducing a second obstacle with the same blockage ratio
of 50% on the top of the tube at a distance of 80 mm from the ignition end (Case

d). The results, shown in Figure [4.14] are similar to the case with one obstacle,
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except that the peak overpressure arrives earlier and the quasi-stable stage becomes

shorter. The peak pressures are also increased.

4.3. The impact of secondary flame kernels on flame

speeds and arrival times

The pressure development can be correlated with flame speeds and flame arrival
times, measured with ionisation probes along the tube, with Cases (a) (spark igni-
tion only) and (b) shown in Figure [d.T5] Consistent with the overpressure records,
the early flame speed is strongly reduced by the secondary flame kernel compared

to the case with only a primary spark ignited flame.
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Figure 4.15.: Impact of radiation induced ignition on flame arrival times and flame
speeds. Case (a) spark ignition only and Case (b) radiation induced ignition down-
stream of the obstacle.

4.4. The impact of secondary flame kernels on the

pressure impulse

To estimate the severity of an explosion, it is not only the peak pressure that is im-
portant, but also the duration of the pressure load. The integral of the instantaneous
pressure over time, defined as the total pressure impulse, can be used to quantify
this effect. The pressure impulse was hence calculated using data obtained at the
second pressure transducer before the arrival of the back-reflected wave (i.e. data
only from Zone A as shown in Figure f.4). The results are listed in Table {.1}
where Group I refers to the ignition of particles downstream of the single obsta-
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cle, Group II to the ignition of particles upstream of the single obstacle and Group
III the ignition of particles upstream of the second obstacle (same location as for
Group II) in a two-obstacle configuration.

Table 4.1.: Pressure data where S indicates spark ignition and R radiation induced
ignition downstream or upstream (towards the spark ignited flame kernel) of the
obstacle and 7;, the timing of the ignition of the secondary flame kernel. The
asterisk (*) indicates limiting conditions where the experimental reproducibility is
reduced and data from sample cases are presented.

Group | Obstacles Ignition method Tig [ms] | Pressure impulse [Pa-s]
S - 887 + 22
I ! S + R downstream 7 845 4+ 60
S + R downstream 10 754 £ 15
S + R downstream 17 577 £ 24
S - 887 £ 22
S + R upstream 6 688*
II 1 S + R upstream 10 693 £ 62
S + R upstream 17 501 + 36
S + R upstream 23 902*
S - 911 + 51
I 5 S + R upstream 8.5 1053 £ 92
S + R upstream 10 1086 £ 39
S + R upstream 17 958*

It can be seen that although the introduction of radiation induced ignition lowered
the peak overpressure, the pressure impulses are comparable with a dependency
on the time-to-ignition also apparent.

Overall, the pressure impulse for Group III, where two obstacles are installed,
is higher than for Groups I and II, and the pressure impulse with radiation induced
secondary flame kernels actually exceeds that of the reference case featuring only
the primary flame. For the limiting cases, at very short ignition times (i.e. T
= 6 ms) the experiments were restricted by the selected laser power and particle
properties, while for the two cases with the longest laser induced ignition time
(i.e. 759 =23 ms in Group II and 7;4 = 17 ms in Group III) the radiation induced
ignition kernel was prone to quenching by the higher strain rates corresponding
to a more developed turbulent flow. However, it should also be noted that in a
practical scenario the irradiated area can be expected to be proportionally larger

resulting in more substantial secondary flame kernels.
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Figure 4.16.: Pressure registered at the second pressure transducer (1.305 m from
the ignition), average of four runs, ignited upstream of the obstacle, Ho/CH4/Air,
Hs =20%, ® = 0.80, 734 = 10 ms.

Table 4.2.: Detailed data for the four experiments corresponding to Figure
The flame arrival time (74) was obtained at the first ionisation probe located
600 mm from the spark ignition end of the tube.

Run Mixture composition ® T4 | Peak pressure | Peak time
CH, [Pa] | Hy [Pa] | Air [Pa] [ms] [kPa] [ms]
1 7303 1856 92231 | 0.802 | 55 40.2 58.8
2 7384 1837 92357 | 0.808 | 50 40.5 55.1
3 7370 1888 92436 | 0.808 | 53 39.9 55.7
4 7303 1848 92377 | 0.800 | 56 44.7 57.8

4.5. Repeatability of results

The explosions studied in the current experiments are highly transient and vari-
ations in the initial flame kernel formation, unpredictable flame instabilities and
flame obstacle interactions can all lead to significant variability in results even
under very carefully controlled conditions. The repeatability in the absence of
secondary flame kernels has been shown above (cf. Figure 4.4). The correspond-
ing results for the pressure evolution resulting from radiation induced ignition are
shown for Case (c) in Figure for four repeated experiments. The pressure
signals were taken from the second pressure transducer located at a distance of

1305 mm from the ignition end. The results suggest that repeatability is very good
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with marginal variations in the peak pressure and the pressure wave arrival time.
The overall equivalence ratio, critical in this experiment, was kept within 0.804 +
0.004 as shown in Table 4.2

