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Abstract
The schlieren technique describes an optical analysis method designed to enhance
light distortions caused by air movement. The ability to visualize gas flows has
significant implications for analyzing underground mine ventilation systems. Currently,
the widely utilized traditional schlieren methods are impractical underground due to
complex equipment and design requirements. Background oriented schlieren (BOS)
provides a solution to this problem. BOS requires two primary components, a
professional quality digital camera and a schlieren background. A schlieren background
is composed of a varying contrast repetitive pattern, such as black and white stripes or
dots. This background allows the camera‟s sensor to capture the minor light diffractions
that are caused by transparent inhomogeneous gases through image correlation. This
paper investigates a possible means of mitigating some of the major problems associated
with surveying underground mine ventilation systems with the BOS method.
BOS is an imaging technique first introduced in 1999 that allows the visualization
of flowing inhomogeneous transparent media. In ventilation surveys, BOS can be used to
attain qualitative data about airflows in complex areas and methane emissions from coal.
The acquisition of such data would not only enhance the understanding of mine
ventilation but also improve the accuracy of ventilation surveys. As an example, surveys
can benefit from small scale BOS investigations around fans, regulators, overcasts, and
critical junctions to identify effective data gathering positions. Regular inspections of
controls and methane monitoring points could also be improved by the systematic nature
of BOS.
Computer programs could process images of each location identically regardless
of quantity. BOS can then serve as a check to identify items that were overlooked during
the routine inspection. Despite the potential of BOS for ventilation analysis, several

limitations still exist. These issues are sensitivity threshold and quantification of flow
data. This paper specifically examines the qualitative potential of the BOS technique for
imaging various underground ventilation flows and outlines initial experimental efforts
used for the evaluation.
Three primary experiments were conducted to evaluate BOS as a potential
qualitative analysis technique for underground mine ventilation. The first experiment
used BOS to image of flow induced by an axial vane fan and an axial flow fan using an
artificial background and an imitation rock background. This experiment showed that the
BOS system was unable to image isothermal airflow from either fan. Heated airflow
could be visualized with both fans using the artificial striped background but not with the
imitation rock background. The BOS system lacked the sensitivity necessary to image
isothermal airflow from the two fans. The focus of the overall BOS study was changed
to explore higher pressure airflows through a regulator.
The second experiment used BOS to image flow through a regulator induced by
an axial flow fan using an artificial striped background. The BOS images were compared
to ones produced by a traditional schlieren single mirror systems for validation of the
BOS experimental design. This experiment was unable to image isothermal airflow
through the regulator from either system. However, heated airflow could be visualized
by both systems. The BOS and traditional schlieren systems used in this experiment
lacked the sensitivity necessary to image isothermal airflow through a regulator.
However, the BOS procedures were successfully validated by the ability of both the BOS
and traditional schlieren systems to image heated airflows. The focus of the study was
changed to explore methane gas emissions.
Numerous mining industry techniques already exist to quantify methane content.
However, methane content is different from the actual methane emission rate of exposed
coal. Emission rates have been modeled using numerical simulation techniques, but the
complexity of the methane migration mechanism still requires physical data to achieve
higher accuracy. The third experiment investigated the feasibility of using the BOS
technique for imaging methane flow by imaging methane emission from a porous
medium. Laboratory grade methane was directly injected into a Brea sandstone core
sample using a flexible tube.
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The BOS system was successfully able to image methane desorption in this study.
A repeating pattern consisting of alternating black and white stripes served as the
schlieren background for the Nikon D700 camera. The ability to image methane
emission even at low injection pressures (i.e. 20 psi) demonstrates that actual methane
desorption from coal can potentially be imaged. This result can only be conjectured
because of a lack of research in the area of methane emission. Despite this issue, the
experimental results suggest that BOS can be feasibly utilized to image methane
emissions from coal in an underground mine.
The results of the three experiment demonstrated that the potential for large scale
implementation of BOS in underground mines does exist. Qualitative BOS information
has the potential in the practical sense to optimize the procedures of ventilation surveys
and design of ventilation monitoring equipment. For example, images of methane flow
in active mining areas can be used to optimize the positioning of auxiliary ventilation
equipment to dilute known areas of high methane concentration. BOS images could also
be used to re-evaluate the placement of methane monitors on mining equipment to better
facilitate the detection of dangerous methane concentrations in active mining areas. For
these reasons, further investigation into the BOS technique for use in imaging
underground airflows with differential temperatures and methane emissions in
underground coal mines is suggested as an addendum to this study.
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Chapter 1: Introduction
Mine ventilation is an essential element of underground mining. Ventilation
systems provide fresh air to workers, carry harmful gases out of the mine, and assist in
dust suppression. The ventilation system must be maintained in optimal running order to
achieve these tasks. Ventilation systems are kept to such a degree by maintaining air
ways, ventilation fans, and ventilation controls. Ventilation fans include main mine fans
as well as booster fans. Ventilation controls include stoppings, which separate and guide
airflow, regulators, curtain, and ducting, which split airflow in a controlled manner [1].
These components provide the necessary amount of ventilation to all areas of the mine.
Successful ventilation is achieved with the cohesive functioning of fans and controls
operating at design specifications. If a single element malfunctions, the effectiveness of
the ventilation system can be drastically affected. Design and placement of mine
ventilation systems are mostly determined and monitored from ventilation survey data.
Mine ventilation surveys involve the collection of data in key areas of the mine.
These surveys are designed to check air velocities, air quantities, pressures, and other
such characteristic data. Once complete, survey data are used to generate and validate a
ventilation model of the mine [1]. These models are used to evaluate the effectiveness of
the mine ventilation system, plan for mine expansion, and prepare for future ventilation
changes. The model‟s degree of accuracy depends on the quality of the survey data.
Unfortunately, fully representative data are difficult to achieve due to the complexity of
underground airflow patterns. For example, when data is gathered in intricate ventilation
branches, such as at longwall tailgate T-splits, the position at which the data is gathered
becomes significant due to the variability in velocities across the branch‟s cross-section.
In addition, the dynamic nature of mines, including geologic conditions,
equipment operations, personnel movements, and atmospheric changes, creates other
sources of error in ventilation data. The improper sealing of an air lock door or even the
movement of a hoist may interfere with survey results. As a result, the design will reflect
these errors. Error reduction protocols already exist to minimize these problems, but as
the model size and the level of complexity grow, the influence of measurement errors
also increases. Such problems are also seen in other aspects of ventilation surveys.
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Surveys assist in the regular maintenance of ventilation systems. Environmental
conditions, such as humidity, dust, ground movements, and water influx, stress the
integrity of ventilation controls. As metal corrodes and concrete degrades, ventilation
controls will inevitably fatigue and fail. Visual inspections and regular maintenance are
currently the most effective means against this problem. Once a minor fault is
discovered, such as a leak, the control can repaired before a failure occurs. However,
even with regular inspections, minor leaks can be missed due to the sheer volume of
items that must be examined. Although accurate ventilation data and maintenance
inspections are important, an effective ventilation system is not created with these items
alone.
One of the most important goals of mine ventilation is to carry harmful gases out
of the mine. Methane gas is especially a concern due to its explosive potential and
inherent presence in coal mines. Undisturbed coal deposits naturally create a pressure
equilibrium that prevents methane from escaping [2]. Methane can thus be indefinitely
contained within in-situ coal as long as the equilibrium exists. The advancement of
underground mine workings exposes coal to the atmosphere. The resulting pressure
gradient causes methane to be released, or to desorb, from the coal [3]. Regular surveys
are conducted in key areas to detect the accumulation of methane. Many different types
of monitoring equipment have been designed to measure methane concentrations for this
purpose. Despite modern advancements in handheld gas detectors, equipment mounted
monitors, and atmospheric monitoring systems, little is known about the qualitative
aspects of methane desorption. Does methane uniformly flow from exposed coal faces or
do certain areas have concentrated fissures? As coal is excavated by machinery, are there
locations where large pockets of methane desorb at once? Are there excavated surfaces
free of methane desorption? The ability to monitor methane, though much improved
from past techniques, is still hindered by these questions.
This paper investigates a possible means of mitigating some of the major
problems associated with underground mine ventilation surveys, the background-oriented
schlieren (BOS) method. BOS is an imaging technique first introduced in 1999 that
allows the visualization of flowing inhomogeneous transparent media [4]. In ventilation
surveys, BOS can be used to attain qualitative data about airflows in complex areas and
2

methane emissions from coal. The acquisition of such data would not only enhance the
understanding of mine ventilation but also improve the accuracy of ventilation surveys.
Surveys can benefit from small scale BOS investigations around fans, regulators,
overcasts, and critical junctions to identify effective data gathering positions. Regular
inspections of controls and methane monitoring points could also be improved by the
systematic nature of BOS. Computer programs could process images of each location
identically regardless of quantity. BOS can then serve as a check to identify items that
were overlooked during the routine inspection. This investigation evaluates the
qualitative data gathering potential of implementing BOS technology for analyzing
underground mine ventilation systems.
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Chapter 2: Literature Review
In order to apply the background oriented schlieren (BOS) technique to the
analysis of underground mine ventilation systems, a theoretical understanding of BOS is
necessary. Ventilation systems are an essential part of underground mining as they bring
fresh air to active mining areas while simultaneously bringing harmful gases out of the
mine. However, maintaining such a system in a highly dynamic subterranean
environment requires constant data acquisition and atmospheric monitoring. This
continuous surveying of ventilation performance is vital to optimizing the overall system
and maintaining a safe working environment. Mine ventilation surveys are completed
using traditional tools such as vane anemometers, altimeters, differential pressure gauges,
and sling psychrometers. These tools are limited by the fact that they can only provide
quantitative glimpses into the target section of the ventilation system.
The BOS technique provides a possible means of expanding the data gathering
potential of ventilation surveys. BOS images allow more flexibility for exploring an
area. If a larger view is needed, the imaging system can be simply positioned to capture
the desired perspective. Although the advantages of BOS are apparent even with a
cursory understanding of BOS, this technique is not without its limitations. For example,
low pressure ventilation flows may be below the sensitivity threshold of the imaging
system. As a result, the BOS technique can only be successfully applied to underground
mine ventilation with an understanding of how light behaves and how BOS was
developed over time.
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2.1

Light

2.1.1 Properties and Behavior
Light is apparent in every aspect of the modern world from the shining of the sun
to the iridescent bulbs in the streets. Light allows everyday actions, objects, and scenes
to be visualized by the human eye. But what exactly is the phenomenon of light? This
question can actually be correctly answered twice. Two main theories about the nature of
light currently exist, the wave theory and the particle theory.
The particle theory is the first conception of how light existed. This theory
describes light as being composed of a collection of discrete elements commonly known
as photons [5]. These photons were believed since the time of the ancient Greeks to
travel through space in straight lines and rebound off any object into which the particles
collides. This theory was then later refuted by the introduction of the wave concept [6].
The wave theory describes light as a dual oscillating wave that travels through
space. This conception of light was first introduced by Christiaan Huygens in the 1600s
in opposition to the particle theory. In 1807, Thomas Young confirmed Huygens theory
by projecting light onto a tiny opening in a surface. The light projection expanded as it
exited through the opening. The exiting light waves were found to be subject to
interference from other sources of light. Young also projected light through a small slit
and onto a surface. He discovered that an interference pattern consisting of alternating
light and dark areas appeared. Such behavior would not be exhibited by particles.
Therefore, Young concluded that light was in fact a wave [7].
In the 1900s, Heinrich Hertz, J. J. Thompson, Philipp Lenard, and Albert Einstein
reignited the light debate. Hertz, Thompson, and Lenard performed the earliest
experiments on the photoelectric effect. Although their experiments were each unique
and independent, they used the same basic theory. The experiments showed that once
light was projected onto a surface, extraneous electrons were then emitted. From these
experiments, they demonstrated that electrons were emitted as a result of the impact of
the light [8]. Albert Einstein would later use quantum theory to explain that this behavior
could only be produced if light consisted of discrete quanta, or particles [9]. The validity
5

of both the wave and particle experiments has resulted in the modern day acceptance of
light as having both characteristics. This concept is commonly known as the dual nature
of light. For the purposes of this review, light will be referred to as a wave [10].
Light is not an ordinary wave. Waves generally require a medium through which
to propagate. Light waves, in contrast, do not require a medium, which allows them to
easily travel through a vacuum. Light travels as oscillating energy in the form of electric
and magnetic fields. These fields oscillate at right angles to the direction of movement
and are oriented at right angles to each other [7]. An example of a light wave can be seen
in Figure 2.1.

