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Abstract

Following the ignition of a flame in a duct, the characteristics of the flame-driven flow
play an important role in the propagation and acceleration of the lame. When bluff body
obstacles are present in the duct, vortical structures are formed in the flow downstream
of the obstacle. The subsequent interaction of the flame with these vortices is believed to
generate substantial flame deformation and acceleration. In the present study, we investi-
gate the deformation of the flame resulting from its interaction with these vortices. The
experiments were performed in stoichiometric hydrogen-air, methane-air, and an equimolar
blend of hydrogen and methane at ambient conditions.

Experiments were conducted in a thin, rectangular shock tube, with a rectangular obstacle
positioned within it. The shock tube was initially filled with the mixtures at atmospheric
pressure. A planar flame was then ignited at the closed end of the shock tube using a
long wire ignition technique and propagated toward the open end. The high Reynolds
number of the flow ahead of the flame resulted in flow separation at the leading edge of
the obstacle, forming a vortical structure. Following the entrainment of the flame into the
vortex, the flame surface area increased, resulting in the acceleration of the flame-driven
flow. The evolution of the flame was visualized using high-speed direct shadowgraph and
Z-type Schlieren. The pressure evolution was measured using pressure transducers placed
along the top and bottom walls of the shock tube.

The measured evolution of the flame speed and overpressure inside the shock tube high-
lights the higher reactivity and flame acceleration of the hydrogen-air flame compared to
the flames propagating in methane-air and equimolar hydrogen-methane blend with air.
To facilitate a better comparison of the propagating flames, the pressure and velocity mea-
surements obtained from the experiments are expressed in a non-dimensional form. This
approach effectively eliminates the dependence on the distinct laminar burning velocities
of each mixture. Hydrogen, with its characteristic thin flame structure, is less affected
by the turbulent features formed behind the obstacle than mixtures containing methane.
These mixtures show a much larger increase in flame surface area and wrinkled structures
because their flame times are longer than the characteristic time of the vortical structure.
Consequently, they exhibit a higher normalized pressure peak compared to the hydrogen
mixture. To compare the normalized overpressure between methane-air and equimolar
mixtures, in the equimolar flame, due to the relatively shorter flame time and an increase
in the concentration of hydrogen in the positive curvatures of the flame front, the amount
of local quenching induced by turbulence is reduced. As a result, the equimolar mixture
records a higher normalized pressure than the methane mixture.
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In the second set of experiments, two parallel mirrors positioned at a 45-degree angle are
installed on the top and bottom walls of the shock tube to visualize the third dimension of
the flame propagating along the shock tube. This method is applied for the first time in
this study, and the shadowgraph technique is used to capture 3D flame propagation. It is
observed that the mixtures with a Lewis number below unity (hydrogen and the equimolar
mixtures) show more 3D effects compared to the methane mixture. These two flames tend
to incline along the width of the shock tube, and this behavior intensifies when the flames
get entrained into the vortical structures and accelerate.
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Chapter 1

Introduction

1.1 Problem Definition

The introduction of hydrogen into the energy sector in the form of fuel blends with natural
gas to reduce carbon emissions has revealed new gaps in our understanding of how these
blends behave. In terms of industrial process safety, one concern is the potential for
flame acceleration after accidental ignition, particularly in congested environments. Despite
sharing similar burning expansion ratios, hydrogen-air and methane-air have significantly
different physical properties, such as flame thickness and flame time. Methane is considered
a relatively unreactive fuel, with a low burning velocity and long flame time. In contrast,
hydrogen is much more reactive and burns faster.

Over the years, a considerable amount of research has been dedicated to understanding
the phenomenon of flame behavior and acceleration in pure fuels such as hydrogen and
hydrocarbons. However, the flame propagation characteristics of these fuel blends remain
an area of uncertainty.

The dynamics of flame propagation are intricately linked to the flow field dynamics through
a strong coupling between the cellular structure of the flame front, surface area changes
of the flame, and the characteristics of the flame-driven flow induced by the volumetric
expansion of gases across the flame. Pressure waves are generated during the build-up and
advance of a flame. These pressure waves perturb the flow field ahead of the flame and
create velocity and pressure gradients [6].

This would be further complicated by the presence of an obstacle in the downstream flow
field, which can generate turbulence and vortical structures because of the high Reynolds



Figure 1.1: Evolution of the flame and vortical structure, visualized using Schlieren(The
contrasts of the flame and the vortex are enhanced to more clearly illustrate their evolution)

number in the flow field and Kelvin-Helmholtz instability. We can see the formation of a
turbulent shear layer and vortices in Figure1.1.

The purpose of placing an obstacle in the downstream flow is to create a throat and simulate
the condition near a vented explosion. As mentioned, it is important to investigate the
behavior of flames from a safety standpoint.

The flame surface is deformed due to the interaction between flow dynamics and the flame
front. This includes Landau-Darrieus instabilities associated with the gas expansion across
the flame, Rayleigh-Taylor instabilities resulting from the misalignment of the flow pressure
gradient and the density gradient across the flame, and Kelvin-Helmholtz instabilities
resulting from velocity shear across slip-lines separating fluids with different velocities.
Additionally, the flame is entrained through turbulent flow fields such as turbulent shear
layers and eddies found downstream from the obstacle.

These dynamic phenomena each have an associated timescale that can be used to describe
their interaction with the flame: those with timescales much longer than the flame time
will be unable to meaningfully change the flame surface and structure, whereas those whose
timescales are comparable to or smaller than the flame time will affect the structure and
properties of the flame. This may penetrate into the flame sheet, stretch flame front, and
may cause local quenching |[7].



1.2 Flame Front Instabilities

There are three basic distinct types of phenomena that responsible for intrinsic instabili-
ties of premixed flames: diffusional-thermal instability [8, 9], body-force (buoyancy-driven)
instability and hydrodynamic instability [10, 11|. The body-force instability is the effect
of acceleration in a non-inertial reference frame. Cellular flames that spontaneously take
on a nonplanar shape often have structures affected most strongly by diffusional-thermal
phenomena. However, body-force and hydrodynamic phenomena also play roles [3].

1.2.1 Diffusional-thermal instability

Diffusional-thermal instability mechanism can be explained by referring to Figure1.2,
where the arrows indicate directions of net fluxes of heat and species. A key element
in the explanation is the fact that for large values of the Zel’dovich number (which is de-
fined as a nondimensional measure of the temperature sensitivity of the overall reaction
rate. Qualitatively, it indicates the strength of the reaction rate’s dependence on the ex-
tent of the reaction completed), the burning velocity depends mainly on the local flame
temperature 7. Convexity in the reaction sheet extending toward the unburned gas serves
as a local sink for reactants and a local source for heat. Increasing the rate of diffusion of
the limiting reactant to the flame sheet increases the rate of heat release there and hence
tends to increase the flame temperature 7T, while increasing the rate of heat conduction
from the flame sheet tends to reduce 7.

At the convex (the convex curvature toward the unburned side), the local gradients will be
steepened in comparison with those of the normal flame, and the reactant and conductive
flux will be increased. If the thermal diffusivity equals the diffusivity of the limiting
reactant (Le = 1), then these increases are balanced in such a way that 7 is unchanged.
However, if the thermal diffusivity is greater than mass diffusivity (Le > 1, weakly diffusing
reactants), then T decreases at the convex. While if the thermal diffusivity is less than
mass diffusivity (Le < 1, strongly diffusing reactant), then T} increases (as a consequence
of the preferential diffusion of the reactant with respect to heat), in this situation, the local
increase in flame speed, associated with the increase in flame temperature 7 , causes the
convex part of the flame become larger, thereby reinforce the diffusional-thermal instability
for mixture with Le< 1 [3].

In two-reactant systems with Le; # Lesg, there is an additional purely diffusive effect, which
is introduced as preferential diffusion of reactants. The more strongly diffusing reactant
can reach the sink at the convex readily than its weakly diffusing partner. Therefore, the
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Figure 1.2: Schematic showing the mechanism of diffusional-thermal cellular instability [2].

wrinkles induce local mixture-ratio variations. Convex parts of flame are relatively enriched
in the strongly diffusing reactant and concave parts of flame are consequently enriched in
the weakly diffusing reactant.