4.6. Conclusions

The impact of possible secondary ignitions caused by forward thermal radiation
was explored using fuel lean Ho/CH4/Air mixtures in a flame tube facility with
obstacles installed to generate turbulence. A continuous wave laser operating in
the near infrared was used as the radiation source and acetylene black particles
were used as the radiation target due to their relationship with soot emissions,
e.g. from Diesel engines. The influence of ignition location, ignition delay time
and obstacle configuration were studied. It was shown that ignition kernels caused
by irradiated particles can successfully be entrained into the main flow and/or re-
circulation zones formed around obstacles and cause multipoint explosions. The
resulting relationship between fuel consumption ahead of the advancing flame and
the evolution of the strength of an explosion is shown to be complex and typically
lead to increased explosion durations with reduced peak pressures. The complex
effect of forward radiation induced ignition on the pressure development stems
from the interactions of the two explosion kernels resulting in two sharp pres-
sure rises separated by a quasi-stable stage with the duration of the quasi-stable
stage depending on the radiation induced ignition time. The main (spark ignited)
flame arrival time was delayed by the secondary ignition kernel which can also be
seen from the measured flame speeds. The total pressure impulse was calculated
and found to be dependent on the configuration with a higher impulse in the two-
obstacle configuration due to the enhanced turbulence intensity in the recirculation
region.

Overall, the influence of thermal radiation induced ignition kernels can be ex-
pected to be complex in large vapour cloud explosions with a range of possible
outcomes. The ignition kernels could be transported into the main flow region with
reduced explosion overpressure and prolonged loading time. The ignition kernels
could also be potentially transported further downstream, leading to a backward
propagating flame impeding the main flame with different pressure development

and impulse characteristics.
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5. Flow field quantification using
HS-P1V

In obstructed channels, the mixture reactivity has a direct impact on the flame
propagation speed and the resulting overpressure as well as an indirect impact,
e.g. through turbulence—chemistry interactions. The former has been described in
the previous chapters, while the latter, the influence of mixture reactivity on flow
field, remains to be quantified. In this chapter, the flow field in the critical recir-
culation region behind an obstacle in the previously described flame tube facility
was quantified using high-speed particle image velocimetry (HS-PIV) and Mie
scattering at 10 kHz. The impact of mixture reactivity was studied by introducing
different Ho substitutions (50%, 80% and 100%) in Ho/CO/Air and Ho/CHy/Air
mixtures while keeping the equivalence ratio constant at 0.60 & 0.02. Comprehen-

sive datasets for the flow field evolution in the recirculation region were obtained.

5.1. Selection of conditions for flow field investigations

In obstructed channels, the rate of heat release is greatly enhanced by the turbu-
lence in the developing recirculation zones behind the obstacles leading to fast de-
flagrations. The timing and magnitude of the resulting pressure peaks are strongly
dependent on the mixture reactivity. In Chapter [3| explosion overpressures re-
sulting from hydrogen enriched CO/Air and CH4/Air mixtures over a wide range
of hydrogen concentrations and equivalence ratios were studied at an initial pres-
sure of 101.325 kPa. Figure shows the resulting normalised overpressures
(P* = P/Py, where Py = 101.325 kPa is the initial pressure) at an equivalence
ratio of 0.60. For Ho/CO/Air mixtures, the peak overpressure increases with hy-
drogen concentration linearly, while for Ho/CH4/Air mixtures it increases gradu-
ally at low concentrations while becoming dramatic at higher concentrations. Two
different regimes are noted for the Ho/CH4/Air mixtures, a slow initial increase

followed by a rapid increase beyond 60% Hs substitution.
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Figure 5.1.: Normalised peak explosion overpressures for Ho/CO and Ho/CHy
mixtures at an equivalence ratio of 0.60. Pressure normalised by the initial pres-
sure, P* = P/ Py, where Py = 101.325 kPa.

Following the above results, the Hs substitution levels in the current study were
chosen as 50% and 80%, covering the two regimes for CHy as outlined above, and
the reference case of 100% Ha. Figure [5.2]illustrates the pressure development
in Ha/CO/Air and Ho/CH4/Air mixtures with different hydrogen concentrations.
The overpressures shown (P* = P/ Py, where Py = 50 kPa is the initial pressure)
were obtained from the second pressure transducer located at a distance of 1.305 m
from the ignition end and correspond approximately to the maximum recorded. A
change in the hydrogen concentration impacts the peak overpressure differently for
mixtures with CO and CH,. For Ho/CH,4/Air mixtures, the peak pressure increased
by a factor of two with the change from 50% to 80% hydrogen substitution, but
nearly tripled from 80% to 100%. The result shows a strongly non-linear impact
of the hydrogen concentration on the explosion overpressure. For Hy/CO/Air mix-
tures, the increase is close to a factor of two moving from 50% to 80% and then
to 100% Hs substitution. Furthermore, at a given hydrogen substitution level, the
Hy/CO/Air mixtures give higher peak overpressures and a faster time evolution
suggesting a stronger inhibiting effect by CH,4 than CO. The results are consistent
with data presented in Chapter [3]