Figure 2.1. Light wave shown with oscillating electric and magnetic fields.

Despite this ability to travel without a medium and over great distances, light is
still subject to obstructions. As light comes in contact with different media, such as air
and water, it can react in three primary ways: absorb, reflect, and/or refract. Absorption,
as the name implies, describes how light is taken into a medium and is retained. As an
example, absorption can be seen when light comes in contact with a black colored
surface. This color absorbs all frequencies of light thus causing the appearance of black
[11]. Reflection describes the behavior of light as it impacts a medium that causes a
redirection of the wave‟s energy in the opposite direction of travel. As an example,
reflection can be seen as light is projected onto a mirror surface. The wave strikes the
6

surface of the mirror and is then redirected back toward the source of the light.
Refraction occurs when light waves enter a medium, such as water, through which travel
can continue. However, as light enters the new medium, its velocity is affected. The
velocity of light is dependent on the refractive index of each new medium through which
the wave travels. This change in velocity also results in a change of direction, or
bending, of the light wave [7]. For this review, refraction will be the main focus due to
its importance to the BOS technique. The mechanics of light refraction are discussed in
the next section.
2.1.2 Refraction Mechanics
As stated in Section 2.1.1, refraction describes how light waves bend in various
media due to a change in velocity caused by varying refractive indices. This behavior
occurs as light travels from one type of medium to another. As a light wave impacts the
boundary between the different types of media, the phase velocity is altered as a result.
This change in velocity also caused a change in travel direction if the wave does not
strike perpendicular to the medium boundary. This phenomenon is displayed in Figure
2.2.

Figure 2.2. Diagram of a light wave being refracted when traveling
through two different media.

7

Waves that strike perpendicular to the boundary will result in an alteration of their speed
but not their travel direction. As example of this lack of direction change can be seen in
Figure 2.3.

Figure 2.3. Diagram of a light wave traveling from left to right and
striking the boundary of two different media perpendicular to the
medium boundary.

Refraction is not a random phenomenon and can be represented in a mathematical
manner. The numerical rule that governs refraction was discovered by Willebrørd Snell
in 1621 but remained unpublished for most of his career. Snell‟s law was finally
mentioned by Christiaan Huygens in his treatise on light [12]. During that same century,
René Descartes was also able to independently derive the same mathematical relationship
discovered by Snell. In 1637, Descartes published the finding in his treatise entitled
Discourse on Method [13]. The independent discoveries made by Snell and Descartes
have allowed this mathematical law to be known by two names, Snell‟s law and
Descartes‟ law. For the purposes of this review, this law will be referred to as Snell‟s law
and follow his derivation of the law.
The basis of Snell‟s law was produced with the collection of experimental data in
the form of refraction angles as light traveled through air and water. The refraction
angles were measured from the normal to the interface between the two media. The data,
when graphed, were found to follow a sine wave trend. As a result, a set arithmetic
relationship was discovered. Snell found that the ratio between the sine of the refractive
8

angle in the first medium and the sine of the refractive angle in the second medium
always equaled the same dimensionless constant. This behavior is represented by
Equation 2.1 where “ ” is the angle of refraction in the first medium, which is also
known as the angle of incidence, and “ ” is the angle of refraction in the second
medium. The angle of incidence and the angle of refraction can be inputted in terms of
degrees or radians [10].
sin( 1 )
sin( 2 )

Constant

(2.1)

The value of the constant will remain the same regardless of the angles of
incidence and the angles of refraction if the two media also remain unchanged.
Alternatively, the constant will vary as the combination of media is changed. As a result,
Snell concluded that an unknown property of each individual material was responsible for
creating the constant. Through more experimentation, Snell found that the constants of
two different pairs of media were interrelated when one medium was taken from each
pair and combined. This result is demonstrated by the following example. Consider four
media: A, B, C, and D. The unit less constant produced by medium-A and medium-B
can be defined as “
defined as “

”. The constant produced by medium-C and medium-D can be

”. If Equation 2.2 is applied to medium-A and to medium-C as a pair,

then the constant can be represented by the following equation [10].
(2.2)
Equation 2.2 demonstrates that the constant is dependent on a number that is
unique and stable from one medium to another. Snell termed this unique characteristic as
the index of refraction, which is represented by the dimensionless variable “n”. In order
to truly define the index of refraction, a basis for comparison would need to be created.
Snell established a vacuum as his comparison base by characterizing n = 1 in this
medium. He defined the ratio of the indices of refraction so that the medium with the
smallest angle of incidence or angle of refraction would have the larger index of
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refraction [10]. The following equation displays this addition to Equation 2.1, which is
also the final from of Snell‟s law.
( )
( )

(2.3)

A graphical representation of Snell‟s law is displayed in Figure 2.4.

Figure 2.4. Snell’s Law is represented graphically with a light ray travelling from
left to right through two different media.

However, despite the ability of Snell‟s law to calculate these indices, a formal
definition was never given to the index of refraction, which can also be referred to as the
refractive index. A formal definition of the refractive index would not come until later
when experiments showed that the refractive index in a particular medium is inversely
proportional to the speed of light in that medium [10]. This relationship can be
represented by the following equation where “n” is the refractive index of the medium,
“X” is an unknown constant, and “v” is the speed of light in the medium in meters per
second (m/s).

10

(2.4)
According to Snell‟s definition, the refractive index of a vacuum has a value of
one. The speed of light in a vacuum is defined by the variable “c”, which equates to
299,792,458 m/s [14]. If these values are substituted into Equation 2.4, the following
equation is produced.

(2.5)
The solution for “X” is now apparent in Equation 2.5. Solving for “X” gives

.

When this value is substituted back into Equation 2.4, the refractive index can then be
defined as the ratio of the speed of light in a vacuum to the speed of light in the medium.
This relationship is displayed by the following equation where “v” is the speed of light in
the medium in m/s.

(2.6)
The understanding gained by the information presented in this section provides the
necessary background for the overview of the schlieren effect.

2.2

Schlieren Effect

2.2.1 Early Schlieren and the Schlieren Effect
The schlieren effect is a succinct name to describe refractive gradient disturbances
caused by inhomogeneous transparent media. The disturbance itself can also be referred
to as a schlieren or a schliere. These gradient disturbances cause light to be uniquely
refracted as it travels through transparent media. Refraction can occur in any single
dimension or any combination of the three dimensions. All forms of transparent media
will cause a gradient disturbance, though only a select few can be seen with the human
11

eye [15]. Two examples of the schlieren effect that can be observed without artificial
augmentation are heat rising from asphalt or exhaust exiting from jet engines. Although
the term is esoteric by its very nature, the schlieren effect is by no means a new concept.
This phenomenon had already been discovered, studied, and analyzed in the 17th
century by Robert Hooke [16]. Hooke is widely considered to be the father of transparent
inhomogeneous media based optical analysis [17]. His first observation of a schliere was
of a candle against a light-dark background. Hooke noted that a disturbance was being
produced by the candle‟s thermal air plume. He found that the air above the flame
seemed to be “wavering” when viewed through the disturbance. This observation
prompted him to continue his experiments into the optics of inhomogeneous transparent
media. Hooke eventually published his findings in Micrographia, a book discussing his
work with microscopy, telescopy, optical shop testing, and other optics related subjects.
In Micrographia, Hooke thoroughly discusses the subject of density variation based light
refraction in the atmosphere and in liquids [18]. This phenomenon has come to be known
as the schlieren effect.
The visual discrepancies resulting from the candle‟s thermal plume are caused by
refracting light rays as they travel though the density gradient created by the heated air.
The varying densities simultaneously produce a refractive index gradient. An observer
translates the refracted rays into a visual distortion, which is the essence of the schlieren
effect. In order to build upon his observation, Hooke continued on to develop the first
artificial schlieren observation system. His single lens imaging system was designed to
enhance the schlieren effect for more detailed observation. Hooke‟s new system replaced
the light-dark background with a convex lens [19]. Two candles were used in this new
system. One candle provided the light source and the other provided the observation
target [18]. A diagram of this system can be seen in Figure 2.5.
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Figure 2.5. Robert Hooke’s single lens schlieren imaging system [18].

Hooke‟s observations were reproduced and slightly improved upon by Christiaan
Huygens about a decade later [20]. Despite Hooke and Huygens‟ novel schlieren
discoveries, this field would see little advancement due to the lack of interest in imaging
transparent inhomogeneous media in the 17th century [16]. The next few centuries,
however, would produce great advancements for imaging the schlieren effect.
The different methods for imaging a schlieren can also be referred to as schlieren
techniques. Works by Jean Paul Marat, J. B. Leon Foucault, August Toepler, and Ernst
Mach propelled schlieren optical imaging into the 20th century [16]. They adapted
Hooke‟s fundamental principles of schlieren imaging to function with new optical
technologies. Techniques for creating elaborate imaging systems composed of precision
manufactured lenses and mirrors were beginning to appear. These various studies would
combine to form the modern day schlieren techniques, which are widely used in the
aerospace industry. The most important contributions to modern day schlieren imaging
are credited to Foucault and Toepler, who will be discussed in the following section [21].
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2.2.2 Development of Schlieren Imaging
After Hooke and Huygens, Jean Paul Marat would revive schlieren imaging in the
19th century just prior to the French Revolution. He imaged thermal plumes from a
variety of flame sources. Marat is believed to have published the first schlieren
visualization image in his work on the physics of fire [22]. Later, Leon Foucault and
August Toepler would propel schlieren imaging technology forward with the
development of the knife-edge optical method. This advancement came almost 200 years
after the first observations by Hooke [16].
The knife-edge optical method describes the actual principle that this type of
imaging system uses to visualize the schlieren effect. This principle of the knife-edge
blocker can be applied using numerous combinations of optical components. These
various setups will be discussed later. Foucault had actually developed the knife-edge
schlieren method accidentally through his study of optical mirror testing. He originally
designed his system to detect imperfections in optical grade mirrors used in fields such as
astronomy. Variations of this method are still utilized today to perfect high quality
optical components. During his experiments, Foucault apparently ignored the airflows
that were being visualized by his knife-edge test [23]. Henry Draper would eventually
take notice of the phenomenon made visible by Foucault‟s system in 1864 and publish a
drawing of the thermal plume created by the human hand [24]. Despite the apparent
ability of Foucault‟s system to visualize transparent flows, he never expanded his work to
encompass this subject. Toepler would be responsible for achieving this next step.
During the Foucault experimentation phase, Toepler was concurrently expanding
on the knife-edge test. He developed a system specifically to visualize the flow of
transparent inhomogeneous media. Toepler named his new imaging method the schlieren
technique, which is the first recorded usage of the term. He is credited as being the
inventor of the schlieren imaging technique [25]. One of the most significant aspects of
Toepler‟s research was the development of the first practical apparatus for observing the
schlieren effect. His device was construed with an adjustable knife-edge cutoff, a light
source, and a telescope for detailed observation [26]. A diagram of this imaging system
can be seen in Figure 2.6 on the following page.
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Knife Edge

Observation Point

Figure 2.6. The schlieren imaging device designed by Toepler [26].

