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Abstract

The work presented in this thesis is an investigation of the dynamics of unconfined
hydrogen-air flames in the presence of buoyant effects and the determination of an ignition
criterion for flame propagation between adjacent pockets of reactive gas separated by air.
The experimental work was conducted using the soap bubble technique and visualized with
high speed schlieren or large scale shadowgraph systems. A study was first conducted to
determine the most suitable soap solution additive among glycerol, guar and polyethylene
oxide for conducting the experiments, isolating guar as the best candidate. The soap
solution was then used to study the dynamics of flames in single or multiple soap bubbles
filled with reactive mixtures of different compositions. The soap bubble method was also
further improved by designing a soap dispenser that can maintain a bubble indefinitely,

and a method to burst the soap solution prior to an experiment using timed heated wires.

In the experiments with single bubbles, it was found that for sufficiently lean hydrogen-
air mixtures, buoyancy effects become important at small scales. The critical radius of
hemispherical flames that will rise due to buoyancy was measured and estimated using a
model comparing the characteristic burning speed and the rise speed of the flame kernel.
Excellent agreement was found between the model predictions and the measured critical

flame radii.

The experiments with multiple bubbles provided the scaling rules for flame transition
between neighboring pockets of hemispherical or spherical shape separated by an inert
gas. The test results demonstrated that the separation distance between the bubbles
is mainly determined by the expansion ratio when the buoyancy effects are negligible,
corresponding to near stoichiometric mixtures. For leaner mixtures with stronger buoyant
effects, the critical separation distance was no longer governed by the expansion ratio
alone, as buoyancy forces render the flame propagation across the inert gas more difficult.
Visualization of the ignition dynamics confirmed that buoyancy forces tend to accelerate

the first kernel up before ignition of the second kernel can be achieved.
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Chapter 1

Introduction

1.1 Background and motivation

Loss of coolant accidents (L.O.C.A) in water-cooled nuclear power plants, regardless of how
infrequent, engender cumbersome and serious consequences. Those accidents are generally
caused by a cooling system failure, which leads to an overheat of the reactor core. At high
temperature, this reactor core made with zirconium cladding reacts with the surrounding
steam to produce hydrogen [1]. In the aftermath, large amounts of hydrogen can escape
and be released into the containment or reactor buildings. Mixed with air, this hydrogen

can violently explode.

Combustion behaviour of hydrogen-air mixtures is thus of interest in the analysis of
accidental scenarios for hydrogen applications, particularly the large-scale deflagrations in
the open atmosphere as in postulated post-accident nuclear containments. To overcome
risks and provide hydrogen safety it is important to understand the underlying physical

phenomena related to flame propagation process in non-uniform media.

Earlier investigations have mostly dealt with uniform mixtures and most codes and
standards are developed based on data obtained from premixed uniform hydrogen-air mix-
tures [2, 3]. In reality, stratified regions of hydrogen concentration exist prior to complete

mixing. In fact, in several industries, weak releases of hydrogen gas in confined irregular



spaces (e.g., industrial facilities for hydrogen production, distribution and storage, con-
tainment buildings in nuclear reactors) can yield small or large-scale pockets of partially
mixed hydrogen-air mixtures that slowly accumulate in discrete locations (e.g., corners of
equipment, ceiling cavities, and areas without adequate ventilation). Indeed, formation of
stratified combustible mixtures is significant in a wide range of industrial fire and explosion

scenarios.

Experimental investigations as well as a theoretical understanding of flame propagation
in non-homogeneous environments are underdeveloped compared to the well-established
uniform and homogeneous flames. Knowledge gaps in combustion characteristics for non-
uniform hydrogen-air mixtures require closure for safe regulation of nuclear power plants.
However, limited guidelines are available for estimating explosion characteristics in non-
homogeneous mixtures. The first studies on stratified mixtures were undertaken to inves-
tigate the non-uniform flame propagation in stratified charge internal combustion engines.
Most available data address mixtures with composition gradients, and how the flame prop-
agates normal or parallel to such gradients [4, 5, 6, 7, 8, 9, 10]. For instance, Badr and
Karim studied flame propagation in an horizontal tube with multiple inlets used to ob-
tain a variable concentration upward and downward [5]. They have investigated the flame
propagation in the same direction as the mixture gradient. A later investigation was per-
formed with propane-air flames propagating through concentration gradients in a vertical
combustion chamber separating the lean mixture on the upper part of the vessel from the
rich mixture on the lower part by a porous plate [7]. Another work has been conducted in
a spherical latex balloon filled with a lean mixture and containing another internal balloon
of rich mixture to simulate a discontinuity in the concentration [!1]. Hydrogen-air defla-
grations of stratified mixtures with concentration gradients were also studied in large scale

experiments by Whitehouse et al. [6], who used a 10 m? cylindrical vessel.

The soap bubble technique, used in the present study, has proven to be quite relevant
to studies of flame propagation in non-uniform mixtures. Sochet et al. used soap bubbles
filled with a reactive mixture to induce a reactivity gradient by diffusion after the breaking

of the soap film [8]. In an early investigation, Girard et al. [1] were able to study the flame



propagation through stratified mixtures (including hydrogen-air) by blowing two concentric
hemispherical bubbles one inside the other filled with different concentrations. Since the
overpressure generated by an unconfined deflagration depends on the flame acceleration,
which depends on the concentration gradient of the mixture, the aim of those studies
was to study the pressure profile to better understand the deflagration process in non-
uniform mixtures. Results indicated that the peak overpressure generated by the layered
hemisphere is three times larger than the peak produced by the homogeneous hemisphere.
They also found that for a flame propagating through an increment concentration the
velocity increases, giving only one overpressure peak with high amplitude. However, for
a decreasing concentration, the velocity slows down and gives two peaks of over-pressure
with a lower amplitude. Furthermore, the lean flammability limit was found to be lower
in the stratified mixture than in the homogeneous mixture for hydrogen fuel, a fact to be

considered for safety purposes.

In spite of a substantial amount of study of flame propagation in mixtures with composi-
tion gradients, to the best of the author’s knowledge, guidelines for assessing the conditions
for deflagration propagation between isolated regions of combustible mixtures do not cur-
rently exist. The lack of practical guidelines in non-homogeneous environments, as well as
lack of fundamental basic physical principles governing this phenomenon, is of particular
concern in an industry-wide hydrogen economy grouping production, distribution, storage,
and the end user of hydrogen in homes. Knowledge gaps in combustion characteristics for
non-uniform hydrogen air mixtures are also a concern for safe regulation of nuclear power

plants.

The main thrust of the present study is thus to examine the combustion characteris-
tics of non-homogeneous segregated hydrogen-air mixtures. The purpose is to investigate
the physical mechanisms governing the flame propagation between neighboring reactive
pockets, separated by an inert, or much weaker, usually non-ignitable mixture and develop
scaling rules for flame propagation in non-uniform hydrogen-air mixtures, simulating real

accident configurations.
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Non-ignitable gas

Reactive gas Reactive gas

Figure 1.1: Problem investigated: criteria for the propagation of a deflagration wave from

one reactive cloud to another, separated by an inert or non-ignitable mixture.

1.2 Problem definition and objective

Figure 1.1 shows the physical problem studied. Considering two adjacent clouds of reactive
gases, the conditions for a deflagration wave to propagate from the first cloud to the second
one are determined in terms of the cloud mixture compositions and dimensions. Prior
to examining the ignition mechanism between two bubbles, studies were first performed
to understand the dynamics of flame propagation inside one bubble. The objective of
the present study is thus to clarify the physical mechanisms for flame propagation in
non-uniform mixtures and develop the scaling rules for flame propagation in non-uniform

mixtures of combustible and air, simulating real accident configurations.

1.3 The soap bubble technique

To reproduce individual pockets of reactive gas, the soap bubble technique was used to fill
prescribed volumes of reactive gas surrounded by air. The soap bubble method was first
proposed by Stevens in 1926 to measure the burning velocity of freely expanding spherical
flames in a constant pressure environment [12]. Tt was further improved by Linnett et al.

[13] and Strehlow et al. [11]. One advantage of this method is that it does not involve any



consideration of confinement, such as pressure increase and wall interactions [14]. In this
method, the combustible mixture is used to blow a spherical soap bubble around a pair of
spark electrodes. A very thin soap film contains the reactive mixture of interest [12]. The
thin film of the bubble cannot sustain any pressure build-up in the bubble. The bubble
thus grows during the experiment, accommodating the expansion of the burned gases.
Soap bubbles are cheap and easy to make, as well as transparent, making visualization

relatively simple.