The flame speeds, shown in Figure decrease with a reduction in hydrogen

content due to the reduced mixture reactivity and with distance due to the decay of
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the explosion. The small error bars indicate good experimental repeatability. The
stronger inhibiting effect of CH4 can also be seen from the reduced flame speed at

the same hydrogen concentrations.
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Figure 5.2.: Explosion overpressures registered at the second pressure transducer
located 1.305 m from the ignition for Ho/CO and H2/CH,4 mixtures with Hy = 50,
80 and 100% and ® = 0.60. Pressure normalised by the initial pressure, P* =
P/ Py, where Py = 50 kPa.
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Figure 5.3.: Flame speeds in Ho/CH4/Air and Ho/CO/Air mixtures with Hy = 50,
80 and 100% and ® = 0.60.
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Figure 5.4.: High-speed (10 kHz) PIV and Mie scattering (green colour only; the
flash temperature for the silicone oil droplets is 373 K) with superimposed velocity
vectors in Ho/CH4/Air mixtures, Hy = 80%, ® = 0.60. The velocity vector length
is scaled linearly with the velocity magnitude with the reference given at the top of
each sub-graph. The dots in (a) indicate the location where a sensitivity analysis

was performed and (b) shows the grid points where the time-resolved velocity was
determined.
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5.2. Flow visualisation and recirculation eddy tracking

High speed PIV at 10 kHz was performed to better understand the evolution of
the flow in the recirculation zone behind the second obstacle where the dominant
explosion occurs. Figure shows the Mie scattering (green/light colour) images
(the black parts of each image signify an absence of silicone oil droplets and hence
temperatures above the evaporation temperature of 373 K) superimposed with ve-
locity vectors for a Ho/CH4/Air mixture with 80% Hs. The developing flow pattern
ahead of the flame front is evident. In the time window from 15 to 24 ms after ig-
nition, the eddy continues to grow with the centre gradually moving downstream
away from the obstacle. The flame front, the black area in the top right hand cor-
ner of Figure arrives at 27 ms. A maximum velocity of around 90 m/s is
observed. The fuel in the recirculation zone is subsequently rapidly consumed via
a highly fragmented flame front, as shown in Figure [5.4(f)] with islands of com-
bustion products surrounded by reactants. The peak pressure for this mixture also
occurs at around this time (30 ms) and shows the correlation with the turbulent
explosion in the recirculation zone behind the obstacle.

Before the flame front arrives, the eddies behind the second obstacle continue
to grow with the centre moving downstream. The locations of the eddy centre
at different times and the translation velocity in the horizontal direction (%) were
calculated and the results are shown in Figure [5.5] The translation velocity of the
eddy centre increases with time and hydrogen concentration. It can also be seen
that the velocity increases faster in a more reactive mixture. The uncertainty (error
bars) mainly stems from the tracking process. The detailed data can be found in

Appendix A.

5.3. Quantification of the flow field

5.3.1. Sensitivity analysis on the interrogation window size

To gain more quantitive data on the flow field caused by the displacement effect
of the combustion products, the mean velocity components in the horizontal (%)
and vertical (v) directions were determined for interrogation windows of a suitable
size at different locations. Averaging too many vectors may result in a loss of
information, while too small a window size is not representative due to the limited
number of vectors in the sample. Therefore, a sensitivity analysis on the window

size was performed at two positions A and B, shown in Figure with centres
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(distance from the obstacle, distance from the lower wall) at (30, 36) mm and (25,
20) mm. Square windows of four different sizes (3x3 mm, 5x5 mm, 6 X6 mm,
8 x8 mm) were chosen with the number of vectors around 6, 20, 30 and 50 within
the windows, respectively. Figure [5.6]shows the results for Ho/CH4/Air mixtures
with 80% of Hs and an equivalence ratio of 0.60. The mean velocity components
show negligible differences for the four selected window sizes. For the subsequent
data analysis, a window size of 5x5 mm containing around 20 vectors was used.
At position A the horizontal velocity component (%) is positive, while at B it is

predominantly negative.
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Figure 5.5.: The horizontal translation velocity (%) of the eddy centre for Ho/CO
and Ho/CH4 mixtures with Hy = 50, 80 and 100% and a constant ¢ of 0.60.
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Figure 5.6.: Sensitivity of mean horizontal (%) and vertical (v) velocity components
to window size (see Figure for the locations of A and B).
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Figure 5.7.: Time-resolved velocities in Ho/CO/Air mixtures at x = 10 mm down-
stream of the obstacle. Subplots correspond to heights (y) at 60, 50, 40, 30, 20,
10 mm from top to bottom. Selected characteristic error bars are shown for clarity.