This system functioned on the principle of refraction. The light from the lantern
was focused to a concentrated beam. The knife-edge was then adjusted to barely block
the lantern‟s light ray. The telescope was positioned to view the area in front of the
lantern. Once a schlieren disturbance, such as a heat plume, was placed in-between the
lantern and knife-edge cutoff, portions of the beam would be refracted. As a result, the
refracted light rays bypassed the knife-edge and could be observed. Although Foucault
and Toepler had discovered the fundamental principles of schlieren imaging, the
technique was still limited by the technology of the time. The actual photographic
imaging of the schlieren effect would not be accomplished until the late 1800s by Ernst
Mach [27].
Mach incorporated the newly developed photographic and electronic circuit
technology of the time to produce physical images of the schlieren effect. He
successfully recorded images of shockwaves produced by ballistic projectiles. In these
images, the bow shock, tail shock, and turbulent wake of a bullet could be clearly
observed. In addition, Mach would expand his experiments to produce the first
photographic image of a supersonic jet in his wind tunnel [28]. As optical and
photographic technology advanced into the 20th century, so did the schlieren technique.
The 20th century most notably brought the ability to capture high speed
photographs. Hubert Schardin would improve this technology by introducing the multispark camera. This camera could form up to 24 separate frames when capturing a single
photograph. Schardin combined his camera with Foucault and Toepler‟s schlieren
technique to image shockwaves from explosions, flows from shock-tubes, and impacts
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from ballistics [29]. Schardin‟s work allowed for the widespread implementation of the
schlieren technique. This advancement has culminated into numerous schlieren imaging
apparatuses, various schlieren photographic methods, and diverse schlieren applications
in a multitude of fields [30]. Despite the variety of schlieren techniques available, two
major categories of the schlieren technique exist, traditional schlieren and background
oriented schlieren (BOS). The traditional schlieren technique will be discussed first.

2.3

Traditional Schlieren Technique

2.3.1 Types of Traditional Schlieren Imaging
As introduced in Section 2.2.1, traditional schlieren techniques use gradients in
the refractive index to visualize inhomogeneities in transparent media [21]. These
gradients are dependent on the material characteristics of and density variations in the
media being imaged. Under normal circumstances, the small refractions caused by
transparent flows are overwhelmed by the main light phases. Thus, these flows are
rendered invisible to the human eye. Using the traditional schlieren technique,
transparent media can be visualized by exploiting and enhancing these minute light
distortions. Schlieren media includes everything from air to xenon. As long as the
medium contains a refractive index gradient, it can be imaged. This visualization can be
achieved on a fundamental level, as explained in Section 2.1.2, because light slows when
it interacts with matter.
Air is the most common schlieren flow that is visualized to do its inherent
presence in most flow phenomena. Air is also the most common encompassing medium.
As a result, the quality of schlieren images greatly depends on the difference between the
refractive index of the airflow and the surrounding air. As the difference in the refractive
indexes increases, the ease in which the schlieren disturbance is imaged also increases.
The refractive index of air and many other gases can be represented by the following
equation where “n” is the refractive index of the gas, “k” is the Gladstone-Dale
coefficient in cubic centimeters per gram (
per cubic centimeter ( ⁄

⁄ ), and “ρ” is the gas density in grams

) [16].
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(2.7)
The Gladstone-Dale coefficient can range from approximately 0.10

⁄ to 1.5

⁄ in the majority of gases. This coefficient is dependent on the characteristics of the
gas as well as weakly on the frequency of light being used to image the flow [21]. As can
be seen by the mathematical relationship presented by Equation 2.7, the refractive index
is weakly affected by the material density. Thus, small gas density variations can only be
detected using a very sensitive optical system. Other characteristics that affect the
refractive index include composition, temperature, pressure, and wavelength of
illumination. The interaction of these additional elements with the refractive index are
complex and beyond the scope of this discussion. Density based refractive index changes
will be the concentration of this review [16].
Variable density flowing gases are known as compressible flow. These flows
occur mostly from temperature, pressure, and velocity differentials. As gas travels, a
distinct gradient in the refractive index is produced from the density fluctuations. The
refraction of light rays occurs in proportion to the refractive index gradient and can be
represented mathematically. The following equation displays the ray curvature produced
by a refractive gradient in an x-y plane where “z” is the normal to the plane.

(2.8)

(2.9)

The components of refraction in the x-direction and in the y-direction, represented by
“ ” and “ ” respectively, can be derived by separating the derivatives on the left hand
side of Equations 2.8 and 2.9 and then the two equations integrating once.

∫

(2.10)

∫

(2.11)
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The range of the optical axis, represented by “L”, can be added to Equations 2.10 and
2.11 to characterize a two-dimensional schlieren imaging plane. The resulting equations
are as follows where “

” is the refractive index of the medium encompassing the

schlieren object.

(2.12)

(2.13)
Equations 2.12 and 2.13 show that the gradient in the index of refraction causes
the deflection and not its overall magnitude [31]. Thus, the schlieren technique can only
applied to those areas where these gradients exist. The greater the refractive index
gradient in relation to the encompassing medium, the greater the imaging potential of the
target transparent flow. The primary method used to detect these gradients in traditional
schlieren is the knife-edge schlieren system. This system will be discussed in the
following section.
2.3.2 The Knife-Edge Schlieren System
The knife-edge schlieren technique actually represents a large number of
apparatuses and techniques that use the principle of the knife-edge obstruction to
visualize the schlieren effect. Knife-edge systems range from the very simple to the
exceptionally complex. These systems can be categorized in three general ways: lens
systems, combination systems, and mirror systems. The simplest lens system consists of
two lenses, a point light source, and a knife-edge obstruction. An example of this system
can be seen in Figure 2.7 on the following page.
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Figure 2.7. Simple traditional schlieren lens system [16].

This system is setup so that the point light source and lenses are arranged inline.
The light rays travel from the light source and are focused into parallel rays by the first
lens. The parallel light rays then travel through the second lens, which re-focuses them to
a point. The knife-edge is positioned at the focal point of the rays to just block the light
from continuing further. Once a schlieren disturbance is introduced in-between the two
lenses, the parallel light rays are slightly refracted. As the refracted light passes through
the second lens, they are focused once again to a point [16]. However, since the original
trajectory of the refracted light rays had been modified by the schlieren disturbance, these
rays now avoid the obstruction and can be visualized [30].
More complex systems include multiple types of lenses, light sources, and
arrangements. Combination systems, as the name implies, utilize concave spherical or
parabolic mirrors and various lenses together in a single apparatus. As an example,
consider the Z-type schlieren imaging system. This type of schlieren arrangement
consists of two parabolic mirrors, a condenser lens, a light source, a filter object, and a
knife-edge obstruction. An example of this system with a camera installed at the
observation point can be seen in Figure 2.8 on the following page.
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Figure 2.8. Z-type schlieren system [16].

The rays from the light source are concentrated onto the filter object by the
condenser lens. The filter object consists of a slit or other small opening bored through a
solid plane that allows only a set amount of light to continue from the condenser lens.
The first parabolic mirror reflects the light from the filter object into the test region. The
second parabolic mirror reflects the light from the first mirror and focuses it toward the
observation point. The knife-edge is placed so that the focused light from the second
mirror is intercepted. A schlieren object can then be placed in the test region and be
visualized at the observations point [16].
Mirror systems utilize optical grade concave spherical, concave parabolic, or
concave off-axis mirrors [16]. Optical grade flat mirrors can also be used in combination
with concave mirrors to assist in the redirection of light rays [30]. These mirrors must be
optical grade and manufactured with low tolerances [16]. Optical grade mirrors ensure
that light rays are almost perfectly reflected. Thus, a near exact reproduction of the
reflected object is produced. Conventional, mass-produced mirrors only reflect a certain
percentage of light thus diminishing the quality of the reflected image [32]. The simplest
mirror system is the single mirror schlieren system.
The single mirror schlieren system consists of a concave spherical or parabolic
mirror with a focal length of at least 1,200 millimeters (mm), a point light source, and a
knife-edge obstruction. If images of the schlieren object are desired, a professional grade
camera and a telephoto lens with a focal length of at least 200 mm can be used. Although
schlieren images can be captured with more inexpensive point-and-shoot digital cameras,
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a high quality digital single lens reflex (DLSR) digital camera is preferred due to its
ability to customize aperture size, exposure amount, shutter speed, and lens
configuration. Additionally, professional DSLR cameras generally have larger image
sensors thereby allowing images to be captured within a very specific depth of field. The
final required component is a point light source. This type of light source is any
luminous object that produces light from a pinhole sized opening or a narrow slit [33].
The light source is located two focal lengths away from the mirror. The light is
directed toward the mirror and reflected toward the observation point. The knife-edge
obstruction is located two focal lengths away from the mirror and is used to intercept the
reflected light beam. The mirror produces a real image that is the exact reproduction of
the point light source at its originating location [10]. Once a schlieren object is placed inbetween the knife-edge and concave mirror, the refracted light rays will bypass the
obstruction and enter the observation area [16]. A diagram of the single mirror system
can be seen in the following figure.

Figure 2.9. Diagram of the single mirror traditional schlieren system

More complex mirror systems that are composed of multiple offset optical mirrors
used to increase imaging sensitivity, create multiple observation points, or capture
stereoscopic schlieren images also exist [30]. As can be seen by the aforementioned
discussion, a multitude of traditional schlieren techniques are available. Amongst these
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systems, the single mirror system was chosen to be the primary technique utilized in this
study due to its simplicity and adequate range of sensitivity. The specific details of the
single mirror system designed for this investigation will be presented in later sections.
The applications of the traditional schlieren technique will now be discussed.
2.3.3 Applications of Traditional Schlieren Imaging
Although the traditional schlieren technique has existed for over 300 years, only
recently has it seen widespread implementation due to past technological limitations.
Traditional schlieren techniques are used to study three primary areas: phenomena in
solids, phenomena in liquids, and phenomena in gases. Phenomena in solids refer mainly
to the imaging and detection of imperfections as opposed to liquids and gases where flow
characteristics are the major elements. The schlieren imaging of solids is used in the
optical grade glass and mirror industries for quality control. Manufactures can certify
that their high-grade glass or mirror products are free of imperfections and conform to
design tolerances. The traditional schlieren analysis of liquids, unlike the analysis of
solids, is mainly concerned with flow and its interactions. Research areas include the
mixing of liquids, visualizing of boundary layers, imaging of the laminar to turbulent
flow transition, and atomizing of liquids from sprays. Traditional schlieren imaging can
also be used for more specialized imaging of phenomena such as sugar dissolving in a
moving stream or terminal ballistics analysis [16]. Although the applications for
traditional schlieren techniques are numerous in solids and liquids, the visualization of
gas flow leads this field of study.
The applications of traditional schlieren for imaging gas flow are numerous and
stretch across many disciplines. The most prevalent use of this technique is perhaps by
the aerospace industry. Engineers in this field have used traditional schlieren to gain a
better understanding of supersonic flows. Various studies have been able to quantify the
density fluctuations caused by supersonic turbulent jets [34] and to visualize the
shockwaves created by hypersonic flight [35]. In addition, optical tomography
techniques have been combined with traditional schlieren to quantify density fields of
subsonic flow. Studies have analyzed the compression waves that flow from helicopter
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rotor blade tips [36]. Although the application of traditional schlieren techniques is
prevalent in the aerospace industry, this imaging tool has recently expanded to other
fields.
Outside of aerospace, traditional schlieren has been used to quantify temperature
fields in three-dimensional gas flows [37] as well as density and velocity fields in
cryogenic gas flows [38]. Traditional schlieren systems have imaged gas leaks from
chemical pipelines [39], ventilation flow in living areas, ventilation flow in kitchens [40],
and shock waves from a trumpet being played [41]. Fields such as ballistics and
explosives have even adopted traditional schlieren to assist in the analysis of bullet travel
[42] and shockwave propagation from confined explosions [43]. As can be seen by the
previously introduced applications of the traditional schlieren technique, this imaging
method can be diversely applied. However, this technique is still limited by some
constraints.
2.3.4 Limitations of the Traditional Schlieren Technique
The primary drawback of the traditional schlieren technique is its ability to be
applied conveniently on a large scale. Although some advances have been made by
Ralph Burton from the University of Arkansas [44], Horst Herbrich from Industriefilm
[45], Leonard Weinstein from NASA [46], and Gary Settles from Pennsylvania State
University [47,48] in the area of large scale traditional schlieren implementation, the
current form of the technique remains impractical. This limitation stems from two areas:
equipment and sensitivity. The traditional schlieren method requires the use of optical
grade lenses and/or concave mirrors. The nature of manufacturing this grade of optical
equipment is costly and time consuming. Additionally, lenses and mirrors of this caliber
are very sensitive to environmental influences, such as dust, temperature shifts, and
humidity. As a result, traditional schlieren equipment cannot be practically implemented
when conducting large scale field testing due to high cost and inadequate flexibility [30].
The sensitivity issue arises from the level of precision needed to visualize certain types of
flow.
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A traditional schlieren system can easily be set up to visualize flows that have a
high density contrast to the surrounding medium. For example, the movement of heated
gas, such as air, though a medium of air at atmospheric conditions can be captured with
limited alignment precision of the optical devices. The required level of precision greatly
increases as the refractive index of the target flow approaches the refractive index of the
surrounding medium. Such exactness is needed because of the decreasing difference
between the angle of incidence and the angle of refraction. This relationship is
demonstrated by Equation 2.3 in Section 2.1.2. The required alignment for the knifeedge obstruction can require precision in the micron range for certain flow scenarios.
Furthermore, equipment manufacturing tolerances become much stricter and
environmental influences, such as vibrations and extraneous transparent flows, become a
significant concern. Although such exacting specifications have been achieved in
numerous experiments, large scale field implementation is currently impractical. The
recent development of background oriented schlieren (BOS) may provide a solution to
the limitations found in the traditional schlieren technique.