These differences in reactant distribution impact the dynamics of the reaction sheet. Specif-
ically, they affect the flame speed due to thermal effects. In near-stoichiometric mixtures,
these influences are comparable in magnitude to the effects of diffusive-thermal interactions.
If the limiting component is relatively strongly diffusing, then the mixture-ratio variations
intensify instability, Variations in the mixture-ratio of a weakly diffusing limiting reactant
have a stabilizing effect. At stoichiometric conditions for a mixture that has its maximum
normal burning velocity at stoichiometry, convex parts can tend to be suppressed, and
concave parts can tend to be amplified by mixture-ratio variations [3|.

1.2.2 Hydrodynamic instability

Hydrodynamic instability, also known as the Landau—Darrieus instability, is caused by the
density jump across the flame. In this analysis, Landau and Darrieus neglect body forces



and treat the entire flame simply as a discontinuity in density that propagates normal to
itself at a constant speed S;. By considering flame propagation toward more dense un-
burned gas, this thermal expansion across the flame causes the planar deflagration become
unstable. Referring to Figure 1.3, it is seen that continuity of the tangential component
of velocity across a flame element require the streamlines to be deflected toward the local
normal to the flame sheet. This causes a stream tube of initial area equal to A (which
must be the same far upstream and far downstream where the perturbations vanish there)
to be larger at the flame than far away if the sheet is convex toward the unburned gas. In
incompressible flow, the area increase causes a velocity decrease.

Since a flame sheet perturbation with an upstream flame displacement (F') geometrically
must have a curvature convex toward the unburned gas, it encounters a decreased fluid
velocity and therefore (as propagating at its normal speed) will tend to move even farther
upstream. Conversely, a downstream flame displacement results in stream-tube contraction
and, therefore, a tendency toward further displacement toward downstream [3].

In other words, for the convex segment of the flame, the widening of the streamlines causes
the flow to slow down. However, since the flame speed remains unaffected as specified,
the local velocities of the approach flow and the flame can no longer balance each other,
hence resulting in further advancement of this flame segment into the unburned mixture. A
similar argument for the concave segment shows that it will further recede into the burned
side [2].

Also, it is observed that small wrinkles grow more rapidly than large wrinkles. The growth
rate is inversely proportional to the wavelength of disturbances, small wrinkles grow more
rapidly than large wrinkles. As the wavelength decreases and approaches the thickness
of the flame, it is no longer permissible to treat the flame as a discontinuity. Even for
wavelengths on the order of 10 to 100 times the deflagration thickness, diffusive and thermal
effects within the flame may cause the flame speed to depend appreciably on the flame shape
and the local flow field [3].

1.2.3 Buoyancy-driven instability

The buoyancy-driven instability is commonly known as the Rayleigh-Taylor instability. A
fluid is buoyantly unstable when a less-dense fluid is beneath a more-dense one. Therefore,
an upwardly propagating flame is buoyantly unstable because the denser, unburned mixture
is over the lighter, burned product, while the converse holds for a downwardly propagating
flame. Furthermore, an accelerating flame experiences a body force directed from the
unburned to the burned mixtures [2].



Flame sheet

Figure 1.3: Schematic showing the mechanism of hydrodynamic instability [3]

The acceleration of a flame sheet generates effects like those produced by body forces. In a
non-inertial coordinate system that moves with the flame, an effective body force appears
because of flame acceleration. Thus a flame acceleration in the direction of its motion is
equivalent to a body force directed from the unburned to the burned gas. A body-force
instability is therefore associated with flame acceleration [3].

1.2.4 Kelvin-Helmholtz instability

While this instability is not categorized as a flame front instability, it is discussed in this
section due to the presence of obstacle in downstream flow and the generation of vortical
structures. In this study, Kelvin-Helmholtz instability significantly impacts the flame-
driven flow, flame propagation, and the evolution of pressure inside the shock tube.

This instability occurs when there is a velocity shear in a single continuous fluid or a velocity
difference across the interface between two fluids. It arises due to the interplay between



the velocity difference of the fluids. When the velocity difference is significant enough, it
can overcome the stabilizing effects of surface tension or density gradients, leading to the
growth of disturbances at the interface. These disturbances can lead to the formation of
characteristic wave-like patterns, vortices, and eventually break into turbulence.

1.3 Background and Motivation

Johansen and Ciccarelli investigated the flame acceleration process in an obstructed square
cross-section channel. They tracked the formation of vortex downstream of each obstacle.
The size of the vortex increases with time until it reaches the channel wall and completely
spans the distance between adjacent obstacles. The development of the recirculation zones
governs the combustion in the gap between obstacles. Oscillations in centerline flame ve-
locity are due to the acceleration and deceleration of the unburned gas as it flows through
each obstacle. It was found that initial rates of flame acceleration were higher for large
blockage ratios due to enhanced turbulence production and increased bulk burning rate
associated with larger flame areas [12]. Roberts et al. studied the effects of flame curvature
for lames with Lewis numbers less than and above unity. For flames with Lewis numbers
less than unity, where there is a strong positive flame curvature, the reaction rate is en-
hanced. These results agree with the analysis of Law [2] who showed how the reaction rate
should increase where the local burned gas temperature is enhanced by the thermodiffusive
effects. For flames with Lewis numbers greater than unity, positive flame curvature causes
a reduction in the reaction rate [13].

Shi et al. studied the effects of differential diffusion of hydrogen (Hs) on flame structure
in laminar premixed fuel-lean Hy/CH,/air polyhedral flames. The results reveal that the
positively curved troughs have significantly higher Hy mole fraction compared to the nega-
tively curved cusps, due to the respective focusing/defocusing effect of curvature on highly
diffusive Hy. Consequently, the local equivalence ratio and temperature in trough regions
are higher than those of cusps. In the polyhedral Hy/CH,/air flames with 79% Hs, the
peak local equivalence ratio of trough is 12% higher than the equivalence ratio in the inlet
mixture. With the increase of Hy content 50%, 68% and 79% (by volume), equivalence
ratio and C/H-atom ratio differences between trough and cusp are enlarged. At an inter-
mediate temperature of 1200 K, the X y, increases from cusp to trough is about 60%, 80%,
and 100% in the three studied cases[14].

Dejoan et al. performed the numerical study of the propagation of isobaric premixed flames
in narrow channels |15]. They investigated the effects of thermal expansion, Lewis number
and heat losses in a planar channel geometry. Like the results presented by Kurdyumov
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in [16], in narrow channels, for mixtures with Lewis number smaller than one, symmetric
and non-symmetric solutions may co-exist for the same set of parameters. It was demon-
strated by means of global stability analysis that when this is the case, the non-symmetric
solution is stable while the symmetric solution is usually unstable. It was proven that for
Lewis numbers below one, even just slightly below, there is always a critical channel width
beyond which the non-symmetric solutions appear. Based on their conclusion, at least two
different kinds of instabilities/effects contribute simultaneously to the emergence of non-
symmetric flames in narrow channels. The first one is the differential-diffusion instability
and the second is the Landau—Darrieus instability [15].

Pizza et al. numerically studied the stabilization and dynamics of lean (¢ = 0.5) premixed
hydrogen /air atmospheric pressure flames in mesoscale planar channels by using detailed
chemistry and transport equations. Thay investigated flame propagation in different chan-
nel height h = 2, 4, and 7 and inflow velocities 0.3 < U;, < 1100cm/s. Chaotic behavior
of cellular flame structures was observed for certain values of U;,. Based on their results,
in the A = 2 mm channel, chaotic oscillations were observed for inflow velocities close to
the upper limit of the stability range of 100 < U;, < 220cm/s, whereas in the h = 4 mm
channel this behavior occurred close to the lower limit. Finally, for h = 7 mm only chaotic
oscillations were observed [17, 18|. The experiments of Ju and Xu in mesoscale tubes with
diameters ranging from 3 to 8 mm revealed that depending on the tube width, flow veloc-
ity, and wall thermal properties, multiple (fast and slow propagation) regimes existed for
self-propagating methane—air and propane-air flames. Accompanying analysis, using 1-D
detailed chemistry/transport as well as 2-D single-step chemistry thermo-diffusive models,
was in qualitative agreement with the experiments[19].