Locations of the points refer to Figure [5.4(b)

5.3.2. Evolution of the velocity field

The flow field behind the second obstacle was characterised by determining the
time-resolved velocity development for an equally spaced matrix with 24 discrete
points separated by 10 mm in both horizontal and vertical directions. The loca-
tions of the points are shown in Figure [5.4(b)] with horizontal distances of 10, 20,
30, 40 mm from the obstacle and heights of 60, 50, 40, 30, 20, 10 mm. Figure
shows the time-resolved velocity development in Ho/CO/Air mixtures at four lo-
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cations at the same height (y = 50 mm), but at different distances from the obstacle
(x =10, 20, 30, 40 mm). The flame propagation associated with the more reactive
mixtures (higher hydrogen substitutions) is significantly faster and the velocity
magnitude correspondingly higher in the horizontal and vertical directions. The

same behaviour was observed for the Ho/CH4/Air mixtures.
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Figure 5.8.: Time-resolved velocities in Ho/CH4/Air mixtures along a horizontal
line at a height (y) of 50 mm. Selected characteristic error bars are shown for
clarity. Subplots correspond to distances from the obstacle (x) at 10, 20, 30, 40 mm
from top to bottom. Locations of the points refer to Figure @

The introduction of a dimensionless time, normalised by the arrival time of the

flame at the second obstacle (¢* = ¢/t 4, where t 4 is the flame arrival time listed in
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Table[5.T)), makes it easier to compare the flow field development for mixtures with
different reactivities. Figures —[5.12] show the mean horizontal () and vertical
(v) velocities for Ho/CO/Air mixtures at points 10, 20, 30, 40 mm downstream
the second obstacle in the normalised time domain and Figs. - show
the same for Ho/CH4/Air mixtures. The subplots in each figure correspond to the
points at heights 60, 50, 40, 30, 20, 10 mm. In the normalised time domain, the
velocity development shows a qualitatively similar behaviour with absolute value
strongly depending on the mixture reactivity. The maximum velocity increases
with the mixture reactivity and decreases slightly with the distance from the ob-
stacle. For mixtures with the same hydrogen substitution level, the CO blends
give higher maximum velocity which is consistent with the peak overpressure. A
sharp velocity gradient exist in the vertical direction, notably at the height of the
obstacle, indicating the existence of the shear layer with the associated strong tur-
bulence generation. For instance, at 10 mm downstream for both Ho/CO/Air and
H/CHy4/Air mixtures (see Figs.[5.9/and [5.13), @ changes greatly from 150 m/s to
-15 m/s above and below the obstacle height and the maximum v component keeps
at a similar magnitude of 20 — 30 m/s. The uncertainties associated with Ha/Air

mixtures at & = 0.60 tend to be larger as a result of the higher reactivity.

Table 5.1.: Summary of the characteristic results in the experiment where P, is
the peak overpressure, FS;,,4, the maximum flame speed obtained from the ionisa-
tion probes, U,q; the maximum horizontal velocity along the vertical line located
10 mm downstream the obstacle and ¢ 4 the flame arrival time at the second obsta-
cle.

Mixture @[] | Hy [%] | Prmag [KPa] | FSpaq [M/S] | Upae [M/s] | t4 [ms]

Ho/Air 0.60 100 132 305 162 11.5
. 50 39 161 64 24
Hy/CO/Air | 0.60
80 66 211 112 16
i 50 14 77 28 70
Hy/CH4/Air | 0.60
80 37 190 69 25

The strength and downstream motion of the recirculation zone are strongly in-
fluenced by the mixture reactivity and lead to the strong quantitative differences
for the velocity components. The horizontal (%) component reaches a maximum
close to the top of the tube and becomes negative close to the bottom due to the
flow reversal caused by recirculation. Specifically, at distances of 10 and 20 mm

downstream, % becomes negative below 30 mm in height, while at 30 and 40 mm
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Figure 5.9.: Time-resolved velocities in Ho/CO/Air mixtures at X = 10 mm down-
stream of the obstacle. Selected characteristic error bars are shown for clarity.
Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to bot-
tom. Locations of the points refer to Figure [5.4(b)]
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Figure 5.10.: Time-resolved velocities in Ho/CO/Air mixtures at x = 20 mm down-
stream of the obstacle. Selected characteristic error bars are shown for clarity.
Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to bot-
tom. Locations of the points refer to Figure
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Figure 5.11.: Time-resolved velocities in Ho/CO/Air mixtures at x = 30 mm down-
stream of the obstacle. Selected characteristic error bars are shown for clarity.
Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to bot-
tom. Locations of the points refer to Figure [5.4(b)|
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Figure 5.12.: Time-resolved velocities in Ho/CO/Air mixtures at x =40 mm down-
stream of the obstacle. Selected characteristic error bars are shown for clarity.
Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to bot-
tom. Locations of the points refer to Figure
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Figure 5.13.: Time-resolved velocities in Ha/CH4/Air mixtures at x = 10 mm
downstream of the obstacle. Selected characteristic error bars are shown for clar-
ity. Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to
bottom. Locations of the points refer to Figure
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Figure 5.14.: Time-resolved velocities in Ho/CH4/Air mixtures at x = 20 mm
downstream of the obstacle. Selected characteristic error bars are shown for clar-
ity. Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to
bottom. Locations of the points refer to Figure
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Figure 5.15.: Time-resolved velocities in Ha/CH4/Air mixtures at x = 30 mm
downstream of the obstacle. Selected characteristic error bars are shown for clar-
ity. Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to
bottom. Locations of the points refer to Figure
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Figure 5.16.: Time-resolved velocities in Ha/CH4/Air mixtures at x = 40 mm
downstream of the obstacle. Selected characteristic error bars are shown for clar-
ity. Subplots correspond to heights (y) at 60, 50, 40, 30, 20, 10 mm from top to
bottom. Locations of the points refer to Figure[5.4(b)|
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downstream, it becomes negative only below 20 mm in height, indicating that
while the recirculation eddy moves downstream, the centre of the eddy also moves
slightly towards the bottom of the tube. The v component is generally negative
before turning positive and reaching the maximum, resulting from the opposite