Most of previous soap bubble experiments, such as those performed by Guibert et al.
and Strehlow et al. [15, 11], were however limited to small bubbles with diameters less
than approximately 10 cm. There have been however claims by soap bubble hobbyists that
certain soapy solutions may permit one to form large scale bubbles on the order of few

meters [16, 17, 18, 19].

A soap bubble consists of two soap films with a thin water layer in between [L0]. A
soap bubble will fail when the film gets too thin. This occurs as a result of water draining
from between the soap monolayers. Fluid flow in soap films has been studied in detail by
Rutgers and Hidema [16, 17]. In a hemispherical bubble, failure begins as water drains
from the top of the bubble, making the film extremely thin. Small holes begin to open in
the film where there is no water, and these coalesce together into larger holes. Eventually
the holes merge into a single crack, which breaks the remaining film. Evaporation of water

in the bubble is also suspected to accelerate this process.

Soap films have two primary ingredients: soap and water. Rutgers and Ballet [16, 15]
have found that Proctor & Gamble’s Dawn soap produces the most desirable soap films.
Typical soap concentrations they have tested range between 1 % and 10 % by volume.
Ballet found that a soap concentration of 4 % soap permitted them to obtain the longest
soap curtains [18]. Our investigation has thus adopted this particular composition as
starting point. It is not uncommon for soap solutions to include additives in order to
change the surface elasticity of the solution, which has been shown by Ballet [18] to be
related to stability of the film. A stable soap film is one that can have a variation in film

thickness and return to a constant state [18]. Soap bubble hobbyists have discovered several



polymer additives that can improve soap film performance. Glycerol, polyethylene oxide
(PEO), and guar gum are common additives in household bubble solution formulations.
PEO as an additive in soap solution has been studied by Hidema [17], and guar is a popular

additive for home enthusiasts [19].

This study thus first aims to characterize these anecdotal claims, in order to select the
soapy solution offering the best prospects for studying flames in single and double bubbles.

Development of the soap bubble technique used in this study is described in Chapter 2.

1.4 Large scale visualization

In the early use of the soap bubble method, the experiments were visualized by direct pho-
tography, which was not convenient for the low luminosity of most flame fronts. In 1951,
Pickering and Linnett [20] improved the visualization technique of the soap bubble method
from the direct photography to a schlieren system, which relies on the large density gradi-
ents at the flame front to capture very well the flame shape. In this perspective, we have

used the schlieren technique to visualize the flame dynamics in some of our experiments.

The schlieren system available is limited to the dimensions of the mirrors (30 cm),
which restrict the bubbles’ sizes. While larger fields of views would be available with
larger mirrors, parabolic first surface mirrors are very expensive and generally unavailable
for dimensions exceeding 50 cm. Thus, for view areas exceeding approximately one meter,
this method become more complicated to implement. A shadowgraph system was used
instead. Recently, Settles developed an affordable large-scale shadowgraphy system for
visualization of explosions and gunshots [21]. To be able to visualize the flame transition
in larger and double bubble experiments, a similar shadowgraph system more suitable than
the schlieren system has been implemented, details of which were recently published by

Dennis et al. [22]. The details of the implementation are presented in Chapter 3.
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Figure 1.2: Bubble sketch.

1.5 Outline of the present study

The present thesis addresses the dynamics of flames in single bubble and two bubble
(hemispherical and spherical shapes) experiments. The purpose of each type of experiment

is explained in the following sections.

1.5.1 Deflagration in Single bubbles

In the current study, we are interested in hydrogen-air mixtures near the lean flammability
limit. In such weak mixtures, buoyancy effects may begin to play a role. This is because
the flame speed may fall below the characteristic rise speed of the burned products due to
buoyancy [23]. This signifies that the flame may rise while it is burning. This convective
motion is expected to play an important role in the multiple-bubble deflagrations which
are of interest in the present study. Chapter 4 thus addresses the dynamics of uncon-
fined deflagrations of single bubbles (see Fig. 1.2) under the possible influence of buoyant
forces. The scaling laws suggested by Babkin et al. [21] and Zingale & Dursi [25] for
determining the flame size at which buoyant effects become important are verified exper-
imentally. The criteria for various hydrogen-air compositions from the lean flammability

limit to stoichiometric compositions are evaluated.



1.5.2 Deflagration with Two Bubbles

Chapter 5 presents the results of experiments aimed at determining the critical conditions
for deflagrations to propagate across two separated mixture pockets. Two bubbles were
created side by side with the desired spacing, individual dimensions and gas compositions.
One pocket was ignited with a weak spark, and the experiments monitored if the flame
successfully spread to the other pocket. Chapter 6 presents the experimental results
obtained for two spherical bubbles. The comparison with the results obtained with the
hemispherical bubble tests permitted one to study the exact role played by wall boundary

layers.

1.6 Thesis organization

This thesis is organized as follows. Details on the experimental procedure and our selection
of the soap bubble solution are provided in Chapter 2. The visualization systems used
in the various experiments are documented in Chapter 3. The visualization of Hs-air
deflagrations in single bubbles is reported in Chapter 4, along with laminar flame speed
measurements, the measurement of the critical radius at which the buoyancy forces become
important, and its prediction using scaling laws. In Chapter 5 are reported experiments
with two adjacent reactive mixtures, and the conditions for the flame to propagate suc-
cessfully. Chapter 6 reports on a preliminary study of flame propagation between two
nearly spherical flame bubbles. Finally, Chapter 7 summarizes the current investigation

and draws conclusions from the experimental results and calculations.



Chapter 2

Experimental details

This chapter provides an overview of the experimental technique used. The soap bubble
method is outlined and its implementation is described, including our selection of the soap

bubble solution.

2.1 Test set-up

The bubble deflagration tests were performed using the soap bubble method to fill pre-
scribed volumes of hydrogen-air mixtures surrounded by air on a flat plastic sheet. The
soap solution selected consists of 40 ml of Dawn detergent per liter of water with an ad-
dition of 0.5 g of guar gum. This composition was chosen based on our trials of several

candidate mixtures presented in Section 2.2.4.

For the early bubble tests, the soap film was not broken prior to ignition. To examine
the effect of soap film on the criterion of flame propagation between bubbles, the soap film
was ruptured in the later tests with two neighboring bubbles. The rupture of the soap
confinement was achieved using heated wires next to the bubbles before the experiment in

order to simulate a truly unconfined setting. See more details in Section 2.5.

All the experiments were conducted at room temperature and atmospheric pressure

conditions.



To visualize the experiments, either the schlieren system or the large shadowgraph

system was used [22]. The visualization details are addressed in the next chapter.

Figure 2.1 provides a schematic overview of the experiments set-up used for the two-
bubble tests using the large-scale shadowgraph system. The set-up is composed of a test
area, the visualization components and a command system (as seen in Fig. 2.1). The test
area consists of a flat plastic sheet with the wires where the bubbles are generated (as seen
in right side of Fig. 2.1). The shadowgraph system includes a retro-reflective screen as a
background surface (with length scales of almost 2 m square) and a 1600 W arc lamp as the
light source, which was coupled with a high-speed camera to record the video. The BNC
box, the trigger module and the computer form the command system. The photographs
shown in Fig. 2.1 through Fig. 2.2 illustrate the actual test area and set-up installed in
the lab.

2.2 The soap bubble method

The soap bubble technique consists of producing a thin-walled soap bubble with the com-
bustible gas inside [12]. Since the soap film does not resist the expansion of gases, the
ignition of the mixture results in the propagation of the flame at nearly constant pres-
sure. For purposes of analysis, the flame travel and the expanding bubble are recorded

photographically with a high-speed camera.

2.2.1 Hemispherical bubble generation

In most of the tests performed in the present study, hemispherical bubbles were created over
a flat surface made of vinyl. A photograph showing a bubble forming is shown in Fig. 2.3.
The bubbles were formed by dipping the end of a 3/8” interior diameter polyvinyl chloride
(PVC) tube in soapy solution to form a soap film (Fig. 2.4). The pre-mixed hydrogen-air
mixture was fed through the tube forming a hemispherical bubble on the surface. The
bubble was filled with combustible gas until the desired diameter was reached, then the

tube was removed.
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Figure 2.1: Experimental Setup.
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Figure 2.3: Blowing the soap bubble with hydrogen-air.

12



PVC tube

Reactive gas
Soapfim  /~ _.=-"""

Vinyl surface

Figure 2.4: Sketch of the bubble generation.