2.4

Background Oriented Schlieren (BOS)

2.4.1 Introduction of the Background Oriented Schlieren (BOS) Method
The confining nature of the traditional schlieren technique has limited the
majority of its application to controlled laboratory environments. This problem has
prompted the development of background oriented schlieren (BOS). The principles of
the BOS flow visualization method, which is also referred to as synthetic schlieren [48],
was first introduce by G.E.A. Meier in 1999 [4]. The BOS technique allows for the large
scale visualization of the schlieren effect while eliminating the need for complex
equipment [47]. This method continues to use the relationship between refractive index
and density variations to image inhomogeneous transparent media. However, lenses,
mirrors, and precision backdrops are replaced by artificially or naturally generated lightdark backgrounds combined with a digital camera.
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The light-dark background can be composed of any pattern that has a high spatial
frequency and can be imaged with a high contrast. Artificial backgrounds are usually
composed of small, randomly distributed dots, black and white stripes, or other such
patterns [47]. Natural backdrops consisting of trees, leaves, and grass are also suitable as
long as the pattern conforms to the previously introduced constraints [49]. However, the
image sensitivity when using natural background based images is reduced. The BOS
background enhances the light distortions for the camera by serving as a reference plane
for the image sensor and processor. As light reflects off the background, the rays are
refracted through the inhomogeneous transparent flow [47]. The resulting distortion in
the pattern caused by the refracting light rays is captured by the camera. Computerized
image processing software is then used to enhance the distortion and visualize the
schlieren effect [50]. This process will now be discussed.
The final schlieren image is produced by first taking a reference picture. This
picture captures the imaging area when no flow is present (i.e. static conditions).
Another photo is then captured of the imaging area where the target flow is present. The
reference image and the flow image are then processed to enhance the pixel differences
between both photos. Alternatively, images can also be produced by comparing two high
speed photos (i.e. images taken at greater than 5 frames per second) that are captured
consecutively in the same manner [47]. The simplicity and flexibility of BOS has
expanded the scope for visualizing inhomogeneous transparent media. The various
applications of BOS are discussed in the following section.
2.4.2 Applications of Background Oriented Schlieren
Despite the recent nature of this technique, BOS has already been applied in
multiple experiments with varying scales. Several large field studies have been
successfully conducted by Michael Hargather and Gary Settles to image heat rising from
a propane torch, heat rising from a car, and shockwaves from fired rifle with the use of
natural backgrounds [49]. More advanced BOS investigations have been conducted to
image whole-field density distributions in two-dimensional stratified flow [51], tip vortex
formation from helicopter blade tips [52], shockwaves from supersonic phenomena [50],
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and flow visualization in hypersonic impulse facilities [53]. Quantitative studies have
also been conducted to measure displacement fields and density distributions in flowing
media [47]. The aforementioned examples demonstrate the wide range of BOS
applications, which are outlined in Section 2.5. However, this technique is still subject to
some constraints that will be discussed in the following section.

2.4.3 Limitation of Background Oriented Schlieren
Various experiments have been completed by S. B. Dalziel in whole field density
measurements [51] and Erik Goldhahn in three-dimensional density fields to evaluate the
sensitivity of the BOS method [54]. These studies concluded that BOS has a comparable
sensitivity threshold with traditional schlieren if certain experimental conditions are met.
These conditions include the proper matching of setup geometry, camera resolution,
camera lens type, background resolution, background contrast [54], and digital evaluation
algorithm [55]. In BOS setups that use mass manufactured digital photographic cameras,
imaging settings (e.g. ISO, aperture size, shutter speed, and exposure) must be optimized
for each specific flow. This optimization ensures that the desired effect is captured with
maximum clarity. However, once the aforementioned parameters are analyzed,
optimized, and implemented, the flexibility of the customized BOS imaging system is
greatly reduced.
Additionally, the complexity of implementing the BOS system and analyzing the
results greatly increases. This consequence is especially prevalent if multiple imaging
dimensions or quantitative analyses are desired. Multi-dimensional flow
characterizations are achieved through the simultaneous imaging of the desired
perspectives. Quantitation of BOS images requires a controlled experimental
environment in conjunction with the implementation of particle image velocimetry (PIV)
algorithms to analyze the images [47]. If the need for flexibility becomes significant,
then sensitivity and quantitation must be sacrificed. This compromise between
sensitivity, flexibility, and quantitation is the primary limitation of BOS. Despite this
problem, variations of the BOS technique have been successfully applied in numerous
studies. An outline of the primary BOS techniques currently in use is presented in the
following section.
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2.5

Previous Background Oriented Schlieren Research
The system introduced in Section 2.4.1 that utilizes a digital camera and a

background is the most popular form of background oriented schlieren (BOS). This
version of BOS can be referred to as the single camera technique. The photographic
elements as well as the background compositions are highly customizable and can be
applied to a variety of situations. The single camera system has been used to analyze
such subjects as density fields [48] and helicopter shed vortices [47]. However, this
system is still limited in scope without modifying the basic design. Several different
versions of the original system have been developed to combat this problem and expand
the scale of BOS. The other forms of BOS are discussed in the following sections.
2.5.1 Stereoscopic Background Oriented Schlieren
The background oriented stereoscopic schlieren method (BOSS) extends the
single camera schlieren system by adding another imaging perspective. Two cameras are
synchronized to capture the target schlieren disturbance either simultaneously or
consecutively with a diminutive delay. The BOSS method records two image pairs from
different viewing angles in order to provide multi-dimensional imaging capabilities (i.e.
provide depth of field to BOS images). The implementation of BOSS allows for the
positions of phenomena, such as vortices and eddies, to be identified in flow fields [50].
This type of schlieren system has already been used to study combustion chamber flow
fields [50] and compressible blade tip vortices from rotary wings [52].
2.5.2 Tomographic Background Oriented Schlieren
The background oriented optical tomography (BOOT) schlieren method is a
newly investigated form of BOS. Tomography, in general, is an analysis technique that
produces three-dimensional, virtual reconstructions of the internal structure and
composition of objects. This reconstruction is created from the observation, recording,
and examination of passage of energy waves or radiation through a target object [56]. In
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the BOOT method, numerous imaging channels are implemented to allow for a complete
rendering of a schlieren disturbance using light deflection. Similar to other tomographic
techniques, BOOT utilizes radon transform algorithms to create the final images. The
algorithms must be moderately customized with BOS specific parameters to reconstruct
the flow [50]. Only a limited number of studies, such as the estimation of flow field
density distributions by measuring light ray deflection, have been completed thus far with
BOOT [52].
2.5.3 Large Scale Background Oriented Schlieren
The BOS method has primarily been implemented in laboratory settings.
However, the basic principles of this technique can potentially be applied on a large scale
to image transparent phenomena in the field. The main difficulty in transforming BOS to
be used in this manner is identifying a suitable background. According to the
background specifications introduced in Section 2.4.1, certain natural backgrounds, such
as grass and trees, can be used in BOS. However, even suitable natural backgrounds are
further limited by the criteria of fine scale, randomness, and contrast that must be met.
Thus, some backgrounds are more advantageous than others depending on the type of
schlieren effect being imaged. Preliminary BOS studies using natural backgrounds have
been conducted by Michael Hargather and Gary Settles to image heat plumes from a
torch, thermal plumes from an automobile engine, shockwaves from a fired rifle, and
shockwave propagation from an explosion [49].
2.5.4 Background Oriented Schlieren with Particle Image Velocimetry
The BOS technique is primarily a qualitative technique that provides visual
information about inhomogeneous transparent flows. However, quantitative data can also
be gathered using particle image velocimetry (PIV) analysis techniques. PIV is an image
analysis method that evaluates the motion of small seeded particles from two
consecutively captured frames. PIV analysis can also be applied to a single frame
capture with two exposures [50]. In traditional PIV, small, light, reflective particles, or
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tracer particles, are added to a flow. These particles are illuminated consecutively at least
twice by a synchronized strobe light and imaged concurrently. The consecutive images
are then interrogated for particle displacements, which ultimately produces a velocity
profile for the flow [57].
Interrogation is a numerical analysis process that tracks the movement of the
particles. The analysis is completed by first dividing the image into a numerous sections.
Each section, or window, is processed individually and then combined once the
interrogations are complete. The movements of the particles are tracked by applying
statistical cross-correlation and autocorrelation algorithms based on mathematical
analysis operations such as the Fourier transform [57]. The main difficulty of using PIV
is seeding (i.e. physically introducing) the flow field with suitable particles. This process
is not necessary in BOS.
PIV analysis algorithms can be used with BOS images due to the self-seeding
nature of turbulent schlieren disturbances. If an imaged flow is sufficiently turbulent, the
eddies that appear in the image can serve as virtual PIV particles. The PIV processing
algorithm can then track the detail shifts in the turbulent eddies to generate velocity
profiles. PIV can also be used to produce density profiles for the flow. Density
distribution information is gathered using a refraction analysis algorithm tailored to the
particular BOS setup being used. Once a schlieren disturbance is introduced to the
imaging area, the background pattern is slightly distorted due to light ray refractions
caused by the flow [58]. An example of this distortion can be seen when any solid object
is placed in a cup of water. The object appears to shift positions instantaneously as it
enters the water. The refraction algorithm measures the amount of deflection that occurs
as a result of the flow. This deflection can then be correlated to the density needed to
produce that amount of distortion in the static image. An example of a simple
quantitative BOS setup can be seen in Figure 2.10.
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Figure 2.10. Example quantitative BOS setup [4].

Figure 2.10 displays a system in which a perfectly cylindrical flow is traveling in
the x-direction perpendicular to the y-axis and the z-axis. In this configuration, the
refraction caused by the flow only occurs in the “y”, or vertical, direction. The zdirection is the line-of-sight direction, which can also be referred to as either the axial
imaging path or the optical path. Thus the x-axis is located along the free-stream
direction, which also serves as the axis of symmetry. The deflection of the image,
represented by “ ”, is defined by the following equation where “ ” is the refractive
index of the encompassing medium and “ ” is the refractive index of the schlieren
medium [59].

∫

(2.14)

Equation 2.14 assumes that the half-width of the density gradient region is “
where “

” is much smaller than “

”

”. The creation of this numerical representation of

the BOS imaging system allows a cross-correlation algorithm to be applied in
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conjunction with the Gladstone-Dale equation of this flow. This equation is displayed
and discussed in detail in Section 2.3.1. Traditional PIV algorithms, which are slightly
modified according to the design of the BOS system, can then be employed. The
algorithms numerically interrogate the image to identify background deflections and thus
produce a density gradient [59].
The aforementioned quantitative PIV processing technique has already been
successfully applied to BOS studies of supersonic flows in shock tunnels [60], transonic
turbine blades [61], and wing tip vortices in a transonic wind tunnel [62]. However, the
majority of PIV based BOS studies, including the three that were previously introduced,
have not produced actual quantitated density gradients or velocity profiles. Instead, these
PIV studies have only produced pixel displacement profiles and gradients without
correlating them to actual values. Some examples of PIV outputs in BOS investigations
can be seen in Figures 2.11 to 2.13.