velocity directions at the front and tail of the recirculation eddy.

5.4. Conclusions

Turbulent explosions resulting from fuel lean Hy enriched CO/Air and CH4/Air
mixtures at an initial pressure of 50 kPa and room temperature were experimen-
tally studied in an obstructed flame tube facility with the explosion overpressure
and flame speed measured. High-speed PIV measurements at 10 kHz were per-
formed in the critical recirculation zone to assess the impact of the mixture reac-
tivity on the developing flow field. The mixture reactivity was modified by intro-
ducing different hydrogen substitutions (50, 80 and 100%) at a fixed stoichiometry
of 0.60. The measured explosion overpressure and flame speed increase with the
mixture reactivity. A stronger inhibiting effect of CH, than CO on the chemistry
of Hy was also observed as discussed in previous chapters. The flame morphol-
ogy during the propagation was visualised with Mie scattering and the centre of
the shear driven recirculation eddy was tracked with the horizontal translation ve-
locity calculated. The flow field was further quantified by determining the mean
horizontal (%) and vertical (v) velocity components via combined PIV and time-
series PIV for an equally spaced matrix with 24 discrete points separated by 10 mm
in both horizontal and vertical directions. It was found that the contribution of the
(u) and (v) components to the overall velocity magnitude depends on the spatial
locations and the development of the recirculation zone has been quantified. The
flame propagation associated with a more reactive mixture is significantly faster
and the velocity magnitude is also higher in both horizontal and vertical direc-
tions. The influence of the mixture reactivity on the flow field evolution in time
can be approximated by normalising with the flame arrival time at the second ob-
stacle where the dominant explosion occurs. In the normalised time domain, both
4 and ¥ behave quantitatively similar regardless of the mixture reactivity and loca-
tion. The horizontal component reaches the maximum close to the top of the tube
and becomes negative at the bottom. The vertical component is generally negative
before turning positive and reaching the maximum. The differences stem from the

downstream motion of the recirculation eddy. The data produced forms part of a
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comprehensive quantification of the time-resolved flow evolution in the recircula-
tion zone ahead of the advancing flame front. It further shows the link between the
flow field, flame acceleration and the resulting overpressure. The data are expected

to support model development.
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6. Conclusions

6.1. Summary of the present study

This thesis presents an experimental study of turbulent explosions resulting from
hydrogen enriched lean CO and/or CH4 blends and is motivated by the increased
use of syngas/biogas for power generation. The experiments were carried out in
a flame tube facility with the explosion overpressure and flame arrival time mea-
sured using pressure transducers and ionisation probe detectors. Obstacles were
installed to enhance the flame propagation by introducing turbulence. The influ-
ence of mixture reactivity was first investigated with scaling laws explored. The
impact of thermal radiation induced ignition in turbulent explosions was evalu-
ated by analysing the pressure development and pressure impulse. The flow field
evolution in the critical recirculation zone was further quantified using high-speed
particle image velocimetry and Mie scattering to show the link between flow field,

flame acceleration and the resulting explosion overpressure.

6.1.1. Explosion overpressure and flame speed in hydrogen enriched
fuels

The explosion behaviour (overpressure and flame speed) of hydrogen enriched bi-
nary fuels (Ho/CO and Ho/CHy) and ternary fuels (Ho/CH4/CO) were comprehen-
sively studied. Three different equivalence ratios (® = 0.80, 0.60 and 0.40) with
a wide range of hydrogen substitutions from close to the lower ignition limit to
mixtures producing strong turbulent explosions were chosen to assess the mixture
reactivity effect. A flame tube facility featuring a rectangular cross-section area of
34 x 72 mm and a length of 4400 mm (L/d = 96 or 156) was used. Two obstacles
with a thickness of 5 mm and a height of 36 mm, offering a blockage ratio of 50%,
were installed at distances of 80 (top) and 360 mm (bottom) from ignition in a
staggered arrangement to enhance the flame propagation. The explosion overpres-
sure and flame arrival time were measured via pressure transducers and ionisation