Funnel

Reactive gas
Soap film

Vinyl surface

/

e
Spark

Figure 2.5: Soap film uphold system.
2.2.2 Continuously fed soap bubbles

In order to obtain longer-lived soap bubbles, a soap solution dispenser was developed to
prevent the thinning out of the soap bubble due to evaporation (see Fig. 2.5). In fact, as
long as the soap film was continuously fed from the top in a symmetric way, the bubble
did not burst easily and remained stable and centered. The funnel was filled with soap
solution above a small piece of cotton cloth to insure a smooth contact with the soap film.
The funnel support was removed by pulling a cord to move the funnel to the side, prior to

ignition.
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Figure 2.6: Sketch of the spherical bubble system.
2.2.3 Spherical bubble generation setup

An apparatus was constructed and used to blow spherical bubbles away from the plate as
shown in Fig. 2.6. It consists of a device for filling spherical bubbles with the reactive
mixture at ambient pressure and temperature. Bubbles were formed separately on elevated
vinyl platforms as shown in Fig. 2.6. To ensure a regular spherical development of the
flame, the radius of the bubbles was limited to 1.5 times the radius of the bubble holder.
The shape of bigger bubbles tends to become an ovoid or to be more sensitive to any
movement. Moreover, a smooth circular bubble holder is more convenient than a square
shaped one. The position of the second bubble could be adjusted by moving the support
to the right or to the left and then fix it with a screw.
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2.2.4 Selection of the soap solution - Bubble Longevity

To get the most effective soapy solution, the selection of the best additive is needed. In
this perspective, we tested three different additives, namely glycerol, guar and PEO. In our
preliminary tests, a 10 % glycerol mixture was found to be the worst performer out of the
three additives. As a result the remaining two additives were more closely investigated.
Our experiments focused on three candidate mixtures, namely a soap-water solution, and
the same solution with either PEO or guar gum. The composition of 4 % Dawn soap in
water was used with those additives and in isolation as a control. PEO was used in 30 mg
per liter of water and guar in 0.5 g per liter of water. The solutions were used to create soap
bubbles at six target diameters: 10, 16, 26 and 41 cm. For each mixture and target size,
ten tests were performed. For each test, we recorded the lifetime of the bubble, defined
as the duration from the start of the bubble formation to when the bubble bursts. We
also recorded the survival time, which we defined as the fraction of time between when the
target dimension was achieved and when the bubble bursts. Survivability was the major
metric for this study because the bubble must be able to consistently survive the time after
filling to ignition. All solutions were also subjected to a qualitative study for transparency
to schlieren visualization and found to be adequate. It was however found that above 2.0

g of guar gum per liter of water impaired the visualization.

Compressed air was used to make the bubbles on a flat sheet. The tests were performed
in a room with minimal ventilation and a stable temperature of 22 °C, at approximately 30
% relative humidity. Fig. 2.7 shows an example of a large hemispherical bubble obtained
by this technique using the guar solution (0.5 g of guar per liter of water and 4 ml of Dawn

soap). The largest bubble obtained was 70 cm in diameter.

The average lifetime and survival time for each condition and mixture tested are shown
in Fig. 2.8. The error bar amplitude is the standard deviation measured. As shown in
Figs. 2.8 and 2.9, the solutions containing PEO and guar outperformed the pure soap and
water solution. On average, it was found that bubbles made using the guar solution had
approximately one minute of survival before the bubble burst. The guar mixture had the

highest survival time for all diameters tested and was therefore selected as the mixture
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Figure 2.7: A 63.5 cm diameter bubble made using the guar solution.

to conduct flame experiments. It was also found that the lifetime of a bubble for a given
bubble solution decreases slightly with respect to size (Fig. 2.8). The survivability time
decreases with respect to bubble size mainly because the bubbles take longer to blow to
larger diameter (Fig. 2.9). From this, it was concluded that maximizing the flow rate
used to blow the bubble should allow the creation of larger bubbles or bubbles with higher

survivability.

2.3 Gas mixture preparation

The reactive gases were premixed in a 50 L mixing tank at 3.35 bar and left to diffuse
for 24 hours. The composition of the mixtures tested ranged from 7 % Hs-air near to the
flammability limit and 30 % Hs-air by volume (near the stoichiometric mixture). Nitrogen,
oxygen and hydrogen from pressurized cylinders were mixed in appropriate proportions to
provide the required reactive gas composition. The hose used to blow the bubble was
entirely evacuated before filling with the gas in order to insure that no air infiltrated the
tube and contaminated the mixture. Only the last part of the hose, right after the valve

control, was exposed to air and could cause a modification in the percentage concentration
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of hydrogen, resulting in the decrease of the hydrogen mole fraction by ~ 0.14 %. The

effect of this decrease on the flame propagation is negligible.

2.4 Ignition system

For the hemispheric bubbles, the combustion experiments were performed over a vinyl
plate, outfitted with an automotive spark plug used as igniter. Bubbles were formed over
this ignition source, as shown in Fig. 2.3. For the spherical tests, long copper electrodes
were placed up from the bubble support and generated a spark right at the bubble center
(see Fig. 2.6). An EG& G TM-11 trigger module was used to generate the required spark.
The trigger module represents a compact instrument designed to provide a high voltage
trigger pulse (peak of 30 kV) with fast rise time (1 us). The trigger module consists of a line
voltage to DC power supply, a primary triggering circuit and a pulse output transformer.
It is used to provide an ignition type pulse. The ignition and visualization systems were

synchronized to the ignition event using a BNC timing unit.

2.5 Experiments with burst bubbles

In order to avoid any potential effect of the soap film on the likelihood of the flame to prop-
agate between the reactive pockets, the present technique has been improved by removing
the soap film prior to the experiment. This was carried out with a heated Nichrome wire
placed next to the soap film of both bubbles and synchronized as the bubbles burst before
ignition. A BNC box model 575 insured the synchronization. The camera, the trigger
module (controlling the spark) and the wire switch were connected to the BNC box, which
allowed the control of each operation with a desired timing. A battery generated the wire
heat. The time delay between the beginning of the rupture and the energy deposition
through the spark plug varied from 100 to 200 ms (depending on the size of the bubbles).
The time delay being relatively short, the diffusion of the uniform gas into the surrounding

air due to the rupture of the confining film was assumed to be negligible.
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Figure 2.10: COy bubble burst on the side recorded at 500 fps. The resolution is 1280 x

800. The exposure time is 8 us.

To make sure that the soap film burst at the side did not affect the expansion of the
flame in one side more than another, tests were conducted with a non-reactive, heavy COy
gas, which allowed the visualization of the soap film being burst. Fig. 2.10 and Fig. 2.11
illustrate the tests made using a soldering iron (one from the top and one from the side).
From both shadowgraph images, the heavy gas does not tend to evacuate significantly
from the location where the soap film is being burst. Based on those tests, we conclude
that the soap film being burst with the wire on the side or on top would not have an
important impact on the flame propagation. This was verified with our experiments with
the stoichiometric hydrogen-air mixture. As the ignition operates after removing the soap
film, the expanding flame remains hemispherical and symmetrical. However, for leaner
mixtures, the wires’ position may influence the propagation of the lame. The flame spreads
towards the side where the bubble burst. In fact, the bubble broke unsymmetrically and

could possibly disturb the symmetrical gas motion (see Section 5.2.2).

An example of the synchronization between the soap film bursting and flame ignition is

shown in Fig. 2.12.
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Figure 2.11: CO, bubble burst on the top recorded at 500 fps. The resolution is 1280 x

800. The exposure time is 8 us.
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Figure 2.12: Bubble burst test by heated wire with stoichiometric hydrogen-air mixture

recorded at 3,000 fps. The resolution is 1280 x 800. The exposure time is 1 us.
2.6 Image processing and spatial calibration of an im-

age

For each experimental condition, typically 10 frames were chosen and extracted from the
video to be analyzed and used in our measurements of the single bubble tests. The di-
mension of the mirrors of the schlieren system was used as the length scale for dimension
calibration. All the measurements were performed using the program ImageJ. For the tests
performed with the shadowgraph system, we placed a known reference length scale next
to the bubbles to be able to calibrate the field of view. The same reference scale was used

in all the shadowgraph records.
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Chapter 3

Visualization system

The main diagnostic in the experiments was flame visualization either by schlieren or

shadowgraph techniques [26]. This chapter outlines the implementation of these techniques.