Cui et al. assessed the effects of differential diffusion on the burning process for both thick
(narrow channels) and thin (wide channels) of premixed flames in two-dimensional chan-
nels. A thin flame is strongly affected by the underlying flow field and may develop areas
of high curvature when the effective Lewis number is reduced to sufficiently low values
causing a tip-opening or a dead-space near the walls. Differential diffusion is known to
influence the overall burning rate, an increase in burning rate happens when the effective
Lewis number Le is lowered. Indeed, their calculations showed that the flame generates
more surface area when Le is reduced, but this dependency is only significant when the
flame is relatively thin, or in wide channels [20].

Galisteo et al. investigated the propagation of an isobaric premixed flame with unity fuel
Lewis number between two parallel plates numerically. The plates are separated by a small
distance h and considered as adiabatic. As the distance between the plates decreases,
loss of momentum enhances the hydrodynamic instability in comparison with that of a
freely (unconfined) propagating flame. When distance between the plates increases, flame
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curvature can become important and contribute significantly to the overall propagation
rate [21].

1.4 The Current Study

The objective of this thesis is to examine and compare flame acceleration and behavior when
entrained into a vortical structure in three different mixtures: stoichiometric hydrogen-air,
methane-air, and an equimolar blend of these two fuels. To simulate the conditions near a
vented explosion, we placed an obstacle downstream of the flames and studied how these
flames interact with the vortical structure behind the obstacle. Also, an important property
is the pressure evolution inside the shock tube as the flames propagate.

We study this phenomenon experimentally through two sets of experiments, using a thin
rectangular cross-sectioned shock tube in which a cellular flame is ignited near a closed
end using a long wire ignition technique. A single rectangular obstacle is placed ahead of
the flame, and the far end of the tube is opened to the ambient environment, such that
the flame propagation is not restricted by a closed wall and the flame front is not affected
by the reflection of waves. The evolution of the flame as it passes over the obstacle is
visualized using both Schlieren photography to capture the details of the flow field and the
recirculation zone behind the obstacle, and shadowgraph to visualize the flame propagation
over longer distances (Figure 1.4).

The coupling between the flame-induced flow and the flame surface is quantified through
measurements of experimental photographs and the evolution of pressure measured along
the top and bottom walls. Dimensional analysis is conducted to identify the scales of
interest, which allows us to eliminate dependence on the distinct laminar burning velocities
of these mixtures and study other properties of the flames. Differences between mixtures
are associated with the response of the flames to various instabilities and the turbulent
structure resulting from the flow field ahead of the flames.

To gain a deeper understanding of flame behavior, we designed a new experimental setup to
visualize the three-dimensional propagation of flames. These experiments aimed to investi-
gate the flame structure in the third dimension along the shock tube’s width (Figure 1.5).

In these experiments, two parallel mirrors positioned at a 45-degree angle were installed on
the top and bottom walls of the shock tube to visualize the third dimension of the flame
propagating along width of the shock tube. This method is applied for the first time in
this study, and the shadowgraph technique is used to capture 3D flame propagation.



t=2.97 ms t=6.65 ms

H2-Air Equimolar CH4-H2-Air CH4-Air

Figure 1.4: Evolution of the flame, visualized using shadowgraph. Times are shown above
each frame and ¢=0 is the time when the flame ignites

4.1 ms

4.18 ms

4.3 ms

H2-Air Equimolar CH4-H2-Air CH4-Air

Figure 1.5: Three-dimensional flame evolution, visualized using shadowgraph. Times are
shown above each frame and ¢=0 is the time when the flame ignites.
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Chapter 2

Experimental Setup

Following the ignition of a flame in a duct, the characteristics of the flame-driven flow
play an important role in the flame’s propagation and acceleration. When an obstacle is
presented in the duct, vortical structures form in the flow downstream of the obstacle. The
subsequent interaction of the flame with these vortices is believed to generate substantial
flame deformation and acceleration.

In this study, the interaction between the flame and the vortices, as well as the resulting
flame acceleration and deformation, was investigated experimentally. The experiments were
performed using three mixtures: stoichiometric hydrogen-air, methane-air, and an equimo-
lar blend of hydrogen and methane with air, all at ambient conditions. The purpose of
placing an obstacle downstream of the flames was to simulate conditions near a vented
explosion and examine the evolution of flame pressure and velocity within the shock tube.

In this chapter, the facilities and methods used to generate the flames, along with the 2D
and 3D visualizations, are discussed.

2.1 Shock tube Apparatus

The experiments were conducted using a thin 19 mm high-pressure shock tube with a
height of 102 mm and a length of 630 mm, as illustrated in Figure 2.1. The shock tube in
these experiments consisted of one section which was equipped with standard 19 mm tem-
pered glasses to allow optical access. The pressure evolution was measured using pressure
transducers placed along the top and bottom walls of the shock tube.
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Prior to each experiment, all equipment and connecting lines, including the manifold and
the lines leading to the mixing tank, are evacuated separately using the vacuum pump.
Additionally, the shock tube was evacuated down to 425 Pa before the filling process. These
steps are crucial for maintaining the integrity of the experiment and creating a controlled
environment to obtain accurate results.

After filling the shock tube up to atmospheric pressure with the test gas, the solid aluminum
plate that was initially installed on the end of the shock tube opposite the ignition wire for
the vacuuming and filling processes is removed by a pneumatic system to open the tube
to the ambient environment. This configuration is adopted to prevent any pressure waves
reflected from the closed end and inducing the flame front.

As shown in Figure2.1 an obstacle with a height of 51 mm is placed downstream of the
flame front to investigate the flame vortical structure entrainment. The blockage ratio is
50 percent, and the obstacle is located at Lop.= 159 mm. The distance is adopted based
on Gharib et al. [4] work in introducing the L/D (stroke ratio) as a universal time scale for
vortex ring formation (see Figure 2.2), where L is the piston stroke and D is the diameter.
Their results indicate that the flow field generated by large enough L/D consists of a
leading vortex ring followed by a trailing jet. The vorticity field generated by small stroke
ratios shows only a single vortex ring of the leading vortex and is disconnected from that
of the trailing jet. The transition between these two distinct states is observed to occur
at a stroke ratio of approximately 4. In all cases, the maximum circulation that a vortex
ring can attain during its formation is reached at this non-dimensional time or formation
number which is in the range of 3.6 to 4.5 for a broad range of flow conditions.

In the second set of experiments for visualizing the third dimension of the flame, as we
installed two rectangular mirror prisms in top and bottom walls, to have the same L/D as
in the first set of experiments, we adopted an obstacle with a height of 32 mm and Lop.—
100 mm.

2.2 Visualization

Flame propagation and flow field ahead of flame are visualized by using Edgerton shadow-
graph [5, 22] and Schlieren [22] techniques. These two methods translate density gradients
of transparent media such as air, water, and glass into regions of light and dark. The high-
speed camera, Phantom v1210 used has a resolution of 1024 pixels by 288 pixels at 41420
frames per second for an interframe time of approximately 24.14 micro-seconds.
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Figure 2.1: Diagrams of the experimental setup and shock tube configuration

2.2.1 The Edgerton Shadowgraph technique

The shadowgraph technique relies on the refraction of light rays passing through a medium
with varying density. When a beam of light travels through a region where the refractive
index changes, the light rays are bent. These bends cause variations in the intensity of
light projected onto a screen or captured by a camera, resulting in a visual representation
of the density gradients within the medium.

A 1000 W arc lamp is used as a collimated light source to produce a parallel beam of light.
This ensures that the light rays are straight and uniform before passing through the test
section. The collimated light exiting from the arc lamp is condensed to a 3-5 mm point
using a 50 mm glass lens. To avoid any blurriness in the image, the light source should be
small.

A retroreflective screen was used in the shadowgraph visualization setup. It was positioned
opposite the light source, allowing visual access to the experiments. Retroreflective mate-
rials have the unique property of reflecting light back with minimal scattering. This screen
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Vortex Ring "

Figure 2.2: General schematic of piston stroke in formation of vortex ring [4]

reflects light rays back towards their source, the parallel light rays are then refocused by
a second lens or mirror. The high-speed camera is placed near the light source to capture
the reflected light. The camera records the shadowgraph images, which show the density
variations within the test section Figure2.3. If the second derivative of density is not
constant, the region where this occurs will appear dark, or as a shadow.