probe detectors installed along the tube.
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The results highlight that both hydrogen content and equivalence ratio have sig-
nificant influences on the explosion severity. The dependence of peak overpressure
on Hs concentration shows a linear trend in Ho/CO/Air mixtures and exponential
in Hy/CHy4/Air mixtures. For ternary fuels, namely Hy/CO/CHy4/Air mixtures, the
trend tends to be more linear with increasing CO substitutions compared to CHy.
At the same equivalence ratio and hydrogen content, Ho/CO/Air mixtures give
higher explosion overpressures than Ho/CHy4/Air mixtures, illustrating a stronger
inhibiting effect of CH4 than CO on the chemistry of Hy. This effect is also present
in ternary mixtures. The flame arrival time decreases and the flame speed increases
with an increase in both equivalence ratio and hydrogen content.

The proposed mixture composition parameter 3 shows success in the lineari-
sation of the data and the peak overpressure increases linearly with 3 regardless
of the fuel blend type yet with equivalence ratio dependent slopes. The theoret-
ical overpressure predictions based on acoustic theory [[128]] and measured flame
speeds show good agreement with experimental data. The estimated Mach number
(M a7, Maj) based on the Reynolds number and expansion ratio incorporates the
mixture reactivity effect and give good predictions for mixtures with low mixture
reactivity, yet with deviations for very reactive mixtures. The latter is not unex-
pected as the use of unstrained laminar burning velocities is only intended as a
leading order approximation with further work required to quantify the influence
of flame stretch, Lewis number and turbulence-chemistry interactions. The estima-
tion method can, however, potentially be used in circumstances where extensive
flame speed data are not available but suitable reference points can be obtained in

the same, or a very closely related, geometry.

6.1.2. Impact of radiation induced multipoint ignition

The enhancing effect of thermal radiation based ignition in large vapour cloud ex-
plosions, proposed by Moore and Weinberg [62] and later used by Atkinson and
Cusco [137] in trying to explain the Buncefield explosions, cannot currently be
confirmed in view of uncertainty over the radiation intensity, ignition time scale,
presence of the suspended particles, etc. To assess the impact of such radiation
induced ignition kernels on the overall pressure development, a CW laser diode
(LIMO50-FG400-WL808; LIMO GmbH) operating at 808 nm + 2 nm was used as
the radiation source to replicate the infrared radiation from hot combustion prod-

ucts and acetylene black particles were used as the radiation target due to their
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relationship with smoke and soot emissions. The ignition event was recored using
a high speed CCD camera with a recording rate of 2 kHz, providing an uncertainty
of 0.5 ms. The onset of ignition was marked by the appearance of an outward
propagating flame in the images and the ignition time was defined as the interval
from target illumination to ignition. The explosion overpressure and flame arrival
time were measured in the experiment.

The influence of ignition time, ignition location and obstacle configuration was
investigated. It was found that, once ignited, the resulting secondary flame kernels
could be transported with the mean flow without experiencing extinction. Hence,
ignition kernels caused by irradiated particles can successfully be entrained into
recirculation zones formed around obstacles leading to explosions. The relation-
ship between fuel consumption by the secondary explosion ahead of the advancing
primary flame and the evolution of the strength of the overall explosion is complex
and, typically, leads to an increased explosion duration with reduced peak pres-
sures. The complex effect of forward radiation induced ignition on the pressure
development stems from the interactions of the two explosion kernels resulting
in two comparatively sharp pressure rises separated by a quasi-stable stage. The
duration of the quasi-stable stage depends on the radiation induced ignition time.
The introduction of a second obstacle shortened the main flame arrival time and
led to a higher overpressure due to increased flow velocities. The total pressure
impulse was calculated and found to be comparable regardless of the ignition lo-
cation for a single obstacle case. For a two obstacle configuration, the pressure
impulse obtained with a secondary explosion was found to be higher than for the
single ignition point case irrespective of the timing of the secondary ignition. The
results suggest that the load experienced during a vapour cloud explosion featur-
ing secondary explosion kernels may be affected as the ratio between the peak
overpressure and the total impulse differs.

Overall, the results have shown that the impact of thermal radiation in large
vapour cloud and/or dust explosions can be expected to be complex with a range
of possible outcomes. The latter include the convection of ignition kernels into the
mean flow caused by the primary flame and the subsequent formation of secondary
explosions. The latter may be sufficiently strong to cause a flow reversal that
impedes the propagation of the primary event and may attenuate the peak pressure
via complex secondary flow patterns. It is also evident that much longer duration

explosions can be created resulting in different impulse characteristics.
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6.1.3. Quantification of the flow field