3.1 Schlieren system

The flame expansion was imaged and recorded with a conventional Z-type schlieren system.
The Z-type schlieren set-up used is shown in Fig. 3.1. The Schlieren technique permits one
to measure the first density derivative and relies on the changes of the index of refraction
with density changes. The field of view in the Schlieren imaging was limited to the dimen-
sion of the mirrors used. In this study they were 12.5 in (31.75 cm) diameter parabolic
f8 mirrors. The light source was a 300 W LED producing approximately 16,500 lumens
continuously during recording. The details of the schlieren setup have been documented

by Bhattacharjee [27].

3.2 Shadowgraphy system design

The shadowgraph system used is an implementation of the Edgerton retro-reflective tech-

nique, documented recently by Dennis et al. [22]. In order to construct a large-scale
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Figure 3.1: Experimental set up using a Z-type schlieren configuration.

shadowgraphy system, there are two prerequisites. The first is a powerful light source to
illuminate a large area. The arc lamp’s potential in large-scale shadowgraphy has been
previously demonstrated, making it a strong light source candidate since it produces con-
tinuously high intensity light [21]. The second criterion for large-scale shadowgraphy is
the background. In 1958, Edgerton developed a cheap and simple direct technique which
does not generate undesirable noise in large-scale shadowgraphy by using a retro-reflective
screen [28, 29]. A schematic of the technique is shown in Fig. 3.2. The retro-reflective
screen reflects light back towards its origin, giving it a higher reflective ability compared to
other screens, which may diffuse light. A key benefit of the screen is light entering at any
angle and from any distance will be reflected back to its source. Thus, the retro-reflective
screen is flexible, cheaper than mirrors and minimizes background noise while reflecting

most incident light, making it ideal for use in shadowgraphy.

Settles modernized and improved Edgerton’s technique using an arc lamp and video

camera [21]. Hence, the large-scale shadowgraph system implemented for this study uses
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an arc lamp for a light source and a retro-reflective screen as a background surface. Noise-
free shadowgraphs could be taken by placing a light source and camera very close together.
When the camera and the light source are not aligned on the same axis, a double image is
created owing to parallax. To overcome this effect, the axes of the incident and reflected
beams were made to coincide with the help of a small mirror mounted on the end of the
camera lens, onto which the light from the light source was focused using a condenser lens
[21].

The shadowgraph system implemented in this study uses the same layout as the Settles
design shown in Fig. 3.3. For our deflagration tests, positioning of the camera and the
background screen is set around 3.65 m. Figure 3.3 also defines the distance between
the screen and test section (parameter d), and distance between the screen and camera
(parameter f). For highest image quality Settles found that the ratio d/f should be
between 0.3 to 0.7 [21]. For all the tests performed, the ratio of d/f ranged between 0.4
to 0.5 [22].

Figure 3.4 shows a top view of the optical components used in the setup, similar to what
was proposed by Settles. The light source was a 1600 W xenon arc lamp from Newport.
A 50-mm-focal length lens was used to focus the light to a circle of approximately 4 mm
in diameter. Rod mirrors of both 5 mm and 10 mm diameter were used. The rod mirror
was placed at the focal point of the lens, which reflects light onto the screen. To ensure
returning light enters the camera, the rod mirror was mounted on the end of the camera
lens. The camera used was a Phantom v1210 from Vision Research. It is a high-speed
video camera capable of 1280 by 800 pixels resolution at 12,000 frame per second (fps) or
1,000,000 fps at a reduced resolution of 128 by 16 pixels. A 1.82 m by 1.82 m retro-reflective
screen was made by Virtual Backgrounds containing 3M 7610 retro-reflective material and

was fitted over an aluminum frame.
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Chapter 4

Single bubble tests

This chapter details the experiments performed with a single bubble. The focus of these
experiments is to study the role played by buoyant forces in lean mixtures close to the

flammability limit.

4.1 Test configuration and conditions

For these series of tests, the composition of the mixtures tested ranged from 7% and 30%
Hs-air by volume. The dynamics of the unconfined hydrogen-air flames were visualized
using schlieren videos. The soap film was not ruptured prior to ignition for these tests. The
soap bubbles were hemispherical in shape. The tests were typically recorded at frame rates
between 5,000 fps and 30,000 fps, with a resolution set to 512 by 512 pixels. The field of view
in schlieren imaging was limited to the dimension of the mirrors used. Select experiments
requiring the monitoring of the flame dynamics on larger scales were performed with the
large scale shadowgraph system. The average number of tests performed for each mixture
was 4 tests. Only one video for every concentration was selected for the measurements
of the laminar flame speed and for evaluation of the critical flame radius where buoyant
effects become prominent (refer to Section 4.4.2). All the tests were performed at room

temperature and atmospheric pressure with minimal ventilation.
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4.2 Flame dynamics

Figure 4.1 and Figure 4.2 illustrate the dynamics of non-buoyant flames, measured in 30%
Hs-air and 23% Hs-air respectively. The flame assumes a spherically symmetric cellular
structure. In these tests, one can notice the soap bubble’s growth as the flame propagates
to maintain constant pressure. The instabilities developed on the flame structure are also
clearly discernible; these have been well documented elsewhere in the literature, see for

example [23].

Figure 4.3 shows select frames of a 11.9% Hy-air flame. The flame speed in this case
was much lower (with an experimental value of 0.3 m/s compared to 2.5 m/s for 30%
H-air). At the initial stages, the flame remains nearly hemispherical. In the last frame,
however, the flame begins to rise. The transition is characterized by the presence of a clear

mushroom-like shape.

For even leaner mixtures characterized by smaller flame speeds, the buoyancy effects
begin to play a role at smaller scales. Figure 4.4 shows the flame dynamics in a 8.9% Ha-air
mixture. By the second frame, the flame has detached from the bottom wall. The flame
then continues to rise and deform, taking an elongated pancake-like shape in the fourth
frame, which was taken just before the bubble bursts. The elongation of the flame shows
that the bubble constrains the flame motion somewhat as the flame approaches the top
boundary of the bubble. Disturbances were observed on the flame surface when the bubble
film breaks. These disturbances than grew at later times, as shown in the sixth frame of

Figure 4.4.

Further reduction in the hydrogen content permitted us to obtain buoyancy-affected
flames at much smaller scales. Figure 4.5 shows the dynamics of the flame in a 7% Ha-
air mixture. By the first frame shown, the flame has already nearly detached from the
bottom plate. The subsequent frames illustrate the rise of the flame and its elongation as
it approaches the top film surface. Interestingly, the flame is also smoother than in the
slightly richer mixture. However, instabilities set in upon breaking of the soap film (frame
5), which then grow in subsequent frames. Note that again large portions of gas remain

non-reacted during the event, as the buoyancy effects entrain the flame faster than the
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Figure 4.1: Frames from a 30% Hs-air, stoichiometric, mixture contained in a soap bubble

(R = 12 cm); for reference, the field of view (diameter of luminous region) is 31.8 c¢m in
diameter. Video recorded at 30,018 fps. The time interval between frames is 1.5 ms. The
resolution is 512 x 512. The exposure time is 1 us. The spark plug is at the bottom center

of each frame.
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Figure 4.2: Frames from a 23% Ha-air mixture contained in a soap bubble (R = 7.29 c¢m)

recorded at 16,000 fps. The time interval between frames is 3.75 ms. The resolution is 512

x 384. The exposure time is 1 us.
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Figure 4.3: Frames from a 11.9% Hs-air mixture contained in a soap bubble (R = 8.13 cm)

recorded at 30,018 fps. The time interval between frames is 44 ms. The resolution is 512

x 512. The exposure time is 1 ps.
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Figure 4.4: Frames from a 8.9% Hs-air mixture contained in a soap bubble (R = 9.24 cm)

recorded at 30,018 fps. The time interval between frames is 93.1 ms. The resolution is 512

x 512. The exposure time is 1 us.

34



flame can burn surrounding material.

In order to visualize the same phenomenon for 7% Hs-air mixture on a larger scale we
used the shadowgraph system. Figure 4.6 shows a bubble of 31.12 c¢m in diameter filled
with 7% Hs-air.

4.3 Laminar burning velocity measurements

We extracted the laminar burning velocity Sy from the video recordings. Continuity across
the flame requires that the speed of the flame with respect to the stationary burned gases

18

Po

where p, and p, are the densities in the burned and unburned gases, respectively.