2.2.2 The Z-type Schlieren technique

Schlieren photography relies on the fact that light rays are bent whenever they encounter
changes in the density of a fluid. In the Schlieren Z-Type method, two concave mirrors on
either side of the test section are assembled. The arc lamp placed opposite the camera is
used as the source of light. The light beams pass through a slit that is placed in front of
the arc lamp to create parallel rays passing through the test section. On the other side,
the parallel rays are collected by the second mirror, converging to a focal point at the knife
edge, and then the rays continue to the camera lens.
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Figure 2.3: Shadowgraph technique arrangement

Inside a medium with a non-constant first derivative of the density field, the refractive
index changes. These variations cause light rays to bend or deviate from their original
path as they pass through the medium. The light rays are focused onto the knife-edge after
passing through the test region. The knife-edge blocks part of the refracted light, creating
areas of light and shadow that correspond to density changes.

If light rays are deflected towards the knife-edge, the part of the image where those light rays
originate from will be darkened more than a part of the image with constant density (these
rays do not pass through the focal point and are stopped by the knife-edge). Conversely,
if light rays are deflected away from the knife-edge, that part of the image will appear
brighter than unaffected regions of the image. Thus, Schlieren setups are only sensitive to
density gradients normal to the knife-edge, while shadowgraph visualization is uniformly
sensitive in all directions.

2.2.3 Three-dimensional visualization setup

A novel technique was developed to visualize the flame in three dimensions. In this method,
two parallel prism mirrors were installed on the top and bottom walls of the shock tube.
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The prism mirrors used in the experiments were custom fabricated by Canus Plastics,
located in Ottawa. Each piece consists of a triangular prism made from acrylic, with an
acrylic mirror pane mounted above it. The two base sides of the prism mirrors are 19 mm
in length, and their longitudinal length is 447 mm, as shown in Figures2.5and 2.6.

The most important specifications for these two components were the optical quality of
the mirrors, to ensure a clear and undistorted view, and the precise dimensions, which
were necessary to achieve perfectly parallel mirror alignment when the prism mirrors were
installed inside the shock tube.

The evolution of the flame as it propagated over the obstacle was visualized using the
shadowgraph technique.

In this setup, the position of the camera relative to the shock tube, both in terms of distance
and height, was important for obtaining accurate and undistorted images. Additionally,
as the prism mirrors inside the shock tube acted as a periscope, maintaining their exact
parallel orientation was essential to avoid any image misalignment.

In the first step, we needed to test the functionality of each mirror to ensure accurate
visualization. We began by installing the first mirror on the bottom wall of the shock
tube. To verify the mirror’s alignment and reflective accuracy, we attached a readable note
to the top wall of the shock tube Figure2.7. This note worked as a reference point, to
check whether the mirror displayed the width of the shock tube properly.

In the second step, we needed to ensure that the two mirrors were exactly parallel to
examine the periscope functionality of the mirrors. To achieve this, we installed the second
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Figure 2.6: Mirrors configuration inside the shock tube for three-dimensional visualization

mirror on the top wall of the shock tube, then attached our note directly behind the second
mirror on the shock tube glass Figure2.8. By capturing several photos from the field of
view of the bottom mirror, we were able to verify the alignment of the mirrors. This step
was necessary to confirm that the mirrors functioned correctly as a periscope, allowing us
to accurately observe the reflected images.

Figure 2.9 illustrates the path of light beams for three-dimensional visualization. Light
emitted from the arc lamp traveled through the shock tube, initially reaching the bottom
prism mirror. It then reflected off the top prism mirror, which redirected the light onto the
retroreflective screen located directly behind the shock tube. At this point, the flame shape
in the third dimension along the width of the shock tube appeared on the retroreflective
screen. The light rays then retraced their exact path, returning from the screen to the
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Figure 2.7: The bottom mirror’s visualization of the shock tube’s width

camera positioned in front of the shock tube to capture the flame’s three-dimensional
picture (In this scheme, the light path for the third dimension visualization was just drawn).

2.2.4 Test Gases

As mentioned earlier, the experiments were carried out for three mixtures: stoichiometric
methane-air, stoichiometric hydrogen-air, and a stoichiometric equimolar blend of methane
and hydrogen with air. For both sets of experiments, we used the same combustible
mixtures.

The partial pressure method was used for preparing the detonable gaseous mixtures. The
pipelines and the mixing tanks were initially evacuated to a pressure of 40 Pa. This is
important to remove any residual air or contaminants from the tank, to ensure the gas
mixture composition and the quality of the flames, and to have reliable mixtures. Firstly,
the combustible fuel was added to the mixing tank until its calculated partial pressure value,
as shown in Table 2.1. The inert diluent was added after the fuel gas, if applicable, and
finally, the oxidizer was added based on its partial pressure. For mixing and homogenization
of the gases, the mixture was allowed to remain for one day before starting the experiments.

As an example of preparing a mixture in the experiments, for the stoichiometric hydrogen-
air mixture, the mixing tank pressure was raised to 33.8 psi. Initially the tank was filled
with hydrogen to 10 psi, and then nitrogen was added until the pressure gauge showed 28.8
psi, and finally, oxygen was added up to 33.8 psi.

18



T e —

Figure 2.8: Checking the mirrors periscope functionality

19



Mirrors

<

it

-

Camera

Ha(psi)

CHa(psi)

CHa(psi)

Figure 2.9: Schematic path of light beams

Retroreflective Screen

Table 2.1: Composition of test gases for the experiments

2H; + Oz + 3.76N:
Na(psi) Ox(psi)
10/2x3.76=18.8
5
CH4 + 20 + 7.52N;
Na(psi) Oa(psi)
22.6
6
CHs+ H; + 2.50; + 9.4N;
Ha(psi) Na(psi) Ox(psi)
3
28.2
7.5

20

Tank Pressure (psi)
10
28.8
33.8

Tank Pressure (psi)
3
25.6
31.6

Tank Pressure (psi)
3
6
34.2
41.7



Chapter 3

Flame Vortex Entrainment

The evolution of the flame as it passes over the obstacle was visualized using Schlieren and
shadowgraph photography to capture the flame front details and the flow field downstream
of the flame. The vortex, trailing jet, and recirculation zone behind the obstacle were vi-
sualized using the Z-Type 2-Mirror Schlieren System. Additionally, to visualize the flame
front structure and propagation alongside the shock tube over longer distances, the shad-
owgraph technique was used. In this chapter, the experimental data for flame evolution and
entrainment in vortical structures are presented for the following mixtures: stoichiometric
hydrogen-air, stoichiometric methane-air, and stoichiometric equimolar blend of these two
fuels with air.

3.1 Hydrogen-Air mixture

Selected frames in Figure 3.1 represent the flame evolution in a stochiometric hydrogen-
air mixture. A cellular flame was ignited by the tungsten wire installed near the end of
the channel, and the flame started propagating toward the other end of the shock tube.
A rectangular obstacle with a 50 percent blockage ratio was located downstream of the
flame. As the flame ignited and propagated, the high expansion ratio (o) between the
burned and unburned sides caused the burned gas to expand and drive a flow downstream.
Consequently, the pressure inside the shock tube started increasing. Pressure waves were
generated during the build-up and propagation of the flame and propagating ahead of
the flame [6]. With the presence of the obstacle and due to Kelvin-Helmholtz instability,
a turbulent shear layer and vortical structures were formed at the edge and behind the
obstacle. The flame front, due to the stagnation point behind the obstacle and the flow
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field over the obstacle, was stretched along the shock tube (2.4 ms frame to 2.89 ms
frame). As the flame tip approached the shear layer and vortical structure behind the
obstacle,it started wrinkling and being entrained into vortices. The rolling up of the flame
in the vortical structure resulted in a considerable increase in the flame front surface area.
The hydrogen flame was less prone to getting entrained into smaller-scale vortices (in the
vortical structure behind the obstacle), which was observed for methane and equimolar
flames, as discussed in the following two sections.

3.2 Equimolar Methane/Hydrogen-Air mixture

Figure 3.2 represents the flame evolution and propagation in an equimolar blend of hydro-
gen/methane with air. As the flame ignited and propagated, the flame front started to
create initial cellular structures. In the 5.42 ms, 5.85 ms, and 6.25 ms frames, the formation
of finger flames and the cusp regions are shown. Like hydrogen, when this flame reached
the obstacle, leading to the acceleration of unburned gas flow in vena contracta, the flame
stretched along the shock tube (6.25 ms frame). The flame front became wrinkled as it was
entrained into the vortical structure. The equimolar flame interacted differently with the
vortical structure compared to the hydrogen flame; the vortices broke the flame structure,
disturbed the flame and we can see the equimolar flame had this propensity to roll up into
smaller-scale vortices, which is observed in the 7.43 ms frame. Compared to the smooth
flame front in the hydrogen mixture, the equimolar flame exhibited more texture in the
flame front after getting entrained into the vortical structure.