Figure 2.11. Vector displacement of pixels from BOS images of
supersonic flows in shock tunnels as evaluated by PIV [60].
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Figure 2.12. Instantaneous velocity field (pixel/seconds) at the base
region of a transonic blade determined by BOS based PIV [61].

Figure 2.13. PIV evaluated BOS images at Mach 0.7 of a wing tip vortex in a transonic wind
tunnel [62].

One of the exceptions to this lack of quantitation is a study conducted by Dennis
Jonassen, Gary Settles, and Michael Tronosky to produce velocity profiles of turbulent
flows. This experiment used both schlieren based PIV and traditional PIV techniques to
analyze controlled turbulent flows from a helium jet. The study was successfully able to
produce a velocity profile by analyzing images taken by the schlieren system. The
schlieren PIV results were compared to the traditional PIV results and were found to
produce valid velocimetry data. However, this study was not conducted using BOS
techniques but rather with a traditional lens-based system and Z-type mirror system [58].
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The lack of quantitative BOS based PIV analyses allude to the difficulty of implementing
PIV.
As previously introduced, some limitations and difficulties exist in the
implementation of PIV in BOS. Charged coupled device (CCD) based cameras are
required to achieve the synchronization and speed necessary for PIV images. CCD
cameras are essential due to their ability to not only capture an image but also store data
regarding the light intensity of each pixel [63]. The resolution of the background must
also be exactly matched to the resolution of the camera. This paring is needed to
accurately determine the deflection of the pattern caused by refraction of light as the
beam travels through the schlieren disturbance.
Refraction analysis algorithms tailored to the specific BOS setup are needed. As
a result, the imaging area must be constructed according to exacting specifications. Care
must also be taken during the experimentation process to maintain the integrity of the
encompassing medium. Any introduction of extraneous gases or drastic shifts in
environmental conditions will interfere with the BOS images. If high accuracy is desired,
the density profile of the target flow must also be incorporated into the PIV processing
algorithm. However, the exact profile is usually unknown and therefore requires a
simplification of the algorithm [54]. Commercially available PIV processing software
can be used with limited modifications, but accuracy is affected. Currently, laminar
flows cannot be analyzed with PIV due to the lack of particle seeding potential from
turbulent structures. Although promising, the PIV analysis of BOS images is complex,
restrictive, and inflexible at this early stage [58]. Due to the sheer difficulty of PIV
development and implementation in BOS, this technique was not considered to be a
viable method for this study.
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2.6

BOS Applications in Underground Mine Ventilation
The BOS technique has never been directly applied to gather qualitative data

about underground mine ventilation systems. The only exception is a study conducted by
H. Phillips using a color schlieren system designed to make instantaneous measurements
of the methane layering in a stratified methane-air mixture [64]. However, this study is
limited to laboratory scale and only peripherally related to mining. Although no direct
research has thus far been completed in the subject of BOS and underground mine
ventilation, BOS studies by Michael Hargather and Gary Settles demonstrated that a rock
face may provide an appropriate background for BOS imaging [49]. Due to this lack of
research, the possible applications of BOS in underground mine ventilation can only be
conjectured.
The acquisition of BOS data could be used to optimize the procedures of
ventilation surveys and design of ventilation monitoring equipment. For example,
images of methane flow in active mining areas can be used to optimize the positioning of
auxiliary ventilation equipment to more effectively dilute areas of high methane
concentration. Methane monitoring procedures (i.e. where and how to monitor methane)
could be improved with the identification of methane emission characteristics and
accumulation regions. BOS images could also be used to re-evaluate the placement of
methane monitors on mining equipment to better facilitate the detection of dangerous
methane concentrations in active mining areas. For these reasons, the following study
was designed to ascertain the feasibility of applying BOS in imaging underground mine
ventilation systems.
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Chapter 3: BOS Analysis of Ventilation Laboratory Fans
3.1

Description of Study
The following BOS study seeks to evaluate the potential of utilizing the BOS

technique for visualizing flow produced at a mine fan. The mine fan is the most
important part of a ventilation system as all airflow is produced by this component. As a
result, a considerable amount of pre-operational planning must be completed before the
fan can be installed. Once installed, surveys of mine fans are completed at regular
intervals to ensure proper operation. The ability to visualize airflows within the
immediate vicinity of the fan can provide insight into how efficiently flow is being routed
underground. Complex fan housing and ducting systems create complicated flow
patterns.
Tangible images of how the air actually flows in these types of systems can
indicate where to collect flow data and how to modify the design to minimize areas of
high resistance and stagnation. These images may also have application for the design of
fan housings such as evasés and diffusers. Laboratory testing must first be completed in
order to evaluate the feasibility of imaging airflow induced by comparable fans before
experiments can be completed in the field. The following experiment uses the BOS
technique to image airflow generated by a laboratory scale axial vane fan and a
laboratory scales axial flow fan. The BOS images are created using both an artificial
BOS background and a natural BOS background. The subsequent sections outline the
initial experimental efforts for visualizing flow produced by these two laboratory scale
fans.
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3.2

Experimental Design

3.2.1 BOS Equipment
For this experiment, a Nikon D5000 digital camera with a Nikkor AF-S 18 - 55
mm was used in conjunction with two schlieren backgrounds. Although some of the
studies introduced in Section 2.5 suggest that BOS images can also be produced with a
telephoto lens, this alternative was not tested because funding was inadequate at this
point to acquire this type of lens. The camera imaged flow induced by a 0.91 meter (36
inch) axial vane fan and a 0.61 m (24 in) custom built axial flow fan. The axial vane fan
was installed in a blowing system. This fan was attached to a 0.91 m (36 in) diameter
duct that was 10 m (33 ft) in length. The axial flow fan was installed in an exhausting
system. This fan was attached to a 0.61 m (24 in) low turbulence wind tunnel. The
camera was mounted to a tripod to ensure image stability and image consistency between
the different pictures. A small space heater was implemented in the trials to enhance the
density difference of the moving air. The heater helped identify any sensitivity issues
with the specific BOS technique implemented in this experiment. The details of the two
schlieren backgrounds will now be discussed.
3.2.2 Schlieren Backgrounds
After testing numerous artificial background patterns, a striped pattern was found
to produce the clearest BOS images. All of the evaluated background can be found in
Appendix A. The artificial background was composed of a repeating pattern of vertical
stripes whose colors alternate between black and white. The second background was
designed to imitate the natural, random patterns found on excavated rock walls. The
striped pattern was created using a computer drafting program and affixing the pattern to
a foam poster board 0.81 m (32 in) by 1.02 m (40 in) in size. This pattern‟s alternating
light-dark interface is ideal for the creation of the schlieren photographs. An example of
this background installed in the experimental setup can be seen in Figure 3.1.
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Figure 3.1. Stripped schlieren background behind the axial vane fan.

The second background consisted of crumpled brown packaging paper attached to
a gypsum board. An example of this background installed in the experimental setup can
be seen in Figure 3.2. The crumpled pattern of the paper was designed to resemble
textures and scales that are present on rock faces. The completed background was
approximately 0.90 m (35 in) by 1.10 m (43 in) in size. This background was
implemented to determine the feasibility of BOS using the natural background available
in an underground mine. Additionally, this background provided a basis for determining
weaknesses in the experimental technique.

Figure 3.2. Imitation rock background behind the custom built axial flow fan.
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3.2.3 Equipment Setup
The two backgrounds were placed approximately 0.60 m (24 in) behind both fans.
The backgrounds were landscape oriented so that shortest side faced toward each fan‟s
inlet. The face of the background was oriented toward the camera lens. The Nikon
D5000 was mounted on the tripod and placed approximately 1.85 m (6.07 ft) in front of
the centerline of the two fans. The space heater was oriented so that its face points
toward each fan‟s inlet to allow the heated air to directly flow into the fans. The heater
was positioned approximately 0.6 m (24 in) from the face of both fans. These distances
were selected avoid obstructions present in the laboratory. The axial vane fan and the
axial flow fan are both permanently mounted in different areas of the lab. The axial vane
is installed on a ledge that is 1.5 m (57 in) in height. The axial flow fan is installed on the
floor in the center of the room. Figure 3.3 displays the layout of the laboratory as
viewed from the southeast corner of the room.

Figure 3.3. Photo of the ventilation laboratory as viewed from the southeast corner.
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The placement of the imaging elements were constrained by the location of the
axial vane fan. The distances allowed for the axial vane fan and background to be framed
in the photograph while avoiding contact with obstructions in the laboratory created by
benches, tables, and other wind tunnels. In order to ensure imaging consistency, these
distances between the BOS imaging elements were duplicated for the axial flow fan. The
experimental setup is thus unique to this specific BOS study. A diagram of the entire
experimental setup can be seen in Figure 3.4.

Figure 3.4. Experimental setup for BOS the investigation.
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3.2.4 Procedures
The camera was adjusted so that the background and fan were framed in the
photograph. Subsequently, the camera was focused only on the schlieren background to
enhance the ability of imaging distortions in the background. The static system image
was then captured in which both the fan and the heater were shut down. This picture was
used as the reference image to which all other photographs were electronically compared.
Several photos were then taken with the fan and the heater activated in varying
combinations. The same set of procedures was used to capture photos from the imitation
rock background. After collecting these pictures, they were then processed through
GIMP v2.6, an open source image manipulation program.
The flow image was first overlaid on top of the static image. GIMP‟s
“difference” function was used to detect the variation between the static photo and the
flow photo. The two photos were then merged. A Gaussian blur filter was then applied
to remove the grainy texture present in the photo resulting from the merge. The picture‟s
contrast was lastly enhanced using GIMP‟s Retinex function. After processing, the
image was exported in JPEG format. The resulting images are displayed in the following
section.

3.3

Schlieren Photographic Results
The experiment delivered many different images with varying levels of success.

The BOS technique used in this experiment was only able to visualize airflows that were
enhanced by the space heater for the striped background. The remaining trials that used
the rock background with the heater did not produce conclusive results. In addition, the
trials that did not include the heater were also unable to image the flow for both
backgrounds. Out of the many BOS images, three primary images will be discussed that
reflect the strengths and weaknesses of this investigation. A full index of all the preprocessed and post-processed images for this experiment can be found in Appendix B.
Figure 3.5 shows the post-processed image generated with the axial vane fan, heater, and
striped background.
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Figure 3.5. Schlieren image of heated air using the axial vane fan against
the striped background.

As can be seen in the previous figure, the airflow from the heater is immediately
apparent. The distortion that appears at the bottom of the image is created by the hot air
exiting the heater and being taken into the fan inlet by the moving blades. The pattern
exhibited by the airflow is characteristic of the small vortices associated with turbulent
flow. This result was confirmed by executing additional trials with the same fan using
identical procedures. The reproducibility of the heated flow images was confirmed by
the trials using the custom built axial flow fan. Figure 3.6 displays the post-processed
image generated with the axial flow fan, heater, and striped background.

Figure 3.6. Schlieren image of heated air using the custom built axial flow
fan against the stripped background.
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The previous figure clearly displays the heated air being drawn into the fan‟s inlet, which
matches the observation made in Figure 3.5. As previously stated, the heated air images
captured using the imitation rock background as well as the images captured without heat
using both backgrounds did not display flow. Figure 3.7 displays the post-processed
image generated by the axial flow fan using the heater against the rock background.

Figure 3.7. Schlieren image of heated airflow using the axial flow fan
against the imitation rock background.

As can be seen in Figure 3.7, no obvious flow is present in the image. The postprocessed image for the second fan and remaining background-heater combination are
not shown because these images also lacked flow.