Our measurements of the laminar flame speed followed the usual technique of first deter-
mining the absolute velocity of the flame surface Vj,.,. The mean spatial velocity was
obtained from a sequence of pictures. The time between the frames was determined from
the framing speed (sample rate) of the camera. For a given mixture, the spatial velocity
was determined by plotting the location of the flame front as a function of time and then
calculating the slope. For lean mixtures, only the early frames steps (before the flame
is detached) were considered for the measurements. The laminar flame speed was then

obtained from Vj,,,, using Eq. (4.1) and the calculated density ratio.

The density ratio was computed using the equilibrium solver available with the Cantera
software, by requiring that the pressure and enthalpy be conserved in the gases. These
are the common assumptions for a laminar flame. Figure 4.7 shows the variation of py/p.,
with hydrogen concentration. From density variations alone, one would expect a weaker

influence of buoyancy effects in lean mixtures.

Figure 4.8 shows the variation of flame speeds with hydrogen concentration. Our experi-

mental data points are compared with previous measurements [30, 31, 32, 33, 34, 35, 30,
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Figure 4.5: Frames from a 7% Hs-air mixture contained in a soap bubble (R = 9.26 cm)

recorded at 5,000 fps. The time interval between frames is 100 ms. The resolution is 512

x 512. The exposure time is 1 ps.
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Figure 4.6: Frames from a 7% Hs-air mixture contained in a soap bubble (R = 15.56 cm)

with large scale shadowgraph visualization recorded at 1,000 fps. The resolution is 1024 x

576. The exposure time is 1 ps. The time interval between frames is 66 ms.
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from equilibrium calculations.
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Figure 4.8: Variation of flame speeds with hydrogen concentration; experimental data
points are compared with previous measurements [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]

and calculations of the laminar flame speed using the Li et al. kinetic mechanism [11].

, 38, 39, 40] . As can be seen from Fig. 4.8, our measurements of flame speed are in
good agreement with published data, particularly with the measurements of Koroll et al.
[30]. Also shown in Fig. 4.8 are our calculations of the laminar flame speed using the Li et
al. chemical kinetic mechanism [11] (containing 19 elementary chimical reactions and 11
species). These calculations were performed with the Cantera package, assuming mixture
averaged transport properties. The predictions somewhat underestimate our experimental
values and those of Koroll et al. We believe this discrepancy is due to the fact that the
simulations do not take into account the stretch effects, which tend to give rise to higher
flame speeds in lean radially expanding of flames hydrogen-air [23]. Most of the other data

include the corrections for the effects of stretch.
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buoyancy

Figure 4.9: Definition of Rg,in as the flame radius when the flame has lifted by half this

radius.

4.4 The critical radius of buoyant flames

4.4.1 Critical radius measurements

To quantify the buoyancy effect experimentally, we defined in our study R as the
radius of the flame at which buoyancy starts playing an important role. We define this
radius as the radius of the flame when buoyancy has displaced the flame kernel upwards
by 50% of the flame radius, as illustrated in the Fig. 4.9 (Rswiten = Rr). Given the size of
the bubbles used in the tests (limited to tens of centimeters), we could only estimate the
actual critical radius for relatively lean mixtures, below 12% Hy-air. The measured critical

radii are shown in Figure 4.10.
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4.4.2 Prediction of the critical radius of buoyant flames

The critical radius of buoyant flames defined above, R,,icn, can be estimated a priori by
considering the two time scales of the phenomena responsible for flame motion, i.e. com-

bustion and buoyancy. The time scale for the flame to grow to a characteristic dimension

R is

R
tourn = 4.2
’ ‘/Emrn ( )
Based on Eq. (4.1), it becomes
R py
urn — & 4.3
’ SL Pu ( )

The time scale for the buoyant force to displace the flame bubble a characteristic distance
R/2 can be obtained from simple physical arguments, following a similar treatment as
Zingale and Dursi [25]. The speed at which a flame bubble is convected upwards can be
estimated from the classic work of Davies and Taylor [12], who investigated the speed
at which gas bubbles of approximately hemispherical shape rise in a liquid. This motion
is due to the competition between the buoyancy force, 2/37R3(p, — py)g and the drag
force. Since drag for such rising bubbles is due mainly to pressure drag in inviscid flow,
the drag is simply proportional to the characteristic dynamic pressure 1/ 2puVM562, the
projected surface area of the flame bubble, 7R?, and the drag coefficient Cp. The drag
coefficient resulting from Davies and Taylor [12] for hemispherical bubbles is 3. Equating
the two forces, the characteristic rise speed of the bubble is obtained, differing from the
result of Davies and Taylor [12] by the density ratio, which is non-negligible in the case of
combustion, since the burned gas density cannot be neglected as compared to that of the

unburned gas.

2 P
Viiee = =4/ Rg |1 —— 4.4
3 g ( pu) (4.4
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The characteristic time scale for buoyancy effects thus becomes t,;5. = % /Viise - The ratio

of the characteristic time scales of burning and buoyancy yields:

turn 41
g=tun 2P fpg(1- 2 (4.5)
trise 3 SL Pu Pu

The buoyant regime is expected when # >> 1 and the non-buoyant regime when 6 << 1.

Alternatively, a critical flame radius Rg,ir, can be defined when the two time scales are

equal. Setting 6 = 1 yields:

2 -2 -1
stitch - gsi (&) <]- - &) (46)

Pu Pu
As the flame grows from a small radius, buoyant forces will have no influence until R ~

stitch .

It is worthwhile to compare our predictions based on the previous scaling laws established
for the effect of buoyancy in flame propagation. Traditionally, it is the Froude number,
given by Eq. (4.7), that is used to establish whether buoyancy plays a substantial role.
The buoyancy effects are considered to dominate over the process of flame expansion when
the Froude number is small, and estimated to be Fr < Fr* = 0.11 [13]. We note first that
the time scale ratio defined in equation (4.5) can thus be interpreted as a modified inverse
(square root of) Froude number. Furthermore, the empirical value given to the critical

Froude number in the past depends on the expansion ratio.

2
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The criterion derived in the present study, based on the arguments of Zingale and Dursi,

(4.7)

can now be compared with the experiments illustrated above. The evaluation of Rg,;cn

was made using the laminar flame speed (S7) and density ratio py/p,, data presented above.
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The variation of the critical radius with hydrogen concentration is shown in Fig. 4.10. The
two curves correspond to the predictions made using the Cantera prediction made without
accounting for flame stretch, and a correlation of the flame speed of our measurements and
those of Koroll et al. [30], reported in Fig. 4.8. Figure 4.10 also shows our measurements of
Rguiten taken directly from the high-speed videos when the flame sphere starts detaching
from the bottom wall; the prediction made with account for stretch effects is found in
excellent agreement with the experimental values, while the prediction made without the
account of stretch underestimates the critical radius at which buoyancy begins playing a

substantial role.

For the range of parameters investigated, the predictions for R, further demonstrate
the strong sensitivity of this length scale on hydrogen concentration. At near stoichiometric
conditions (30% H,), terrestrial flames will begin to be affected by buoyancy effects when
they reach a radius of tens of meters. Near 10% hydrogen, however, flames on the order
of a few centimeters will begin to be affected. This is in excellent agreement with our

experiments.

4.5 Conclusion

The results presented in this chapter thus illustrate the role played by buoyancy on the
dynamics of unconfined flames. The soap bubble technique permitted us to observe these
dynamics over length scales of tens of centimeters. Buoyancy effects become important
when the flame is sufficiently weak, such that the flame speed evolves on time scales longer
than buoyancy. Simple scaling laws were made for the critical lame dimension beyond
which the flame sphere motion becomes buoyancy dominated. The scaling laws were found

in excellent agreement with the experimental measurements.
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Chapter 5

Two bubble tests

This chapter reports the experimental results obtained with two hemispherical bubbles

separated by air.

5.1 Test configuration and conditions

The separated pockets of reactive mixture were obtained using the soap bubble technique.
We filled two hemispherical soap bubbles with hydrogen-air mixture, aligned on a flat
plastic sheet (as shown in Fig. 5.1). The two bubbles were created side by side with
the desired spacing and individual dimensions. A spark plug was placed in the center of
the first bubble to ignite the reactive mixture. The experiments monitored if the flame

successfully spread from the ignited pocket to the other pocket.

For these series of tests, the experiments were performed with four different gas con-
centrations: a near stoichiometric mixture of 30% H, and leaner mixtures of 20% Hs-air,
15% Ha-air and 11% Hs-air. Details on these series of tests are available in the Appendix

B.