3.3 Methane-Air mixture

Figure 3.3 represents methane-air flame propagation and entrainment in vortices. The flame
ignited and started to propagate toward the open end. We can observe the formation of
finger flames and a long cusp region, similar to that of an equimolar mixture. As the flame
reached the obstacle, due to the acceleration of flame-driven flow above the obstacle, the
flame front stretched along the shock tube in the 15.28 ms, 16.03 ms, and 16.62 ms frames.
Then the flame got entrained into the turbulent shear layer and vortex behind the obstacle,
and we can see the flame front wrinkled and rolled up into different scales of vortices (17.1
ms, 17.73 ms, and 18.28 ms frames).

The methane-air flame, like the equimolar blend, interacted differently with the vortical
structure compared to the hydrogen flame; the vortices broke the flame structure and
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disturbed the flame (17.1 ms, 17.73 ms, 18.28 ms and 19.03 ms frames).

In all three mixtures, during the flame rolling-up period within vortical structures, the flame
front surface area increased considerably, leading to flame acceleration. This phenomenon
will be discussed in the following sections, where the velocity and pressure diagrams are
presented.

Selected frames in Figure 3.4 represent the evolution of the flames in the three mixtures.
By propagating the flames inside the channel and the volumetric expansion of the burned
gas, flame-induced flow was created ahead of the flames. With the presence of an obstacle
downstream, a pressure gradient was generated, resulting in flames deformation and stretch
as they approached the obstacle. Shortly thereafter, the flames were entrained into a
vortical structure, which was the result of the flame-driven flow over the obstacle since the
ignition of the flame and Kelvin-Helmholtz instability.

As a result of flame entrainment, the flame front surface area grew considerably. This
growth led to an increase in the flame burning rate and total energy release rate in the
channel. The more rapid combustion generated a stronger flow and accelerated the flame.
As the flame area and fuel consumption rate increased, a strong compression wave propa-
gated downstream, contributing to additional flame acceleration.

These three flames interacted differently with vortical structures. The hydrogen-air flame,
as a reactive fuel, consumed the vortex rapidly as it rolled up into it. The flame was
less prone to be disturbed by the vortex and the turbulent shear layer above the obstacle.
In contrast, vortices disturbed and broke the flame structure in methane and equimolar
mixtures, causing these flames to get entrained into them for a longer period. Additionally,
in methane and equimolar flames, we observed the formation of pockets of unburned gas
due to inefficiencies in the combustion process and local quenching associated with the
flame front deformation and stretching.

Figure 3.5 illustrates the start of the vortex as the flame propagated and the flow field
developed ahead of the flame. This figure captures the start and growth of the vortex
in the hydrogen and equimolar blend mixtures. Schlieren photography was employed to
capture the turbulent shear layer and vortical structures due to its higher sensitivity to
density gradients in the flow field compared to shadowgraph techniques. Hydrogen, with
its higher flame speed, generated a stronger downstream flow field with greater density
gradients. This is why the field in Figure3.5 appears clearer for hydrogen compared to
the equimolar blend. As the flame speed in the methane-air mixture is lower than in the
other two, the vortex became less visible in the Schlieren images and was excluded from
this figure.
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Figure 3.1: Evolution of the stochiometric hydrogen-air flame visualized using shadowgraph
technique. Times are shown above each frame and ¢=0 is the time when the flame ignites
and £ = 0 is the moment the flame tip crosses the leading edge of the obstacle.
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Figure 3.2: Evolution of the equimolar flame visualized using shadowgraph technique.
Times are shown above each frame and t—0 is the time when the flame ignites and £ = 0
is the moment the flame tip crosses the leading edge of the obstacle.
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Figure 3.3: Evolution of the methane-air flame visualized using shadowgraph technique.
Times are shown above each frame and t=0 is the time when the flame ignites and £ = 0
is the moment the flame tip crosses the leading edge of the obstacle.
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Figure 3.4: Evolution of the flames in the three mixtures visualized using shadowgraph
technique. Times are shown above each frame and ¢=0 is the time when the flame ignites
and £ = 0 is the moment the flame tip crosses the leading edge of the obstacle.
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Figure 3.5: Evolution of the vortical structure and flame, visualized using Schlieren in
hydrogen (left side) and equimolar (right side) mixtures.
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Figures 3.6,3.7,and 3.8 illustrate the evolution of the flame tip velocity over time. The
velocity was measured as the forwardmost flame front location along the horizontal axis
in experimental photographs. To assess repeatability, more than ten experiments were
carried out for each mixture. Each curve has been adjusted in time such that the flame
tip crosses the leading edge of the obstacle at ¢ = 0. It was evident that the hydrogen
flame propagated significantly faster than the methane flame, while the equimolar blend
propagated at a speed in-between the two extremes throughout the experiment. After the
flames rolled up into vortical structures and accelerated, but before they exited the field
of view, the highest recorded velocity was approximately 400 m/s for the hydrogen flame,
and around 220 m/s and 135 m/s for the equimolar and methane flames, respectively.

The flame tip velocity evolved similarly in each mixture. Initially, there was a gradual
increase in velocity for negative times, which was associated with the initial growth of
cellular structures along the flame surface from a relatively flat ignition kernel due to the
effects of boundary layer and Landau-Darrieus instabilities. Shortly before time zero, a
much sharper increase was observed related to natural contraction and acceleration of
downstream flow ahead of the obstacle in vena contracta.
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Figure 3.6: Evolution of the flame tip velocity for hydrogen-air flame over time. Time ¢ =
0 is defined as the moment when the flame tip crosses the leading edge of the obstacle.
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Figure 3.7: Evolution of the flame tip velocity for equimolar blend-air flame over time.
Time t = 0 is defined as the moment when the flame tip crosses the leading edge of the

obstacle.
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Figure 3.8: Evolution of the flame tip velocity for methane-air flame over time. Time ¢ =
0 is defined as the moment when the flame tip crosses the leading edge of the obstacle.
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This increase in flame tip velocity was the result of the flame’s deformation in the vicinity
of the obstacle. The deformation was caused by the Rayleigh-Taylor mechanism induced by
flow gradients that occurred due to the acceleration of the flow through the vena contracta
and the misalignment of the pressure gradient in the flow field and the density gradient
across the flame sheet. The velocity field of the flow ahead of the flame dictated both
the propagation and deformation of the lame. When the flames passed through the vena
contracta, there was a sudden enlargement in cross-sectional area that caused flow diver-
gence. Due to this flow divergence and flame entrainment in vortices, flame tip velocity
decreased for a short period. This decrease in flame speed continued until a minimum was
reached. At this point, there was a reactive coupling between the increase in burning rate
associated with the enhancement in flame surface area resulting from the flame roll-up,
and the strong acceleration of flow induced ahead of the flame by the rapid expansion of
the burned gases. This acceleration of the flame tip continued until the flame exited the
field of view.

As mentioned, to assess repeatability, around ten experiments were carried out for each
mixture. There was some discrepancy between the data in the aforementioned figures,
specifically in the last part showing flame acceleration after roll-up in the vortical structure.
As the formation of a shear layer at the leading edge of the obstacle and the eddies behind
it is a turbulent phenomenon that could vary across the experiments, the flame deformation
and entrainment into the vortical structure were not exactly the same in each experiment.

The evolution of the pressure inside the shock tube is presented in Figures 3.9, 3.10, and 3.11
where the pressure is plotted against time. The hydrogen flame exhibited the highest
overpressure peak, reaching up to 100 kPa, while the methane flame generated the weakest
overpressure, with a 15 kPa peak. The overpressure peak for the equimolar blend was
around 60 kPa inside the shock tube. There was an initial increase in pressure associated
with the initial increase in the cellular structure of the flames. When the flames reached
the vena contracta, due to sudden depressurization in the throttle, there was a pressure
decay for a short period. The maximum pressure peak inside the shock tube was recorded
as the flames rolled up into the vortical structures and enhancing the burning rate of the
fresh gases.
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Figure 3.9: Evolution of the pressure inside the shock tube for hydrogen-air flame over
time. Time ¢ = 0 is defined as the moment when the flame tip crosses the leading edge of
the obstacle.