3.4

Discussion
The images presented in Figures 3.5 through 3.7 demonstrate that the BOS

technique resulted in varying levels of success. The BOS technique was used to image
flow with two fans, an axial vane fan and a custom built axial flow fan. A space heater
was used in various trials to enhance visualization of the airflow. Two backgrounds
consisting of black and white stripes and an imitation rock pattern were used in
conjunction with the fans. Images utilizing the heater that were captured from both the
axial vane fan and axial flow fan are displayed in Figures 3.5 and 3.6 respectively.
These figures clearly display the heated flow moving into each fan intake. In contrast,
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the trials executed with the heater using the rock background as well as without the heater
for both backgrounds were not able to fully render any flow. An example of this issue
can be seen in Figure 3.7.
This outcome shows that the BOS technique can clearly display airflow under the
correct conditions. As a result, the potential for large scale application of this technology
does exist. However, the lack of success using the imitation rock background in all trials
indicates that problems must be present in the ability of the background pattern to
enhance the schlieren effect. This problem can be present in one of three forms:
insufficient spatial frequency, insufficient contrast, or a combination of all four areas.
The spatial frequency and contrast of the background pattern allow distortions caused by
the schlieren effect to be made apparent when the flow image is correlated to the static
image. If the pattern is unable to reveal the differences between the images, the flow
cannot be visualized. The rock background may lack the spatial frequency and contrast
needed to visualize the airflow at this scale. This issue may also be a factor in the
inability of the striped background to visualize the isothermal airflow from the fans.
The large scale underground implementation of the BOS technique using this
form of the experimental design is not feasible. Despite these problems, the successful
production of some schlieren images warranted further investigation into the BOS
technique for use in underground mine ventilation. The experiments could not proceed in
the current study of isothermal airflow due to the insufficient imaging sensitivity of the
BOS setup. As a result, the research of this BOS investigation changed to encompass the
imaging of higher pressure flows through ventilation controls.
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Chapter 4: Application of Qualitative BOS Analysis for Flow
through a Regulator
4.1

Description of Study
The following study seeks to evaluate the potential of the BOS technique for

imaging airflow through a regulator. Successful mine ventilation relies on ventilation
controls to operate at design specifications. If a single control malfunctions, the
effectiveness of the ventilation system can be drastically affected. Ventilation control
systems must be regularly maintained to ensure optimal effectiveness. Underground
environmental conditions, such as humidity, dust, ground movements, and water influx,
stress the integrity of ventilation controls. Visual inspections and regular maintenance
are currently the most effective means against this problem. However, even with regular
inspections, minor leaks can be missed due to the sheer volume of items that must be
examined. The best means of improving the performance of ventilation controls is to
increase the accuracy of inspections. This paper investigates a possible means of
attaining this objective through the BOS method. In addition to evaluating the imaging
ability of BOS, the experimental design will be concurrently validated. This validation
will be completed by comparing BOS images with traditional schlieren images. The
following sections contain a detailed description of the experimental setup and outlines
initial experimental efforts used for the investigation.

4.2

Experimental Design

4.2.1 BOS Equipment
The BOS technique in this experiment utilized a Nikon D700 digital camera, a
Nikkor AF-S 18 - 55 mm, and a BOS striped background. The camera imaged flow
induced by a 0.61 m (24 in) custom built axial flow fan. This fan is part of an exhausting
system and was attached to a 0.61 m (24 in) low turbulence wind tunnel. A sheet of
0.013 m (0.50 in) thickness plywood with a 0.051 m (2 in) diameter hole at its center was
44

affixed to intake end of the wind tunnel. This attachment served as the model regulator
for this experiment. The camera was mounted to a tripod to ensure image stability and
image consistency between the different pictures. A small space heater was implemented
in some of the trials to enhance the refractive index gradient of the moving air. The
heated air also served to identify sensitivity issues with the experimental design. The
BOS background employed in the experiment will now be explained.
Several background patterns were tested for schlieren imaging potential and
compatibility with this experiment before the final one was selected. All tested
background patterns can be found in Appendix A. The chosen background was
composed of a repeating pattern of vertical stripes whose colors alternate between black
and white. The striped pattern was drawn using a computer drafting program. The
pattern was then plotted and affixed to a foam poster board 0.81 m (32 in) by 1.02 m (40
in) in size. This pattern‟s alternating light-dark contrasting color scheme created an ideal
interface for BOS images. An example of the striped background installed in the
experimental setup can be seen in Figure 4.1.

Figure 4.1. BOS striped background used to image regulator airflow.
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4.2.2 Single Mirror Schlieren Equipment
The traditional schlieren aspect of the following experiment utilized the single
mirror method. The experimented implemented a Nikon D700 camera with an AF-S VR
II Nikkor 300mm f/2.8G IF-ED super telephoto lens used in conjunction with a 0.15 m (6
in) optical grade concave spherical mirror with a focal length of 1.50 m (59 in). The
knife-edge obstruction consisted of a single, thin stainless steel plate. This plate was used
to partially block the beam from the point light source. The point light source was
custom built and consists of an LED capable of producing 180 lumens at 700 milliamps
(mA). This system will be used to image the same flow described in the previous section.
4.2.3 Experimental Setup
The setup for the BOS imaging experiment will be covered first. The plywood
regulator was affixed to the fan inlet so that the center of the hole aligned with the
centerline of the fan inlet. The schlieren background was placed approximately 0.46 m
(18 in) behind the centerline of the axial flow fan. The background was oriented so that
the longest side was parallel to the airflow. The stripes faced toward the camera‟s lens.
The Nikon D700, using a Nikkor AF-S 18 - 55 mm lens, was mounted on a tripod and
placed approximately 0.51 m (20 in) in front of the centerline of the fan. The space
heater was oriented so that its face (i.e. heat outlet) pointed toward the regulator hole.
This orientation allowed the heated air to flow directly into the regulator opening. The
heater was placed approximately 0.46 m (18 in) from the inlet of the fan. These distances
were selected based on setups used by previous researchers in conjunction with
constraints set by the architectural layout of the laboratory. The axial flow fan is installed
on the floor in the center of the room. Another wind tunnel is permanently mounted on
the floor directly adjacent to the axial flow fan. Figure 3.3 in Section 3.2.3 displays the
layout of the laboratory as viewed from the southeast corner of the room.
The research conducted in the BOS studies introduced in Section 2.5 suggests
that the highest quality BOS images are produced in one of two manners: capturing the
flow using a telephoto lens or imaging at close range with a short focal length lens (e.g.
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35 mm lens). The telephoto lens technique was eliminated as a viable alternative to the
18 – 55 mm lens due to its inability to image heated airflow with the striped background.
The unsuccessful experiments using the telephoto lens can be found in Appendix C.
This issue is discussed further in Section 4.4. The camera was placed as close as possible
to the target flow while being able to simultaneously focus the regulator, background, and
heater into a single frame as well as avoid the obstruction created by the adjacent wind
tunnel. In order to ensure imaging consistency, these distances between the BOS
imaging elements were duplicated for all images of the flow. Thus, the experimental
setup is unique to this specific BOS study. A diagram of the BOS setup can be seen in
Figure 4.2.

Figure 4.2. BOS experimental setup.

The setup for the single mirror schlieren system will now be explained. The
concave spherical mirror was placed approximately 0.051 m (2 in) from the centerline of
the regulator. The face of the mirror was oriented perpendicular to the direction of
airflow. The D700 was then affixed with the 300 mm telephoto lens and mounted onto a
tripod. The lens was pointed toward the face of the mirror. The tripod was positioned so
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that the face of the lens was located two mirror focal lengths, or 3 m (118 in), from the
face of the mirror. The LED was positioned next to the camera so that the front surface
of the bulb was flush with the front of the telephoto lens. Thus, the front of the light
source would also be located two focal lengths away from the concave mirror.
The beam was oriented so that it reflected off the center of the mirror and into the
center of the lens. The reflected beam thus projected an identical real image of the LED
onto the face of the lens. The knife-edge was then positioned in front of the lens in a
manner that intercepted the majority of the reflected light. The space heater was oriented
so that its face (i.e. heat outlet) pointed toward the regulator hole and fan inlet. This
orientation allowed the heated air to flow directly into the regulator opening. The heater
was positioned approximately 0.46 m (18 in) from the inlet of the fan. A diagram of the
single mirror setup can be seen in Figure 4.3.

Figure 4.3. Single mirror schlieren experimental setup.
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4.2.4 Procedures
The BOS experimental procedures will be covered first. The camera was
positioned so that the background, regulator inlet, and heater were framed in the
photograph. Subsequently, the camera was focused so that both the BOS background and
the desired schlieren image plane were clear. The static system was then captured with
the camera several times using various lighting schemes, flash modes, aperture sizes, and
shutter speeds. A full index of static system images can be found in Appendix C. In
these photos, both the fan and the heater were shut down. This picture served as the
reference image for BOS processing. All other photographs were electronically
correlated to the reference image. Several photos were then taken with the fan and the
heater activated in varying combinations using the same series of camera settings (i.e.
settings used to capture the static system). After collecting these pictures, they were
processed through GIMP v2.6, an open source image manipulation program.
The flow image was first overlaid on the static image. The processing program‟s
“difference” function was then used to detect the variation between the static photo and
the flow photo. The two photos were then merged. A Gaussian blur filter was applied to
remove the striped texture from the photo that was produced from the merge. The
picture‟s contrast was then enhanced using the Retinex function. After the Retinex
enhancement was completed, the contrast curves were adjusted to provide the optimum
presentation of the schlieren effect. The full BOS process is visually represented in
Figure 4.4.

Capture static system image

Capture flow image

Apply a difference filter to
detect pixel changes
between the static system
and flow image

Merge the static and flow
photos

Apply a constrast
enhancement filter to
enhance the schlieren
distortion

Use contrast curves to
improve the visualization of
the schlieren effect

Overlay flow image over
static system image

Apply a blur filter to
remove noise created by the
background pattern

Export the final image

Figure 4.4. Procedures used to capture and produce BOS images.
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The post-processed images from this experiment are displayed in Section 4.3. The single
mirror experimental procedures will now be discussed.
The camera was focused so that the mirror, regulator inlet, and heater were
framed in the picture. The system was calibrated using an active soldering iron. The iron
was placed approximately 0.051 m (2 in) in front of the mirror. The lens was then
adjusted so that the soldering iron was in focus. The knife-edge was adjusted until the
heat from the soldering iron could be clearly imaged. An example of the calibration
system can be seen in Figure 4.5.

Figure 4.5. Single mirror schlieren system being calibrated using
the heat distortion created by an active soldering iron.

Once the calibration was complete, the fan and heater were activated in various
combinations and captured with the camera. The resulting images are displayed in
following section.

4.3

Schlieren Imaging Results
The experiment delivered many different images with varying levels of success.

The BOS and traditional schlieren techniques used in this experiment were able to
visualize airflows that were enhanced by the space heater. The remaining trials in which
only the fan was active did not provide conclusive results. Out of the many BOS images,
two images will be discussed. These images accurately reflect the strengths and
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weaknesses of this investigation. These images will be compared to their counterparts
captured using the single mirror system. Figure 4.6 displays the pre-processed photo of
the experimental setup. Figure 4.7 shows the post-processed image generated using an
ISO of 200, an f-stop of f/4.2, and the flash engaged.

Figure 4.6. Pre-processed image of BOS experimental setup.

Figure 4.7. Processed BOS image captured using an ISO of 200, an f-stop of f/4.2, and the
flash engaged.
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As can be seen in the previous figures, the heated portion of the airflow is
immediately apparent. The distortion that appears in the image is created by the hot air
exiting the heater and moving into the regulator inlet. A pressure drop of approximately
996 Pascals (4.0 in H2O) was measured across the regulator. The schlieren image result
was confirmed by executing additional trials with the same experimental procedures.
The image of no airflow and heated airflow using the single mirror system is displayed in
Figure 4.8 and 4.9 respectively.

Figure 4.8. Photo of concave spherical mirror when no flow is present.

Figure 4.9. Schlieren image captured of the heated flow using the single mirror system.
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The heated air shown in the previous figure is again apparent. The air can be seen
entering the regulator from the right. The pattern exhibited by the airflow is identical to
the pattern imaged by the BOS image. The distortion is characteristic of the small
vortices associated with turbulent airflow. Despite the success of the heated air trails,
neither the BOS nor the single mirror technique could image the unheated airflow.
Figures 4.10 and 4.11 display images captured without the heater using the BOS
technique and single mirror schlieren technique respectively.

Figure 4.10. Processed BOS image with heater deactivated.

Figure 4.11. Schlieren image captured using the single mirror system with heater deactivated.