The visualization system used was the large-scale shadowgraph system. The video’s
frame rate varied between 3,000 frames per second (fps) for the stoichiometric mixture to

1,000 fps for the 15% Hs-air and 11% Ha-air concentrations. The resolution of the videos
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Figure 5.1: Illustration of the two reactive pockets.

was set to 1280 by 800 pixels. The initial radii of each bubble, R; and Ry respectively,
were varied between 0.02 and 0.15 m. In a second part of these series, experiments were
conducted without the soap film of both bubbles in order to determine if the soap film
plays a significant role in the transition criteria from one bubble to the next. The film
burst and the ignition was triggered sequentially with an approximate time delay of 100
ms. All the tests were performed at room temperature and atmospheric pressure with

minimal ventilation.

5.2 Experimental results

5.2.1 Experiments with the soap film
Stochiometric Hy-Air

Figure 5.2 and Fig. 5.3 illustrate the dynamics of a stoichiometric hydrogen-air flame. The
bubble film was not ruptured prior to ignition. For the stoichiometric concentration, the
flame is hemispherical and takes on a cellular structure. This deflagration wave consumes
the gas while the products expand and the soap bubble grows. Upon rupture of the soap
film, the second bubble may ignite if sufficiently close to the first. The ignition of the
second bubble was generally observed near the sheet surface, presumably in the gas left

behind at the foot of the boundary layer of the gases of the second bubble.
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Figure 5.2: Shadowgraph images of stoichiometric hydrogen-air deflagrations recorded at

12,251 fps. The resolution is 1024 x 512. The exposure time is 1 ps. The field of view is
22.4 cm tall. No ignition of the second bubble. R; = 5.43 cm, Ry = 6.54 cm, D = 4.75

cim.

Figure 5.2 shows an example of a failed propagation event. As the first flame grew, it
generated a flow movement of the second bubble, which was displaced toward the right.
The shape of the bubble was also disturbed, as shown in the third frame. For this particular
geometry of the bubbles and the distance between them, the flame did not reach the second

reactive pocket.

Figure 5.3 illustrates a successful propagation of the flame from the first bubble to the
second. Disturbances were observed on the flame surface when the first bubble film broke.
The flame front reached the second bubble in the third frame. The flame started igniting
the reactive gas inside the second bubble only when the soap film broke as seen in the

seventh frame.

The regimes of successful and unsuccessful flame propagation to the second bubble were
obtained by varying R;, Ry and D. The results obtained for the stoichiometric mixture are
shown in Fig. 5.4. The transmission limit appears to be well correlated with the distance
that the first bubble needs to travel to reach the initial position of the gases in the second

bubble, which are left behind in the boundary layer.

The difference between the final radius of the flame defined as R} and the initial radius
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Figure 5.3: Shadowgraph images of stoichiometric hydrogen-air deflagrations recorded at
12,251 fps. The resolution is 1024 x 512. The exposure time is 1 ps. The field of view is
22.4 c¢m tall. Ignition of the second bubble. Ry = 7.71 cm, Ry, = 6.15 cm, D = 3.51 cm.

Ry should be proportional to the separation distance D and the transmission condition

can thus be correlated by:

Ri—R =D (5.1)

The final radius R} could be calculated using the expansion ratio of the mixture p,/pp.

This gives:

\ 1/3
L (&) (5.2)
Ry Pb

The condition can thus be correlated by:

D (R - Ry
Ry Ry

1/3
_ (p_> .
Pb

This limit depends solely on the expansion ratio of the combustible mixture. Since the

(5.3)

expansion ratio for stoichiometric Hs-air mixture is ~ 7, the results indicate a limit of

Ry/D=1.11. This limit offers a fairly good correlation, as can be seen in Fig. 5.4.
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Figure 5.4: Propagation condition between two pockets of stoichiometric hydrogen-air

mixture.
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Figure 5.5: Shadowgraph images of 15% Hs-air deflagrations recorded at 3,200 fps. The

resolution is 1280 x 800. The exposure time is 1 ps. Ignition of the second bubble. R; =
8.59 cm, Ry = 6.30 cm, D = 1.75 cm.

Experiments with 15% H,-Air

Figure 5.5 shows selected frames of an experiment with an initial mixture composition of
15% Ha-air. The flame speed in this case was much lower (experimental value: 0.67 m/s).
At the initial stages, the flame remains nearly hemispherical. In the sixth frame, however,
the flame begins to rise. The transition is characterized by the presence of a mushroom-like
shape. As the flame was rising, the soap film of the second reactive pocket burst in the
seventh frame. The lower part of the flame succeeded to reach and ignite the unburned
gas of the second bubble. The new portion of flame propagates further even after the big

part of the burnt gas has already risen far from the surface (see ninth frame).

The expansion ratio for 15% Hs-air mixture is ~ 4.5. Based on Eq. (5.3), the propagation
limit determined by the expansion ratio is R;/D = 1.52 as shown on Fig. 5.6. The
video illustrated in Fig. 5.5 has a ratio of R;/D = 4.91 which is more important than
the limit 1.52. An analysis built on the expansion ratio for 15% Hs-air mixture would

certainly predict a successful propagation for the configuration of Fig. 5.5 as it is the case
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Figure 5.6: Propagation condition between two pockets of 15% Hs-air mixture.

here. However, the video illustrates a test with critical conditions of propagation. The
propagation limit found with the expansion ratio is lower than the measurement results.
The expansion ratio is not the only physical mechanism involved in the flame propagation
conditions between the bubbles. In fact, most of the experiments conducted with the 15%
Hs-air composition did not lead to ignition of the second bubble. The inability of the
second bubble to ignite in this mixture is attributed to the buoyant effect operating on
the first flame, which accelerates the flame kernel upward before heat and mass transfer
originating from it can reach the second bubble, as observed from the high speed videos.
Thus, the propagation criterion based on the volumetric expansion of burned gases for lean
mixtures does not provide a realistic prediction. The buoyancy forces play a role on the

flame dynamics for this concentration.
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Experiments with 11% H,-Air

In order to further investigate the effects of buoyancy on the likelihood of the flame to
propagate in leaner mixtures, experiments were conducted with a leaner mixture of com-
position 11% Hs-air. A test with the radius of the first bubble R;=6.9 cm (illustrated in
Fig. 5.7) and one test with a larger radius R;=13.4 cm (see Fig. 5.8) were performed.
Those tests were conducted with the soap film and the heating wires shown beside the
bubbles were not triggered. Comparing the third frame in Fig. 5.7 with frames 3 and 4 in
Fig. 5.8, we see the second bubble shape more deformed in the case where the size of the
ignited bubble is larger. The lift of the ignited bubble causes the movement of the second
bubble. The faster the first pocket rises, the more the second pocket swings. The lift of the
ignited bubble is driven by the buoyancy forces. The buoyancy effects are more significant
when the radius of the reactive pocket becomes larger, thus the tendency of the flame to

propagate is less likely for a larger radius than for a smaller one.

Further reduction in the hydrogen content permitted us to obtain buoyancy-affected
flames at much smaller scales. For those concentrations the propagation was impossible.
In fact, in the earlier frames the flame detaches from the bottom plate as the buoyancy
effects entrain the flame faster than the flame can burn surrounding material. No ignition
was observed for the second bubble for all the tests performed with 11% Hs-air mixtures,

irrespective of how arbitrarily close the two bubbles were positioned.

5.2.2 Experiments without the soap film
Experiments with stochiometric Hy-Air

Figure 5.9 and Fig. 5.10 show tests of successful and unsuccessful transmission of the
flame at different geometrical configurations when the soap film was broken before ignition.
Comparing the limits of the flame expanding in the sixth frame to the initial position of the
second pocket in the second frame above in the Fig. 5.9, we can easily estimate that the
flame reached the second reactive gas while expanding. As the soap film does not confine

the reactive gas anymore, it has more freedom to shift as it is pushed by the expansion of
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Figure 5.7: Shadowgraph images of 11% Hs-air deflagrations recorded at 1,000 fps. The
resolution is 1280 x 800. The exposure time is 8 ps. No ignition of the second bubble. R;
=690 cm, Ry = 3.84 cm, D = 1.11 cm.

Figure 5.8: Shadowgraph images of 11% Hs-air deflagrations recorded at 1,000 fps. The

resolution is 1280 x 800. The exposure time is 8 us. No ignition of the second bubble. R,
= 13.41 cm, Ry = 8.86 cm, D = 4.84 cm.
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Figure 5.9: Shadowgraph images of stoichiometric hydrogen-air deflagrations without soap

film recorded at 3,000 fps. The resolution is 1280 x 800. The exposure time is 8 us. Ignition
of the second bubble. Ry = 7.24 cm, Ry = 5.00 cm, D = 4.54 cm.

the first flame. In the seventh frame of the same figure, we see that the flame could survive
and progressively propagate before reaching more portions of gas of the second bubble.
The separation distances between the pockets were found to be minimally affected by the
presence or absence of the soap film (see Fig. 5.15), although more scatter was apparent
in the experiments. The invariance of the separation distance signifies that the transition
mechanism is likely associated with the expanding gas of the first bubble reaching the gas

left behind on the plate (in the boundary layer) by the second bubble.