60

40

20

0_

Overpressure (P — P,) [kPal

7.5 =50 -2.5 0.0 2.5 50 7.5 10.0
Time t [ms]
Figure 3.10: Evolution of the pressure inside the shock tube for equimolar blend-air flame

over time. Time ¢ = 0 is defined as the moment when the flame tip crosses the leading
edge of the obstacle.
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Figure 3.11: Evolution of the pressure inside the shock tube for methane-air flame over
time. Time ¢ = 0 is defined as the moment when the flame tip crosses the leading edge of
the obstacle.

In the presence of an obstacle downstream of the flame, the flame-driven flow created
a multiscale turbulent shear layer at the leading edge of the obstacle and the large eddy
behind it. As the flame was entrained into vortices, pockets of unburned gases were created
due to inefficiencies in the combustion process and local quenching associated with the flame
front deformation and stretching. In the hydrogen-air mixture, these pockets combusted
at a faster rate as a result of the mixture’s higher reactivity compared to other mixtures.
Consequently, a substantial amount of gas was burned within the hydrogen flame over a
shorter period, leading to a higher peak pressure.

Following the sudden acceleration of the flame after vortex entrainment, an expansion wave
propagated in the opposite direction on the burned gas side, leading to a pressure drop in
the shock tube. After the pressure peak and its subsequent decay, both resulting from the
flame-vortex interaction, a smaller pressure peak was observed, which is more noticeable
in the methane and equimolar blend mixtures. This secondary peak was associated with
the combustion of gases exiting the shock tube as the flame was entrained into the vortical
structures.
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3.4 Characteristic scales for data reduction

As mentioned, these three flames interacted differently with the vortical structures, which
can be attributed to variations in their flame properties. Characteristics such as laminar
burning velocity differ by an order of magnitude, as shown in Table 3.1. Therefore, to
better understand flame behavior and its interaction with flame-driven flow, we express
the pressure and velocity measurements from the experiments in a non-dimensional form.
This approach effectively eliminates the influence of the distinct flame laminar velocity of
each mixture. In this way, the scaled data reflect only the flame’s response to the dynamics
of the flow field. In the following section, we define appropriate scaling factors to normalize
the experimental velocity and pressure data.

Flame Sheet

Unburned gas

Ignition Line* —» X f Open end

Shear layer and vortical structures

- 7
Xt

Figure 3.12: Flame-driven flow creates a multiscale turbulent structure in the presence of
an obstacle downstream.

The conservation of mass across the flame sheet, in the flame’s frame of reference, can be
written as:

Pu (Xf - U) = P (Xf - uw> (3.1)

Where w is the velocity of the flame-driven flow and w,, is the velocity of burned gas, which
is equal to zero due to the closed end in the ignition line. Sy is the laminar burning velocity
of flame.

By considering:

Xf —u = SL (32)
and
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Table 3.1: Mixtures composition and flame properties at atmospheric conditions (P= 101.2
kPa, T= 295 K).

Set Properties 2H; + O; + 3.76N; CHy4 + Hz + 2.50; + 9.4N; CHy4 + 20, + 7.52N,
1 Flame thickness &; (mm) 0.34 0.36 0.48
2 Laminar flame speed S; (m/s) 2.21 0.55 0.34
3 Flame time 8;/S; (ms) 0.154 0.654 1.41
4 Expansion ratio(c) 6.93 7.44 7.61
5 | Unburned gas density(kg/m?) 0.86 1.07 1.14
6 Damkdohler number” 2.4 0.93 0.61

*See section 3.6

Pu
— =0 3.3
Pb (3:3)
o is expansion ratio across the flame sheet.
From (3.1), (3.2), and (3.3):
X =08, (3.4)
u=(oc—1)SL (3.5)

The flame tip velocity was normalized by the factor ¢Sy, and the overpressure inside the
tube was scaled by the dynamic pressure p,c2S%.

A characteristic time is the time taken for a laminar flame to travel the distance between
the ignition line and the obstacle (Lgys). It is defined as:

Lobs
tdyn - E (36)
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3.5 Experimental Scaling

The overpressure inside the tube was scaled by the dynamic pressure p,02S?, and the
flame tip velocity was normalized by the factor 0Sy. Figure 3.13 illustrates the non-
dimensionalized flame tip velocity over a time non-dimensionalized by the dynamic time.
It is important to note that the moment when the flame tip crosses the leading edge of
the obstacle is represented by ¢ = 0. The equimolar blend mixture had the highest scaled
velocity, followed by the methane mixture. The hydrogen mixture exhibited the lowest
scaled velocity.

In terms of normalized flame tip velocity, the three mixture diagrams overlapped and
agreed at early times. This is because, immediately after ignition, the flames were nearly
planar in form and had not yet been influenced by the downstream flow field. As the flames
advanced through the shock tube and approached the obstacle, the flow dynamics ahead of
them induced the formation of cellular structures and wrinkling, and the flames exhibited
different behaviors (see Figure 3.4).
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Figure 3.13: Scaled flame tip velocity as a function of scaled time.The time flame tip crosses
the leading edge of the obstacle is represented by ¢t = 0.
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These three flames responded differently to the flow dynamics, which is the main reason
for the differences between the unscaled and scaled data. The acceleration of the flame
resulted from the increase in surface area and, consequently, the burning rate. The hydro-
gen flame propagated noticeably slower than the other two in the scaled form because it
rapidly consumed vortices when rolled up into them and was less prone to wrinkling and
involvement in smaller-scale vortices. In contrast, the dynamics of the downstream flow
and vortices disrupted the methane and equimolar flames, breaking their structure and
causing additional wrinkling and surface area enhancement along the flame front.

Figure 3.14 illustrates the non-dimensionalized overpressure inside the shock tube over a
time non-dimensionalized by the dynamic time. Despite the higher overpressure peak
for the hydrogen mixture (refer to Figure 3.9), the normalized overpressure of both the
equimolar blend and methane-air flames was much higher than that of hydrogen-air flames.
The maximum normalized pressure in the equimolar blend flame did not lie between the
pressures of the two extreme mixtures. On the contrary, it was amplified to almost double
the amplitude of the maximum scaled pressure in the methane-air mixture.
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Figure 3.14: Scaled over pressure as a function of scaled time.The time flame tip crosses
the leading edge of the obstacle is represented by ¢t = 0.
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When scaling the flame propagation velocity and pressure, it became apparent that the
hydrogen flame had a smaller surface area enhancement compared to the methane and
equimolar hydrogen-methane flames. In Table 3.1, the flame time was defined as the ratio
of the flame thickness to the laminar burning velocity. It can be observed that hydrogen-air
had a much shorter flame time compared to the other mixtures, allowing it to consume
flame folds more quickly. This results in less surface area enhancement, as the smaller folds
were used up faster than they could expand, and the increase in the flame front area was
thus mainly due to the deformation of the larger scales of the flame surface. In the other
mixtures, the efficient folding of the flame surface at smaller scales also contributed to
their larger surface areas, as the consumption of these folds could not keep pace with their
growth.

Additionally, to compare the scaled data of methane and equimolar mixtures, we can
refer to Shi et al. work [14]. They studied the effects of differential diffusion of hydro-
gen on the flame structure in laminar premixed fuel-lean Hy/CHy/air polyhedral flames.
The results reveal that the positively curved troughs in the flame front, have significantly
higher Hy mole fraction compared to the negatively curved cusps, due to the respective
focusing/defocusing effect of curvature on highly diffusive Hy. Consequently, the local
equivalence ratio and temperature in trough regions are higher than those of cusps.

In our case study, as the flames rolled up into the vortical structures, they could locally
quench due to flame front stretching. In the equimolar flame, the increased concentration
of hydrogen in the positive curvatures of the flame front, compared to its planar form,
reduced the extent of local quenching induced by turbulence. Due to the higher reactivity
of hydrogen fuel, the equimolar flame could survive better than the methane flame from
quenching and recorded a higher normalized overpressure.