As can be seen in the previous figures, no obvious flow is present in the images.
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4.4

Discussion
The images presented in Figures 4.6 through 4.11 demonstrate that the BOS

technique resulted in varying levels of success in this experiment. BOS was used to
image airflow through a model plywood regulator induced by a custom built axial flow
fan. A space heater was used in various trials to enhance visualization of the airflow and
identify sensitivity problems. A single background consisting of alternating black and
white stripes served as the schlieren background for the Nikon D700 camera. A second
set of images using a single mirror schlieren system were captured to validate the BOS
technique designed for this experiment.
The BOS image of heated air is displayed in Figure 4.7. The heated
airflow image captured by the traditional system is shown in Figure 4.9. These figures
clearly display the heated flow moving into the regulator from the right. The single
mirror image is clearly comparable to the one created with the BOS method. This
similarity can be seen in the small vortices characteristic of turbulent flow that are
visualized in the traditional image. Therefore, the BOS images of the heated trials do
accurately represent the airflow through the regulator. Thus, this experimental technique
is validated. However, the result does not confirm the validity or feasibility of utilizing
BOS for analyzing unheated flows.
This conflict arises from the inability of BOS to fully render the unheated airflow.
An example of this issue can be seen in Figure 4.10. This result is confirmed by the
single mirror system image presented in Figure 4.11. The unsuccessful imaging of the
flow through the regulator is likely due to the sensitivity threshold of the laboratory
equipment. The pressure drop of 996 Pa (4.0 in H2O) across the regulator did not create a
sufficient refractive gradient for both the BOS and single mirror schlieren systems.
Although auto compression from the reduction of inlet surface area does result in a
temperature change, the resulting refractive differential still needed to be enhanced by the
space heater. This outcome suggests that the airflow through the regulator can be imaged
even without the use of a heater as long as a large pressure differential exists (i.e.
surrounding air is colder than flowing air). The ability to image airflows was found to be
dependent on the consistency of atmospheric conditions.
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The BOS images utilized the 18 – 55 mm lens while the traditional schlieren
images utilized the telephoto lens. The telephoto lens was tested with the BOS system,
but this lens was not able to image isothermal airflow or heated airflow. Although he
basic principles of BOS suggest that a telephoto lens may be used to image transparent
flows, this type of lens was unsuccessfully implemented in this experiment. This
negative result does not discount the prior BOS studies that have utilized telephoto lenses
but has rather discovered the sensitivity of the BOS system to changes in atmospheric
conditions. The trials that utilized that telephoto lens can be found in Appendix C.
In order to focus the regulator, background, along with the heater in a single
frame, the focal length of the lens forced the camera to be set up through the main
entrance and just outside the confines of the laboratory. The laboratory is equipment
with an environmental control system that regulates temperature and humidity. A
maintenance area is present just beyond the laboratory‟s main entrance. This
maintenance area contains numerous pieces of industrial machining equipment that
produce heat. The environmental conditions of the maintenance area are unregulated and
are therefore subject to the level of equipment use and outside weather conditions.
This outcome demonstrates that this BOS technique is valid for imaging the
schlieren effect caused by heated airflows. However, the validation for the unheated
airflow trials is inconclusive due to the inability of either system to image the flow.
However, the potential still exists for the imaging of gases with a higher refractive
difference from air. As a result, the focus of this BOS investigation was changed to the
imaging of methane.
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Chapter 5: BOS Imaging of Methane Emissions
5.1

Methane Storage and Emission
Coal is produced from the accumulation of plant matter in very specialized

depositional environments. Over the course of geologic time, these layers of plant debris
can be exposed to certain magnitudes of pressure and temperature. If environmental
conditions are optimal for coalification, or the process by which coal is produced from
decomposing vegetation, the plant matter will be altered to form peat. Peat can then be
transformed into lignite, sub-bituminous, bituminous, semi-anthracite, anthracite, or
meta-anthracite coals depending on pressure, temperature, and time. The coalification
process is composed of a biochemical phase that is followed by a geochemical phase, or
alternatively, a metamorphic phase. During the geochemical or metamorphic stage, the
carbon content is increased while the hydrogen and oxygen contents are decreased. As a
result, methane, carbon dioxide, and water are produced as byproducts. Water is rapidly
lost while carbon dioxide and methane are retained in internal coal structures [3].
The stored methane exists as a free gas and as an adsorbed gas. The free gas is
contained in the pore spaces and fracture networks of the coal as freely moving
molecules. The remaining methane exists as adsorbed gas on the internal surface area of
the coal. This adsorbed methane becomes packed and stored as a monomolecular layer
on these surfaces. The great majority of methane is stored in this manner. Undisturbed
coal deposits naturally create a pressure equilibrium that prevents methane from
desorbing [2]. Gases can thus be indefinitely contained within in-situ coal as long as the
equilibrium exists.
The advancement of underground mine workings exposes coal to the atmosphere.
The bond between methane and coal is broken by the resulting pressure gradient. This
gradient causes methane to desorb from the coal [3]. Despite modern advancements in
quantitative methane monitoring technology, little is known about the qualitative aspects
of methane desorption. Questions about the manner in which methane desorbs from coal
are left unanswered due the highly dynamic mechanism of methane emission.
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This complexity stems from the interactions between methane and coal‟s nano
and meso-structures. Coal can be classified as a solid that is composed of a multi-scale,
fractal-type, ramified internal surfaces. This type of internal structure contains a system
of pores, cracks, fissure, and voids that form intricate paths to the external boundaries of
the coal. The system as a whole can be referred to as a filtration volume in which
methane is pressurized as a result of natural compression and chemical interaction [65].
This random introduction of methane to coal causes the creation of completely
unique desorption potentials in all coal deposits. The pressure in undisturbed coal beds
can range from atmospheric at sea level to several megapascals (MPa) [65]. As a result,
desorption potential, or methane content, of different coal deposits can only be accurately
classified through physical data collection. Geophysical techniques do exist to survey
un-sampled coal deposits, but these methods are not as accurate. Although techniques
exist to quantify methane content, this property is different from the actual emission rate
of methane from exposed coal.

5.2

Discussion of Study
Emission rates have been modeled using numerical simulation techniques, but the

complexity of the methane migration mechanism still requires physical data to achieve
higher accuracy [66]. This complexity stems from the fact that methane emission rates
also encompass a kinetic aspect. Once a pressure differential appears, methane migrates
through coal by means of diffusion and filtration. Diffusion, or the movement of
molecules from high concentration areas to low concentration areas, occurs only over
short distances. Long-term mass transfer of methane is facilitated by diffusion. In
filtration, methane gas navigates through the internal system of pores, cracks, and voids
until it reaches the source of the pressure differential [65].
This process is driven by the severity of the pressure differential and the methane
replenishment ability of the coal. Furthermore, methane emission can be greatly affected
by the presence geologic anomalies, such as the degree of metamorphism, the depth of
bedding, and the occurrence of geologic structures (i.e. faults and intrusions) [66].
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Methane desorption rates of Pittsburgh Coal in the size range of 180 to 200 mesh were
generated by the Bureau of Mines. The results of this study can be found in Figure 5.1.

Figure 5.1. Desorption curve for Pittsburgh Coal, 180 to 200 mesh [67].

The desorption cure shown in Figure 5.1 is unique to the Pittsburgh Coal sample
and size distribution used in the study. This curve will change with coal type, location,
and size [67]. Thus, the methane emission rates of coal deposits are highly variable and
difficult to predict. This study seeks to investigate the feasibility of using the BOS
technique for imaging methane flow.

5.3

Experimental Design

5.3.1 BOS Equipment
The BOS method for visualizing flow requires two pieces of equipment, a
professional quality digital camera coupled with an artificial schlieren background. For
this experiment, a Nikon D700 digital camera was used in conjunction with a BOS
striped patterned background. This pattern was selected for this experiment due to its
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prior success in the BOS studies described in Chapters 3 and 4. The camera was used to
image pure methane flow from a laboratory grade methane gas cylinder to verify the BOS
technique for generating schlieren images in this experiment. The camera was mounted
to a tripod to ensure image stability and image consistency between the different pictures.
Once the procedure was validated, the BOS system was used to capture images of a setup
designed to simulate transparent inhomogeneous flow though a permeable material.
When rendered in aerosol at a barometric pressure of 101,325 Pa and a
temperature of 0°C, methane has a refractive index of approximately 1.000444 [68]. The
index will vary with different atmospheric conditions, which modifies the gas‟ density
distribution independently of flow. Under controlled laboratory conditions, the index is
not expected to change by more than ± 0.000156 according to the relationship displayed
in Equation 2.7 [69]. This phenomenon is discussed in Section 2.3.1. The BOS
background employed in the experiment will now be explained.
5.3.2 BOS Background
A striped BOS background was selected due to its success for imaging heated
airflows in the previously introduced BOS experiments. This background was composed
of a repeating pattern of 0.003 m (0.118 in) wide stripes whose colors alternate between
black and white. The striped pattern was drawn using a computer drafting program and
oriented so that they were parallel with the horizontal. The pattern was then plotted and
affixed to a foam poster board 0.81 m (32 in) by 1.02 m (40 in) in size. This pattern‟s
alternating light-dark contrasting color scheme created an ideal interface for BOS images.
An example of the striped background installed in the experimental setup can be seen in
Figure 5.2 on the following page.
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Figure 5.2. BOS striped background installed in the experimental setup.

5.3.3 Experimental Setup
The imaging area consisted of the schlieren background located within an
exhausting fume hood. The stripes faced toward the camera‟s lens. An AF-S VR II
Nikkor 300 mm f/2.8G IF-ED super telephoto lens was attached to the camera. The
camera was then mounted on a tripod and placed approximately 3.76 m (148 in) in front
of the schlieren image plane. Flow was imaged by placing the target methane producing
object within the schlieren image plane. A diagram of the BOS setup can be seen in
Figure 5.3 on the following page.
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Figure 5.3. BOS imaging setup.

For imaging pure methane flow, a laboratory grade methane gas cylinder was
affixed with a high purity regulator for precise control of output pressures. A 0.0064 m
(0.25 in) diameter copper tube was attached to the regulator to serve as a connection point
for a flexible plastic tube. The flexible tube served as an outlet for the methane and
allowed the gas to be applied anywhere within the area of the fume hood. A 0.0064 m
(0.25 in) flexible plastic tube was affixed to the end of the copper tube using a male-male
hose barb. The methane in both experiments was piped to flow out of the tube and into
the fume hood for safety purposes. The flexible tube was then affixed to a stationary
object and oriented vertically in the fume hood. The flow exiting the tube was imaged by
the BOS system.
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The images of methane flow through permeable material were prepared by first
drilling a 0.0064 m (0.25 in) diameter hole in the center of a 0.070 m (2.75 in) diameter
sandstone core sample. The hole was drilled to a depth of approximately 0.070 m (2.75
in) into the 0.14 m (5.5 in) long core sample. A length of flexible tube was fully inserted
into the core sample through the drilled hole. The tube was then sealed in place with
ventilation grade silicon adhesive to prevent leakage from the immediate injection area.
When opened, the regulator injected methane into the center of the core sample. The
methane that exited the through the sandstone‟s porous openings was imaged by the BOS
system. Imaging methane flow through a coal sample would have been preferable, but
the friability of coal greatly increased the difficulty of the experimental setup. Sandstone
was chosen because it allowed for a reasonable flow of methane. The sample was also
easily drilled and sealed thus reducing the time needed for sample preparation. The core
sample placed in the schlieren image plane can be seen in Figure 5.4.