The flow field evolution in turbulent explosions was determined using HS-PIV at
10 kHz and Mie scattering techniques in an obstructed channel to show the links
between flow field, flame acceleration and the resulting explosion overpressure.
Both fuel lean Hy/CO/Air and Hy/CH4/Air mixtures at an equivalence ratio of
0.60 were investigated in view of the significantly different explosion behaviour.
Three different hydrogen concentrations (50, 80, 100%) were selected to vary the
mixture reactivity. The development of the recirculation eddy was successfully
captured using Mie scattering and the horizontal translation velocity of the eddy
was determined. The flow field was further quantified using a matrix of 24 dis-
crete points with a distance of 10 mm in both horizontal and vertical directions.
The velocity was determined by ensemble averaging over a interrogation window
after a sensitivity analysis on the window size. The development of the velocity
was shown to be highly location dependent. In the free flow region, the horizontal
component is dominant while in the shear layer region, the horizontal and vertical
components are comparable. The flame propagation associated with a more reac-
tive mixture is significantly faster and the velocity magnitude is also higher in both
horizontal and vertical directions. A normalisation with the flame arrival time at
the second obstacle successfully approximates the influence of mixture reactivity
on the flow field evolution. In the normalised time domain, both % and v behave in
a qualitatively similar way regardless of the mixture reactivity and location. The
horizontal component is primarily positive above the obstacle and negative below.
The vertical component is generally negative before turning positive and reaching
the maximum. The dominating factor is the downstream motion of the recircu-
lation eddy. The data produced forms part of a comprehensive quantification of
the time-resolved flow evolution in the recirculation zone ahead of the advanc-
ing flame front and is expected to support model development. The measurement
will also facilitate the scaling of the peak explosion overpressures resulting from

hydrogen enriched fuels.

6.2. Suggestions for the future work

Based on the results presented in this thesis, the following studies are suggested
to fully understand the explosion behaviour of hydrogen enriched fuels and the

impact of thermal radiation induced ignition.
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1. The results highlight a significant difference in the explosion behaviour be-
tween CO and CH4 when blended with Hy. The explosion overpressure
increases with hydrogen substitution linearly in the former while exponen-
tially in the latter. At given equivalence ratios and hydrogen concentrations,
Ho/CO/Air mixtures also give higher overpressures than Ho/CH4/Air mix-
tures. The results with ternary mixtures indicate the same trend that the
explosion overpressure increases with more substitutions of CO for CHy.
This distinct performance may stem from a complex catalytic effect of Hy
on the chemistry of CO and CH,. A detailed study on the chemical kinetics
of Hy enriched CO and CHy is therefore suggested.

2. The scaling based on acoustic theory and the measured M a number as well
as the estimated M aj, M a5 provide encouraging agreement with the exper-
imental measurements and capture aspects of the mixture reactivity effect.
However, the Lewis number effect associated with high hydrogen concen-
tration and flame stretch associated with highly turbulent flame have not
been incorporated in the scaling. It is likely that the future inclusion of such

effects will provide improvements in the scaling.

3. The effect of thermal radiation induced ignition in turbulent explosions was
studied on a laboratory scale. Acetylene black particles favouring a short ig-
nition time were used due to the short distance between the spark and the ir-
radiated particles in the current setup. A higher radiation flux (1.79 MW/m?)
than that reported in previous literature was used for the same reason. Ac-
cordingly, intermedial-scale experiments are recommended to cover the cur-
rent shortage of data and additional particles should be tested including those

more reluctant to ignite.

4. The flow field was quantified using HS-PIV in the recirculation region due
to the paramount importance in determining the generated overpressure.
A comprehensive dataset of time-resolved velocities in both Hs/CO and
Hy/CH,4 was obtained. In order to capture the whole recirculation region,
the current measurement features 45 x 54 vectors corresponding to a phys-
ical space of 52 x 63 mm, giving a vector spacing of 1.16 mm. However,
this space resolution is not enough to fully resolve the turbulent length scale.
Measurements at higher resolutions are accordingly recommended for the

future work.
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5. The current obstacle-induced explosions highlight the critical role of turbu-
lence in flame acceleration and pressure development. The time-resolved
flow field evolution has been quantified using HS-PIV. To gain a deeper un-
derstanding of the flame-turbulence interactions, OH-PLIF and CH,O-PLIF
are suggested to delineate the turbulent flame structure. The CH2O-PLIF
measurement could also provide information on heat release rate as CH2O
is commonly used as the flame marker for heat release rate [[138]] and this

could be helpful in understanding the pressure development.
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A. HS-PIV data sets

This appendix provides detailed velocity data sets of the HS-PIV measurements in

the form of table. Locations of the measurement points refer to Figure [A.1

Flame tube
10 mm I
o<—o . o Obstacle
10 mm
10 mm

[ ] [ ] [ ] [ ] y
IOmmI X

Figure A.1.: Grid of measurement points in HS-PIV.
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B. Reprint permission

This appendix provides the document granting permission to reprint the material
from the following article in this thesis titled Turbulent Explosions in Hydrogen
Enriched Fuel Blends under Licence No. 4191990932907.

T. Li, R. P. Lindstedt. Thermal radiation induced ignition of multipoint turbulent
explosions. Process Safety and Environmental Protection, 107:108-121, 2017.

A copy of the permission document can be found overleaf.