Experiments with 20% H,-Air

Figure 5.11 and Fig. 5.12 show selected frames of experiments with a mixture composition
of 20% Hs-air without the soap film. Images were recorded with a free field of view
due to technical issues with the arc lamp at the time of the tests. A black screen was
placed between the bubbles and the retro-reflective screen to get a better contrast with

the luminous flame. The flame transition is not clearly apparent on the images compared
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Figure 5.10: Shadowgraph images of stoichiometric hydrogen-air deflagrations without soap

film recorded at 3,000 fps. The resolution is 1280 x 800. The exposure time is 8 us. No
ignition of the second bubble. R; = 9.94 cm, Ry = 7.68 cm, D = 10.55 cm.

to the shadowgraph technique. Figure 5.11 shows a successful propagation of the flame to
the next pocket and Fig. 5.12 illustrates a failed event, in which the flame from the ignited
bubble did not reach the second pocket before it rose in the sixth frame. For all the 20%
Hs-air tests, the results show similar behavior to the 30% Hs-air mixtures, but there is a

slight decrease in the separation limit as shown in Fig. 5.14 and Fig. 5.15.

Experiments with 11% H,-Air

Figure 5.13 shows the shadowgraph images of 11% Hs-air. This figure shows clearly the
impact of the soap film being burst with the wires from the side. Indeed, beyond the fact
that the bubble was initially well centered over the spark, we see in the third and fourth
frames that the flame was displaced to the left side (the side where the bubble first failed)
and is not centered anymore. This should affect the propagation of the flame to the right
side towards the second bubble. The gas inside the bubble is at slightly higher pressure
than the atmosphere. When the soap film is burst the gas is preferentially expelled from

the bubble at the location where it first opens. Since no propagation was observed in any
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Figure 5.11: Images of 20% Hs-air deflagrations without the soap film recorded at 1,000
fps. The resolution is 1280 x 800. The exposure time is 899.22 us. Ignition of the second
bubble. Ry = 11.27 cm, Ry = 8.91 cm, D = 3.13 cm.

Figure 5.12: Images of 20% Hs-air deflagrations without the soap film recorded at 1,000

fps. The resolution is 1280 x 800. The exposure time is 899.22 ps. No ignition of the
second bubble. Ry = 6.09 cm, Ry = 5.66 cm, D = 3.29 cm.
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Figure 5.13: Shadowgraph images of 11% Ha-air deflagrations without soap film recorded

at 1,000 fps. The resolution is 1280 x 800. The exposure time is 8 us. No ignition of the
second bubble. R; = 5.61 cm, Ry = 6.63 cm, D = 1.1 cm.

test with 11% Hs-air, the results are not likely to be influenced by this effect.

5.3 Analysis of the results and discussion

The results obtained for experiments without the soap film are shown in Fig. 5.14. The
results obtained for all mixture compositions are given in Fig. 5.15. Denoting Rj the final
radius of the first flame kernel, the separation distance criterion described in Section 5.2.1
corresponds to D/((R; — Ry))=1 and is represented by the red line (see Fig. 5.15). R} on
the y-axis is determined based on the expansion ratio for each concentration. The results
obtained for the 15 and 11% H, mixtures show that this limit is lower than for the 30 and
20% H, mixtures based on the measurements. In fact, as shown in Fig. 5.15, the transition
between the successful ignitions and the failure of propagation represented by the green
data points and blue points, respectively, shows that the ratio of D/((Rf — R;) decreases
with a decrease in the hydrogen concentration. For 11% Hs-air, there is no more transition
limit because no data was recorded with successful propagation. The difference in behavior
in ignition criteria between the stoichiometric and lean mixtures can be explained by the
effect of buoyant convection, as clearly observed in the high-speed movies. As the upward
buoyant acceleration of the flame kernel becomes more important, the first lame can no

longer reach close to the second adjacent bubble and cause ignition.
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Figure 5.14: Correlation between critical spacing and Ry, without soap film.

In order to quantify the buoyancy effect on the spherical flame dynamics, we use the
defined radius Rgyuien (see Section 4.4.2). For the same concentration mixture, when the
bubble size is smaller than this critical size, flame propagation would not be affected by
buoyancy. The transition results reported in Fig. 5.14 and Fig. 5.15 show that indeed this

length scale permits one to differentiate the limits in weak and strong mixtures.

Based on the shadowgraphs of the tests without the soap film, the effect of the soap
film being burst on the side of the bubbles was only seen on the 11% Ha-air tests and
had no significant impact on the tests performed at stoichiometric and 20% Ha-air. This
is probably due to the higher flame speed. To counteract the effect from the rupture of
the confinement, particularly for lean mixture, we moved the wires to the back of the soap

pockets in the later tests.
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Figure 5.15: Correlation between critical spacing and R0, for all data. WB: without

soap film.
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5.4 Conclusion

The present chapter has provided the scaling laws necessary to predict the transition of a
flame between neighboring pockets of gas separated by air. The results have revealed that
the separation distance for mixtures near stoichiometry is given by the distance that the
flame must expand to reach the original location of the second neighboring kernel. This
criterion mainly depends on the expansion ratio. However, it has been shown that for leaner
mixtures (i.e., 11% and 15% Hs in air) characterized by lower flame speeds, buoyancy effects
begin to play a role at smaller scales. The flame kernel rises due to buoyant effects before
the flame can reach the second bubble. Hence the critical separation distance becomes
much smaller and is no longer determined by the expansion ratio. The tests with and
without soap film did not show a significant difference in the flame propagation conditions
results. It showed however that the soap film being burst on the side on the propagation
direction could possibly disturb the symmetrical gas expansion for mixture with low flame

speed (from 11% Hy).
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Chapter 6

Spherical bubble tests

This chapter reports preliminary experiments with two nearly spherical bubbles, main-
tained on individual supports of smaller footprint than in the hemispherical bubbles ad-

dressed in the previous chapter.

6.1 Test configuration and conditions

In order to study the effect of the boundary layer on the propagation of the flame, tests
have been made with nearly spherical bubbles at 30% Hs-air, 15% Ha-air and 11% Ha-
air and recorded with the shadowgraph system. Experiments were conducted with and
without the soap film of the bubbles. In the tests without the soap film, the heated wires
were placed at the back to not disturb and affect the flame dynamics in the propagation

direction between the adjacent bubbles.

6.2 Experimental results

Stochiometric Hs-air

Figure 6.1 illustrates the dynamics of two adjacent spherical bubbles filled with stoichio-

metric hydrogen-air. In the second frame of Fig. 6.1, the soap film is burst from the back
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Figure 6.1: Images of 30% Hs-air spherical deflagrations without soap film. Ignition of the

second pocket.
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with the heated wires. Then, the electrodes ignite the mixture and a perfectly spherical,
laminar and smooth flame freely expands as seen in the third frame. In the earlier stages
when the flame radius is small, the flame front seems stable. Later in the fifth and sixth
frames, creases appear on the front of the flame due to instabilities. Those instabilities
could be hydrodynamic and diffusive thermal instabilities. The creases of the flame front
lead the flame velocity to accelerate [11]. In the fourth frame, the gas products reached the
initial position of the second bubble without leading to a propagation. In the successive
frames, the flame expanded further to reach the gas of the second pocket which was pushed

by the expansion of the first flame (see the sixth frame).

A summary of the experiments performed in stoichiometric mixtures is shown in Fig.
6.2 for experiments with the soap bubble burst and not burst. In spite of the apparent
large scatter in the experiments, we find, somewhat surprisingly, that the critical separation
distance between neighboring pockets in the spherical bubble experiments is similar to the
one determined for the hemispherical bubbles (see Fig. 5.15). At present, these results
are difficult to rationalize. One possibility is that turbulent convection, enhanced by the
popping of the soap bubbles, enhances the mixing of the gases along the axis of ignition.
This can also explain the apparent irreproducibility in the results indicated by the wide

experimental scatter.