3.6 Flame area amplification in the mixtures

These three flames interacted differently with the vortical structures, which can be ex-
plained by variations in their flame properties, such as flame time. The relation between
the characteristic time of the flow field and the characteristic time of the flame (as pre-
sented in Table 3.1) appears to govern the flames’ behavior in terms of vortex entrainment.
To explain this behavior, we can refer to the definition of the Damkdhler number, which
represents the ratio of the characteristic time of the length scale vortex to the characteristic
time of the flame, as defined by (3.7):
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Where dy, and Vj, represent the diameter and tangential velocity of the large eddy. These
were measured from the experimental photographs and presented in Table 3.2, é; and St
are the flame properties listed in Table 3.1. The Damkdohler number for the hydrogen-air
mixture was calculated to be 2.4, whereas for the methane-air and equimolar mixtures, the
values are below unity, at 0.61 and 0.93, respectively.

Table 3.2: Downstream vortex diameter and velocity in three mixtures

Set Properties 2H, + O, + 3.76N, CHy + H; + 2.50; + 9.4N, CH,4 + 20, + 7.52N,
1 Flame time (ms) 0.154 0.654 1.41
2 Vortex diameter (mm) 39 39 39
3 Vortex tangential velocity(m/s) 105.8 64 45.2
4 Damkdhler number” 2.4 0.93 0.61

From the Borghi regime diagram for premixed turbulent combustion, which attempts to
classify turbulent flames into different regimes [23], we can observe that in the region
where Da < 1, the chemical reactions are slow compared to the rate at which reactants
are being mixed by the flow dynamics. In this region, the integral length scale vortex of
the turbulence spectrum, has the capability to disrupt the preheat zone, wrinkle the flame
front, and cause local flame quenching|24].

Methane and the equimolar blend are situated in this region. A smaller Damkdhler number
for the methane mixture leads to more wrinkled structures and local extinction compared
to the equimolar blend. Additionally, in the equimolar flame, due to an increase in the mole
fraction of hydrogen in the positive curvatures of the flame front compared to its planar
form [14], the amount of local quenching induced by turbulence is reduced. As a result,
the equimolar mixture recorded a higher normalized pressure than the methane mixture.

On the other hand, for the hydrogen-air mixture with a Damk&éhler number greater than
unity, the flame time was shorter than the characteristic time of the vortical structure.
As a result, the flame could withstand the effects of turbulence and was less prone to
wrinkling and deformation. The hydrogen flame consumed the vortex rapidly, leading to
smaller flame surface enhancement, normalized pressure, and flame tip velocity compared
to the methane-air and equimolar blend mixtures.
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Chapter 4

Three-Dimensional visualization

4.1 3rd Dimension Visualization

In the second set of experiments, a novel setup was employed to visualize flame propaga-
tion in three dimensions as it propagated along the shock tube. To achieve this, two prism
mirrors were placed on the top and bottom walls of the shock tube in parallel. The shad-
owgraph technique was employed to capture the evolution of the flames as they propagated
and rolled up into the vortical structures.

The main purpose of these experiments is to enhance the understanding of flame dynam-
ics in all three dimensions and to investigate and compare flame behavior for these three
mixtures. By utilizing prism mirrors, the flame’s propagation and interaction with the
obstacle can be visualized along the width of the shock tube. Selected frames in Fig-
ures 4.1,4.2,and 4.3 show the flames’ evolution.
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Figure 4.1: Three-dimensional visualization of hydrogen-air flame evolution using shadow-
graph technique. Times are shown above each frame and ¢=0 is the time when the flame
ignites.

43



2.84 ms

-

4.61 ms

44



6.04 ms

6.66 ms

45



Figure 4.2: Three-dimensional visualization of equimolar blend flame evolution using shad-
owgraph technique. Times are shown above each frame and t=0 is the time when the flame
ignites.
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Figure 4.3: Three-dimensional visualization of methane-air flame evolution using shadow-
graph technique. Times are shown above each frame and ¢=0 is the time when the flame
ignites.
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Selected frames in Figures4.4 and 4.5 summarize and compare the evolution of the flames
as they propagate through the channel.The third dimension of flames evolution can be
seen along the bottom row of each frame. It is observed that hydrogen and equimolar
mixtures exhibit more 3D effects than methane flames. Hydrogen and equimolar flames
tended to incline along the width of the shock tube (appeared as double line in the flame
front Figure4.5) and showed this behavior more intensely when they got entrained into
vortical structures and accelerated. On the other hand, the methane flame was less prone to
inclining in the third dimension or showing 3D effects, tending to propagate more uniformly
compared to the other two.

One possible explanation for this behavior could be the effect of the Lewis number. Hydro-
gen and equimolar flames, with Lewis numbers below unity, were more prone to show 3D
effects compared to methane flames, which have Lewis numbers close to unity [1, 25] (the
effective Lewis number will be discussed in Section 4.3).

Dejoan [15] and Kurdyumov [16] studied the propagation of flames in narrow channels for
mixtures with Lewis numbers smaller than one. They demonstrated that for Lewis numbers
below one, even just slightly below, there is always a critical channel width beyond which
the flames tend to exhibit a non-symmetric formation. In our experiments, this non-
symmetric shape appeared as an inclination along the width of the shock tube and can be
seen clearly in the hydrogen and equimolar mixtures.

4.2 Flame Tip Velocity

Figures 4.6,4.7, and 4.8 illustrate the evolution of the flame tip velocity over time in the
three mixtures. The velocity was measured as the forwardmost flame front location along
the horizontal axis in experimental photographs. Each curve has been adjusted in time
such that the flame tip crosses the leading edge of the obstacle at ¢ = 0. The hydrogen flame
propagated significantly faster than the methane flame, while the equimolar blend propa-
gated at a speed in between the two extremes throughout the experiment. Like the results
from the experiments presented in chapter 3, there was a gradual increase in velocity for
negative times, which was associated with the initial growth of cellular structures. Shortly
before time zero, a much sharper increase was observed related to natural contraction and
acceleration of downstream flow ahead of the obstacle in vena contracta. When the flames
passed through the vena contracta, there was a sudden enlargement in cross-sectional area
that caused flow divergence. Due to this flow expansion and flame entrainment in vortices,
flame tip velocity decreased for a short period. After that, there was a reactive coupling
between the increase in burning rate associated with the enhancement in flame surface area
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Figure 4.4: Three-dimensional visualization the flames evolution using shadowgraph tech-
nique. Times are shown above each frame and t=0 is the time when the flame ignites.

resulting from the flame roll-up, and the strong acceleration of flow induced ahead of the
flame by the rapid expansion of the burned gases and flame acceleration.

To compare the flame tip velocity between the results of two sets of experiments (Fig-
ures 4.6,4.7,and 4.8), the new oblique top and bottom walls in the 3D visualization exper-
iments increased the effect of the boundary layer. Consequently, the flame tip velocity in
all three mixtures was lower than in the experiments without prism mirrors during flame
propagation, and the flame rolled up into the vortices inside the shock tube.

In the experiments presented in chapter 3, the first velocity peaks were approximately
270m/s for hydrogen, 130 m/s for the equimolar blend, and 80m/s for methane. These
values fell to 175m/s, 95m/s, and 50m/s, respectively, in the experiments with prism
mirrors. Additionally, the time it took for the flame to travel through the shock tube
increased in all three mixtures during the 3D visualization experiments. However, the
maximum flame tip velocities after flame roll-up into the vortical structures and subsequent
acceleration were comparable for all three mixtures in both sets of experiments. This
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Figure 4.5: Three-dimensional visualization of the selected frames shown in a closer view.

indicates that the effects of flame entrainment in vortices and the associated acceleration
due to area enhancement outweighed the effect of the boundary layer.
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Figure 4.6: Evolution of the flame tip velocity for hydrogen-air flame over time. Time ¢ =
0 is defined as the moment when the flame tip crosses the leading edge of the obstacle.
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Figure 4.7: Evolution of the flame tip velocity for blend-air flame over time. Time ¢t = 0 is
defined as the moment when the flame tip crosses the leading edge of the obstacle.
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Figure 4.8: Evolution of the flame tip velocity for methane-air flame over time. Time ¢ =
0 is defined as the moment when the flame tip crosses the leading edge of the obstacle.

4.3 Effect of Lewis number on flame deformation in the
3rd dimension

The experimental results presented in Section 4.1 demonstrate that hydrogen and equimo-
lar flames exhibit more pronounced 3D effects than the methane flame. Hydrogen and
equimolar flames tended to incline along the width of the shock tube (appearing as a dou-
ble line in the flame front, see Figure 4.5), and this behavior intensified when the flames got
entrained into vortical structures and accelerated. In contrast, the methane flame was less
prone to inclining in the third dimension. One possible explanation for this behavior could
be the effect of Lewis number. To better understand how to estimate the Lewis number
for hydrogen /methane fuel blends, we can refer to the work conducted by Bouvet et al. [1].