210



RightsLink Printable License 18/09/2017, 16:57

ELSEVIER LICENSE
TERMS AND CONDITIONS

Sep 18, 2017

This Agreement between Imperial College London -- Tao Li ("You") and Elsevier
("Elsevier") consists of your license details and the terms and conditions provided by
Elsevier and Copyright Clearance Center.

License Number 4191990932907
License date Sep 18, 2017
Licensed Content Publisher Elsevier

Licensed Content Publication
Licensed Content Title

Licensed Content Author

Process Safety and Environmental Protection

Thermal radiation induced ignition of multipoint turbulent explosions

T. Li,R.P. Lindstedt

Licensed Content Date Apr 1, 2017

Licensed Content Volume 107

Licensed Content Issue n/a

Licensed Content Pages 14

Start Page 108

End Page 121

Type of Use reuse In a thesis/dissertation
Portion full article

Format both print and electronic
Are you the author of this  Yes

Elsevier article?

Will you be translating? No

Title of your Turbulent Explosions in Hydrogen Enriched Fuel Blends
thesis/dissertation

Expected completion date  Sep 2017

Estimated size (number of 209

pages)
Requestor Location

Publisher Tax ID

Imperial College London

Department of Mechanical Engieering
Imperial College

Exhibition Road

London, England SW7 2AZ

United Kingdom

Attn: Imperial College London

GB 494 6272 12

Total 0.00 GBP
Terms and Conditions
INTRODUCTION
https://s100. ight.com/Ci dmi F.isp?ref 84b3-4e7b-90c5-01d36a79b9fd Page10of&

211



RightsLink Printable License

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at

http://myaccount.copyright.com).
GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4, Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Efsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (jii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all

https://s100. ight.com/C in/PLF.jsp?ref= 0-84b3-4e7b-90c5-01d36a79b9fd

212

18/09/2017, 16:57

Page 2 of 6



RightsLink Printable License

claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE

The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at

Iwww.sci i cience/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=51d2de60-84b3-4e7b-90c5-01d36a79b9fd

213

18/09/2017, 16:57

Page 30f 6



RightsLink Printable License 18/09/2017, 16:57

copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links wiil help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
o After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI

bear a CC-BY-NC-ND license - this is easy to do

o if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

ripti icles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use

00.copyright.com/C dmin/PLF.jsp?ref 0-84b3-4e7b-90c5-01d36279b9td Page 4 of 6

214



RightsLink Printable License

for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our gpen access license policy, for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full

details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

https://s100.copyright.com/Cs dmin/PLF.isp7ref: 0-84b3-4e7b-90c5-01d36a79b91d

215

18/09/2017, 16:57

Page5of 6



RightsLink Printable License

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

e Associating advertising with the full text of the Article
e Charging fees for document delivery or access
e Article aggregation

e Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:

vl9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

https://s100.copyright.com/Ci dmin/PLF.jsp?ref 84b3-4e7b-90c5-01d36a79b9fd

216

18/09/2017, 16:57

Page 6 of 6



	Introduction
	Vapour cloud explosions
	Estimating the damage from VCEs
	Flame acceleration leading to explosions
	Radiation induced ignition of explosions
	Thesis outline

	Experimental configurations
	Basic experimental facilities
	Flame tube 
	Gas mixing system
	Ignition device
	Pressure transducers
	Ionisation probes

	Configuration for radiation induced multi-point explosions
	Modification of the flame tube
	Particle injector
	Radiation source
	Ignition detection
	Irradiated particles

	Mie scattering and high-speed particle image velocimetry (HS-PIV)
	Mie scattering and HS-PIV configuration
	Measurement uncertainties

	Experimental procedure

	Explosion overpressure and flame speed
	Introduction
	Experimental details
	Pressure development
	Flame arrival times and flame speeds
	Scaling of the peak explosion overpressure
	Laminar burning properties
	Scaling with a new  parameter
	Scaling relations for flame propagation and peak overpressure

	Conclusions

	Radiation induced multipoint turbulent explosion
	Influence of mixture reactivity on the radiative ignition time
	Pressure development in radiation induced multipoint explosions
	Explosion evolution in the absence of radiative ignition
	Impact of radiative ignition of particles downstream of the obstacle
	Impact of radiative ignition of particles upstream of the obstacle

	The impact of secondary flame kernels on flame speeds and arrival times
	The impact of secondary flame kernels on the pressure impulse
	Repeatability of results
	Conclusions

	Flow field quantification using HS-PIV
	Selection of conditions for flow field investigations
	Flow visualisation and recirculation eddy tracking
	Quantification of the flow field
	Sensitivity analysis on the interrogation window size
	Evolution of the velocity field

	Conclusions

	Conclusions
	Summary of the present study
	Explosion overpressure and flame speed in hydrogen enriched fuels
	Impact of radiation induced multipoint ignition
	Quantification of the flow field

	Suggestions for the future work

	Bibliography
	Appendix HS-PIV data sets
	Appendix Reprint permission