Experiments with 15% H,-Air

Figure 6.3 shows selected frames of experiments with a mixture composition of 15% Ha-
air. The different frames illustrate a successful propagation event of the flame from the
first pocket to the second pocket. In the early frames, the flame expands similarly to the
stochiometric mixture tests, but with a much slower speed. At the fourth frame, the flame
surface reaches the initial position of the second pocket. The flame then starts rising (fifth
frame). Similar to the tests with hemispherical shape at 15% Hs-air, the lowest surface of
the flame progressively propagates to ignite the reactive gas initially confined in the second
pocket. The propagation occurs while the burned gases of the first bubble are rising. It
is worth noting that unlike the hemispherical tests with the soap film, the ignition of the
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Figure 6.2: Correlation between critical spacing and R,n for all spherical data. WB:

without soap film.
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Figure 6.3: Images of 15% Hs-air spherical deflagrations without soap film. Ignition of the

second pocket.
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second pocket arose far from the bubble support and not next to the plate. This difference
could be related to the effect of the boundary layer providing a closest distance path in
the hemispherical bubbles. Moreover, the flame transmission in this test does not happen
along the bubble center axis, again highlighting the inferred action of buoyant effects in

the hemispherical bubbles at this concentration.

A summary of the experiments performed in 15% Hs-air mixtures is shown in Fig. 6.2
for experiments with the soap bubble burst and not burst. The scatter appears to now
be reduced, as compared to stiochiometric mixtures. The results obtained are also found
in good agreement with the results presented for hemispherical bubbles (see Fig. 5.15).
These observations, along with the visual confirmation of buoyant effects, suggest that the
separation distance is now a function of how rapidly the first flame kernel pulls away from

the second, due to buoyancy.

Experiments with 11% H,-Air

Experiments performed in 11% H,-air mixtures revealed that transmission was not possible
to the second bubble, irrespective of how close the bubbles were made, with the soap film
burst or not. Figure 6.4 illustrates once again a failure of propagation of the flame to the
second bubble at 11% Ha-air despite the extremely small separation distance. In the second
frame, the flame expands symmetrically. However, the third frame shows clearly that the
flame begins to rise while expanding. The velocity in the upward direction is higher than
the velocity downward. The burned gas continues moving up without reaching the gas of
the second bubble. At these conditions, as shown in Fig. 6.2, the bubble size was always
larger than the predicted critical radius, suggesting that the first bubble will rise before
propagating to the second bubble.

6.3 Summary and concluding remarks

Figure 6.2 summarizes the results of the tests performed with spherical bubbles at stoi-

chiometric, 20% Ha-air, 15% Hs-air and 11% Hs-air. The limits measured for the spherical
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Figure 6.4: Images of 11% Ha-air spherical deflagrations without soap film.
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flames are very similar to the ones measured with the hemispherical bubbles for all con-
centrations, although the limits observed for the spherical flames are somewhat narrower;
bubbles need to be somewhat closer for ignition. The relative agreement nevertheless
supports the view that the ignition between the two bubbles is principally governed by
the initial distance between the two bubbles. The presence of a boundary layer in the
hemispherical experiments thus provides a reproducible location for ignition of the second
bubble, as this is the location where the gases of the first bubble are closest to the gases

of the second.
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Chapter 7

Conclusion

7.1 Contributions to the state of knowledge

This thesis investigated the dynamics of unconfined hydrogen-air flames and sought to
determine the critical distance for flame propagation between neighboring pockets of reac-
tive gas separated by air. The soap bubble method was selected and improved to conduct
flame experiments using a soapy solution with the longest survival time. Visualization of
the various experiments was achieved using schlieren photographs and large shadowgraphs

for larger field of view.

In the first part, the dynamics inside a single hemispherical bubble were examined at
different mixture concentrations. Flame visualization indicated that the buoyancy effects
become important at small scales when the flame is sufficiently weak, such that the flame
speed evolves on times scales longer than buoyancy. This was observed for very lean
mixtures starting from 15% Hs-air. The critical flame dimension, defined as Ry.tch, beyond
which the flame sphere motion becomes buoyancy dominated, was experimentally measured
and found to be strongly sensitive to the hydrogen concentration. As the flame grows from a
small radius, it will not be influenced by buoyant forces until its radius becomes comparable

with the critical radius, estimated to be
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This simple estimate was found in excellent agreement with the measurements.

In the second part of the thesis, tests with two adjacent pockets of reactive gas were
conducted. Based on the experiments, scaling laws necessary to predict the transition of
a flame between adjacent pockets of gas separated by air were provided. The results have
shown that for the stoichiometric concentration the critical distance of transition of a flame
between neighboring pockets is given by the distance that the flame must expand to reach
the original location of the second kernel. Thus, this critical distance is mainly determined
by the expansion ratio. It has been also shown that for lean mixtures, the flame kernel
rises due to buoyancy effects before the flame can propagate to the second bubble. Thus
the critical separation distance decreases and is no longer determined by the expansion

ratio.

Finally, the same experiments were conducted in spherical flames. It has been observed
that the flame was mainly transmitted along the bubble center axis only for stochiometric
mixtures. The comparison between the results of spherical and hemispherical tests showed
that the separation criterion for successful flame propagation to neighbouring bubbles was
not significantly altered and that the shape did not affect the criterion of transition when

buoyancy effects became important.

7.2 Recommendations for future study

Based on the work performed, a series of recommendations can be made for addressing

some of the outstanding issues and possible extensions to this work. These are:

e measurements of the burning velocity were obtained based on the soap bubble method
for the different Ho-air concentrations. The experimental results showed good agree-

ment with laminar flame speed measurements made without accounting for stretch
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effects. Future work should address the suitability of the soap bubble method to

measure stretch-free flames;

e measurement of pressure history over the flame propagation process can also provide

more insight into convective effects;

e as the ignition process is likely to operate along the line of closest distance between
the two pockets, a one dimensional model can be formulated to study the influence
of an inert gap between two zones of flammable mixture and determine the critical
separating distance for a successful propagation. This will provide insight into the

physical mechanisms dominating the ignition process;

e in order to dismiss the effect of the soap film, the moisture present could be quantified

and included in the calculation of the flame transition;

e the experimental setup can be updated to allow remote operation, making it more
portable and permitting its installation inside other chambers where the ambient

pressure and gas composition can be modified.

7.3 Publications of parts of this thesis

Parts of the material contained in this thesis has been presented at conferences and pub-

lished in journal publications, as follows:

Section 2.2.4 and parts of Chapter 4 are available in:

e L. Leblanc, M. Manoubi, K. Dennis, Z. Liang, and M.I. Radulescu, Influence of
buoyancy in unconfined deflagrations: Experiments in soap bubbles, 7th International

Seminar on Fire and Explosion Hazards, Providence, USA, 2013.

e L. Leblanc, M. Manoubi, K. Dennis, Z. Liang, and M. Radulescu, Dynamics of
unconfined spherical flames: Influence of buoyancy, Physics of Fluids, AIP Publishing
LLC 25/9, (2013)
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Parts of Chapter 5 have been presented in:

e Manoubi M., La Fleche M., Liang Z., and Radulescu M.I, Criteria for a flame to
propagate between neighboring pockets of reactive gas, 10th International Sympo-
sium on Hazards, Prevention, and Mitigation of Industrial Explosions, 10-14 June

2014, Bergen, Norway.
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Appendix A

Results of the One bubble tests

The following table provides the results of the laminar flame speed measurements of the
single bubble tests. Included in the table are the test’s date, the test’s number, the size
of the bubble, the frame rate of the schlieren videos and the laminar burning velocities of

each concentrations (7% Ha-air, 8.9% Hs-air, 11.9% Hs-air,23% Hs-air and 30% Hs-air).
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Appendix B

Results of the Two bubble tests

The following tables provide the results of the double hemi-spherical bubble tests using
the shadowgraph system. The tests are organized according to the concentration of the
mixture (11% Ha-air, 15% Hs-air, 20% and stoichiometric mixture) and either the soap
bubble was burst or not prior to the experiments. Included in the table are the test’s date,
the test’s number, the size of both bubbles, the separating distance, whether or not the

transition was successful, the final radius of the flame and other ratios.
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Appendix C

Results of the Two Spherical bubble

tests

The following tables provide the results of the double spherical bubble tests using the
shadowgraph system. The tests are organized according to the concentration of the mixture
(11% Ha-air, 15% Hs-air, 20% and stoichiometric mixture) and either the soap bubble was
burst or not prior to the experiments. Included in the table are the test’s date, the test’s
number, the size of both bubbles, the separating distance, whether or not the transition

was successful, the final radius of the flame and other ratios.
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