They investigated the equivalent formulations for the effective Lewis number in bi-component
fuels, such as hydrogen/hydrocarbon fuel blends. The mixtures’ Lewis numbers are calcu-
lated using the effective formulations Ley, Ley, and Lep (Table 4.1).

We can see from all three approaches (represented in Figure 4.9) that the Lewis number
for hydrogen/hydrocarbon fuel blends with varying compositions falls between the Lewis
numbers of hydrogen—air and hydrocarbon—air flames. Based on this observation and
considering that the Lewis number is close to unity for the methane—air flame and below
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unity for the hydrogen—air flame, we can conclude that the Lewis number for the equimolar
flame is also below unity. In this context, one possible explanation for the inclination of
hydrogen and equimolar flames in the third dimension is that they possess a Lewis number
below unity and tend to reinforce their positive curvature along the width of the shock
tube. This behavior causes the flame front to appear as a double line; see Figure 4.5.

Positive curvature toward unburned gas in the reaction sheet serves as a local sink for
reactants and a local source for heat. Increasing the rate of diffusion of the limiting
reactant to the flame sheet increases the rate of heat release there and hence tends to
increase the flame temperature. If the thermal diffusivity is less than mass diffusivity (Le
< 1), then the flame temperature increases (as a consequence of the preferential diffusion
of the reactant with respect to heat). In this situation, the local increase in the flame
speed, associated with the increase in the flame temperature, causes the positive curvature
of the flame front to become larger for mixtures with Le< 1 [3].

Table 4.1: Effective Lewis number formulation for bi-component fuels [1]

Effective Lewis number

q1(Le; — 1) + qo(Le; — 1)

Heat release-based (H) Ley =1+ Heat release formulation
q: T 4,

Volume-based (V) Ley, = X Le; + X, Le, Volumetric fraction-weighted
Dr T :

Diffusion-based (D) Lep Diffusion formulation

a XlDI/Nz + XZDZ/NZ

Dr, the mixture thermal diffusivity and Ding, the mass diffusivity of the deficient fuel species 1

The first expression in Table 4.1, which is a weighted average of the Lewis numbers of the
two fuels based on their respective non-dimensional heat release, was introduced by Law
et al. [26]. This expression was presented in their investigation of the cellular instability
of high-pressure Hy/C3Hg laminar spherical flames. Furthermore, this formulation was
extended to three fuel species[27] to comment on the thermodiffusive stable (Le > 1) or
unstable (Le < 1) character of Hy/HC/air flames.

Muppala et al. [28, 29] used the volumetric fraction-weighted average formulation in Table
4.1. When applied in their chosen flame surface wrinkling model this calculation showed
fair agreement with experimental burning velocities. However, it is important to note a
progressive underestimation at higher turbulent intensities.

99



16 (H)

0.2 — [ LeH Lev LeD]

0 10 20 30 40 50 60 70 80 90 100
% H,

Figure 4.9: Effective Lewis number formulations for Hy/C3Hg/air flames versus Hy fuel
volumetric content [1]

Dinkelacker et al.[30, 31] investigated the third effective Lewis number approach in Table
4.1. If positively curved flame elements dominate turbulent flame propagation, it was
hypothesized that the leading edge of the flame would be enriched in the most diffusive
fuel. Consequently, the resulting effective Lewis number should depend on a volumetric
fraction-weighted average of the fuel diffusivities.

The volumetric weighted approach, Ley, was found to be the most consistent one for
the tested alkanes (CHy, C3Hg and CgHig). However, the Ley formulation could not be
confirmed for syngas mixtures. In this case, the Markstein length, and therefore flame sta-
bility, are expected to be influenced by detailed chemical effects that cannot be considered
in classical one-step chemistry models [1].

The heat release formulation, Ley, seems to overweight the hydrocarbon influence on the
H,/HC flame stability characteristics. The diffusion formulation, Lep, is found to clearly
overweight the hydrogen influence on the Hy /HC flame stability characteristics [1].
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Chapter 5

Conclusion

Experiments were conducted to characterize the differences between flames propagating in
stoichiometric mixtures of hydrogen, methane, and an equimolar hydrogen-methane blend
with air. With a bluff body obstacle present downstream and a flame-driven flow, vortical
structures formed ahead of the flame. The subsequent interaction of the flame with these
vortices generated substantial flame area enhancement and acceleration. The measured
evolution of the flame velocity and overpressure inside the shock tube highlighted the higher
flame acceleration and overpressure of the hydrogen-air flame due to its higher burning
velocity compared to the flames propagating in methane-air and equimolar blend. The
pressure and flame tip velocity measured in the equimolar blend fell somewhere between
these two extreme mixtures.

In this study, the velocity and pressure evolution inside the shock tube were investi-
gated non-dimensionally. To eliminate the dependency of the measured flame tip velocity
and pressure on the flame’s chemistry and properties, these data were presented in non-
dimensional form. The pressure and velocity were normalized by p,02S? and ¢S, respec-
tively to account for the distinct laminar burning velocities of each mixture. Interestingly,
the equimolar blend mixture had the highest normalized velocity and overpressure, followed
by the methane mixture. The hydrogen mixture exhibited the lowest scaled velocity and
overpressure inside the shock tube. These results illustrated that the hydrogen flame had
a smaller surface area enhancement compared to the methane and equimolar blend flames.
Hydrogen-air has a much shorter flame time compared to the other mixtures, allowing it
to consume flame folds more quickly. This results in less surface area enhancement, as the
smaller folds were used up faster than they can expand, and the increase in surface area
was thus mainly due to the deformation of the larger scales of the flame surface. In the
other mixtures, the efficient folding of the flame surface at smaller scales also contributed
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to their larger surface areas, as the consumption of these folds could not keep pace with
their growth.

These three flames interacted differently with vortical structures. The hydrogen-air flame
as a reactive fuel, with smaller flame time compared to the other mixtures, consumed the
vortex rapidly as rolled up into it. It was less prone to disturb by vortex and turbulent
shear layer above the obstacle. In contrast, vortices disturbed and broke the flame structure
in methane and equimolar mixtures, causing these flames to get entrained into them for a
longer time, which was visible in the experimental photographs. This behavior highlighted
the importance of the characteristic time of the flames, the characteristic time of the vortex,
and the relation between them.

The relation between the characteristic time of the flame and flow dynamics appeared to
govern the flame’s behavior in terms of vortex entrainment. For methane and equimolar
mixtures with a Damkohler number less than unity, all the eddies, including the length
scale vortex of the turbulence spectrum, had the capability to disrupt the preheat zone
and wrinkle the flame front area. On the other hand, for the hydrogen-air mixture with
a Damkohler number greater than unity, the flame time was shorter than the character-
istic time of the vortical structure. As a result, the flame could withstand the effects of
turbulence and was less prone to wrinkling and deformation. This leaded to a smaller
flame surface enhancement, normalized pressure, and flame tip velocity compared to the
methane and the equimolar blend mixtures.

The higher normalized pressure and flame tip velocity of the equimolar flame, compared to
that of the methane flame, highlighted the importance of preferential diffusion of reactants
in a two-reactant system. In the equimolar flame, due to an increase in the concentration
of hydrogen as a more strongly diffusing reactant, in the positive curvatures of the flame
front compared to its planar form, the amount of local quenching induced by turbulence
was reduced. As a result, the equimolar mixture recorded a higher normalized overpressure
than the methane mixture.

A novel method was established to visualize the flames three-dimensionally. In the 3D
visualization experiments, hydrogen and equimolar flames showed more 3D effects than
the methane flame. Hydrogen and equimolar flames tended to incline along the width of
the shock tube and exhibited this behavior more intensely when they got entrained into the
vortical structures and accelerated. On the other hand, the methane flame was less prone
to inclining and tended to propagate more uniformly in the third dimension compared to
the other mixtures.
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These results indicated that the higher normalized pressure and flame tip velocity in the
methane and equimolar blend flames were not due to the 3D effect, as the hydrogen flame
exhibited greater 3D effects, but had lower normalized pressure and flame tip velocity
compared to the methane flame. This suggests that the Damkohler number has a more
significant impact than the Lewis number.
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