Airtight Sealant

Flexible Tube Outlet

Figure 5.4. Sandstone core sample placed within the BOS imaging system.
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5.3.4 Procedures
The outlet of the flexible tube was first placed in the BOS imaging area under the
fume hood. The camera was oriented so that the methane outlet and background were
framed in the photograph. Subsequently, the camera was focused so that both the BOS
background and the outlet of the flexible tube were clear. The static system was then
captured with the camera several times using various flash modes, aperture sizes, and
shutter speeds. In these photos, the methane cylinder was secured and the regulator was
closed. These initial pictures served as the reference images for BOS processing. All
other photographs were electronically correlated to the reference images.
Several photos were then taken with the gas regulator open and injecting methane
at an outlet pressure of 207,000 Pa (30 psi). Once the images were captured, the methane
cylinder was closed. The flexible tube was then disconnected and taken out of the fume
hood. The flexible tube and the sandstone core sample were then affixed to the methane
cylinder and placed in the image plane. As before, the static system was first captured.
These images were followed by a series of photos the regulator open at an outlet
pressures ranging from 138,000 Pa (20 psi) to 345,000 Pa (50 psi) to simulate flow
through a permeable material. These injection pressures were chosen in order to account
for the lower spectrum of pressures found in coal deposits so that the sensitivity threshold
of the BOS system could be evaluated [70]. After collecting the pictures from both
systems, the images were processed through GIMP v2.6, an open source image
manipulation program.
The flow image was first overlaid on the static image. The “difference” function
was then used to detect the variation between the static photo and the flow photo. This
function removes the colors of the selected photo from the background photo thereby
isolating the change in pixels from the static system to the dynamic system. The two
photos were then merged. The image contrast was enhanced using a Retinex function.
The Retinex algorithm enhances the visual rendering of an image in low lighting
conditions. Contrast curves were then adjusted to provide the optimum presentation of
the schlieren effect. A visual representation of this process can be seen in Figure 4.4.
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5.4

BOS Photographic Results
The experiment delivered many images with varying levels of clarity. The BOS

technique used in this experiment was able to visualize methane flow from both the direct
release system and the sandstone core sample. Two images will be discussed in the
following section. These images accurately reflect the result of this investigation. A full
index of images capture in this experiment can be found in Appendix D. These images
will be compared to their unprocessed counterparts captured prior to image enhancement.
Figure 5.5 shows the pre-processed image of pure methane flow in low light generated
using an ISO of 1,000, an f-stop of f/5, and the flash engaged.

Figure 5.5. Pre-processed image of methane flow at an outlet pressure of 207,000 Pa
(30 psi).

As can be seen in the Figure 5.5, the methane exiting from the end of the tube is
not apparent. This result is consistent with the fact that methane is a colorless, odorless,
and tasteless gas, which cannot be visualized with the human eye alone. Figure 5.6
shows the post-processed image of pure methane flow generated in low light using an
ISO of 1,000, an f-stop of f/5, and the flash engaged.
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Figure 5.6. Post-processed image of methane flow at an outlet pressure
of 207,000 Pa (30 psi).

The methane flow out of the tube is immediately apparent in Figure 5.6. The
distortion that appears in the image is created by the methane exiting the tube and
flowing into the BOS imaging plane. The sharp difference in the refractive gradient of
methane from the surrounding air makes this visualization possible. This result was
confirmed by executing additional trials with identical settings and procedures. Figure
5.7 shows the pre-processed image of methane flow from the simulated desorption
system generated in low light using an ISO of 1,000, an f-stop of f/5, and the flash
engaged.

Figure 5.7. Pre-processed image of simulated methane desorption at
an outlet pressure of 345,000 Pa (50 psi).
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As can be seen in the previous figure, the methane flow through the porous sandstone
core sample is not apparent to the naked eye. This result is identical to the image
displayed in Figure 5.5. Figure 5.8 shows the post-processed image of methane flow
through the porous sandstone generated in low light using an ISO of 1,000, an f-stop of
f/5, and the flash engaged.

Figure 5.8. Post-processed image of simulated methane desorption at an outlet pressure of 345,000 Pa
(50 psi).

The methane in Figure 5.8 is very apparent. The gas can be seen exiting the
sandstone core sample from the upper sides of the sandstone. The pattern exhibited by
the methane flow is similar to the pattern shown in Figure 5.6. However, the pattern in
Figure 5.6 is more characteristic with the vortices seen in turbulent flow. This difference
is consistent with the fact that methane flow through the sandstone is more tortuous and
is exiting from an increased surface area. As a result, the gas slowly escapes from the
injection area and out into the atmosphere. This behavior may more closely approximate
methane emissions from coal.
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5.5

Discussion
The images presented in Figures 5.5 through 5.8 demonstrate that the BOS

technique was successfully able to image methane desorption in this study when the
appropriate post-processing techniques were used. The BOS technique was used to
image methane flow from two sources, a laboratory grade gas cylinder and a simulated
coal desorption system. A repeating pattern consisting of alternating black and white
stripes served as the schlieren background for the Nikon D700 camera. The BOS images
of pure methane flow from the gas cylinder were captured to confirm the ability of BOS
technique designed for this experiment to image methane flow. The BOS image of pure
methane flow is displayed in Figure 5.6. This figure clearly displays the methane exiting
the outlet of the flexible tube. This procedure was repeated numerous times using
varying planes of focus to certify that the distortion seen in the post-processed figures
were in fact methane. The results of these trials can be found in Appendix D. Also, the
repeated trails eliminated the possibility of contamination in the schlieren images due to
gases other than methane. The pure methane photograph is comparable to the one
created with the simulated desorption system.
The imaging of the desorption system used an identical setup to the pure methane
test. These images were also captured in nine separate trials with varying focus planes in
order to ensure consistency and accuracy. The consistency of BOS images of the
desorption system in subsequent trials show that these images do accurately represent
methane flow. The continuity in the results confirms that contamination from other
schlieren sources, such as stray streams of heated air, is improbable. The ability to image
methane even at low injection pressures (i.e. 20 psi) demonstrates that actual methane
desorption from coal can potentially be imaged. This result can only be conjectured
because of a lack of research in the area of methane emission. Although a plethora of
data is available regarding methane quantity in coal, little is known about the emission
characteristics. Thus, a comparison with methane emission values from literature cannot
be made due to this lack of research. Despite this issue, the experimental results suggest
that BOS can be feasibly utilized to image methane emissions from coal in an
underground mine.
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Chapter 6: Conclusions
This study evaluated the potential of background oriented schlieren (BOS) for
improving the data gathering process in underground mine ventilation surveys. This
investigation specifically concentrated on the qualitative data gathering potential of BOS
technology. Although quantitative techniques exist, this type of analysis was not pursued
due to the complex nature of the experimental design. The primary quantitative analysis
tool available for the evaluation of BOS images is particle image velocimetry (PIV). PIV
analysis is conducted by tracking the movement of turbulent structures from consecutive
BOS images. The tracking of particles is achieved through the use of custom developed
cross-correlation algorithms.
In order to apply PIV to BOS, the imaging system must be constructed using
exacting specifications. The imaging area must also follow such strict constraints so that
an accurate cross-correlation algorithm can be developed to represent the target flow.
The requirements of high precision and environmental control exclude PIV analysis as a
useful tool in underground mines. Additionally, BOS studies that have used PIV have
failed to produce useful quantitative results. This outcome is due to the relative
immaturity of PIV based BOS research. For these reasons, the use of PIV as an analysis
technique is eliminated for this study. A thorough discussion of PIV and its limitations
can be found in Section 2.5.4. The evaluation of BOS was completed in three main
phases: BOS imaging of two laboratory fans, BOS imaging of flow through a regulator,
and BOS imaging of methane emissions. These three experimental areas resulted in
varied levels of success and failure.
The first and second studies found that the flow induced by laboratory mine fans
and compressed flow through regulators respectively could not be imaged. The inability
of the BOS system to capture the flow was a result of either an insufficient refractive
index gradient or an inadequate refractive index contrast to the encompassing medium.
Thus, the sensitivity of this BOS system eliminates its potential to be a viable mine
airflow analysis tool. These unsuccessful imaging attempts prompted a major change in
focus for the BOS investigation to methane.
Methane flow was chosen due to its significance in underground coal mining and
its greater refractive potential as compared to air. The BOS system was able image
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methane flow in the third experiment. The processed BOS images clearly displayed the
methane escaping from the sandstone core sample with an injection pressure of 345,000
Pa (50 psi). Ironically, the lower sensitivity threshold, although a limiting factor in the
earlier airflow studies, facilitated the imaging of methane. If BOS sensitivity were
sufficient to image all airflows, such as those created by the exhausting fume hood, the
appearance of these flows would have interfered with the visualization of methane. A
detailed discussion of this imaging study can be found in Chapter 5. The successful
production of BOS images confirms the feasibility of this technique for methane imaging.
However, the large scale underground implementation of the BOS technique in its current
form is not yet confirmed due to a lack of full scale underground imaging data. BOS
methane imaging research should be pursued further due to the inherent benefits that can
be gained.
At present, even with numerical models, the exact concept of how methane flows
from a mined surface of coal is unknown. Although the presence of methane and the
percent concentration in the air can be detected, the points at which methane flows from
the coal cannot be accurately ascertained. This aspect is important because of the basic
mechanics of methane release. Once coal is excavated, a large quantity of methane is
first released due to the exposure of coal to atmosphere and the resultant pressure
gradient between the reservoir and the atmosphere. However, the rate of methane
released fluctuates randomly due to the coalification and pressurization processes. Even
greater complexity is added considering that methane flow rates are affected by internal
pore structures, equilibrated pressure, coal particle size, and geologic structures [67].
Once the main methane plume is released, the flow continues but is instead fed by
filtration through coal channels. Methane release by desorption is highly variable thereby
making identification of release points improbable with quantitative techniques [65].
Qualitative schlieren analyses provide insight into these problems. BOS has the ability to
provide unique information about the release of methane into underground mines. This
technique can show how methane actually desorbs from coal as it is mined. This
technique can be used to identify any methane fissures on coal surfaces that are releasing
methane into the mine.
Once the characteristics of methane flow are qualitatively identified, the data can
be used to improve ventilation equipment designs. This improvement can include
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optimizing the placement of methane sensors on continuous miners to increase the
effectiveness of early warning systems as well as enhance the placement of auxiliary
ventilation systems to better facilitate the dilution of methane. Additionally, BOS can be
used to demonstrate how the internal structural composition of coal and geologic
anomalies affect desorption mechanisms and emission rates of methane. The
aforementioned methane imaging experiments along with the two other experiments
conducted in this study have demonstrated the usefulness of BOS in underground mine
ventilation.
The first and second experiments showed that airflow with sufficient temperature
differentials from the surrounding atmosphere could be imaged effectively with BOS
techniques. Such differentials exist during certain seasons in the exhausting air from
underground mines. Successful imaging of exhausting air would most likely be achieved
during the peak summer or winter months where mine air is significantly colder or
warmer with respect to the atmosphere. The first experiment showed that a rock-type
pattern could not be used to image airflow in the laboratory. However, BOS imaging
using a rock background may still be successful if lighting conditions are modified to
enhance the contrast variability in the background. Furthermore, larger scale airflows
may be imaged with a rock background if the scale of the background is sufficiently
smaller than the flow pattern. A successful result could possibly be achieved when
imaging airflow from underground auxiliary ventilation systems.
The third experiment showed that clear images could be captured of methane
emissions even at low pressures. Such qualitative BOS information can be used in a
practical sense to optimize the procedures of ventilation surveys and design of ventilation
monitoring equipment. For example, images of methane flow in active mining areas can
be used to optimize the positioning of auxiliary ventilation equipment to dilute known
areas of high methane concentration. BOS images could also be used to re-evaluate the
placement of methane monitors on mining equipment to better facilitate the detection of
dangerous methane concentrations in active mining areas. For these reasons, further
investigation into the BOS technique for use in imaging underground airflows with
differential temperatures and methane emissions in underground coal mines is suggested
as an addendum to this study.
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Chapter 7: Future Work
BOS is still relatively immature and has applicability in many fields. In mine
ventilation, two areas of improvement were chosen due to their helpfulness in advancing
the BOS technique introduced in this study: experimentation in an underground mine and
evaluation of background oriented optical tomographic techniques for mine ventilation.
In addition to the BOS experiments conducted in this study, the next logical progression
is to perform large scale field testing. This type of testing can be completed as a
concluding extension to the airflow studies in Chapters 4 and 5 as well as the methane
study introduced in the methane experiment discussed in Chapter 5. Underground field
testing can determine the viability of the BOS technique in coal mine ventilation.
Concurrent evaluations could also be made regarding the ability of BOS to image
methane against the natural backdrop of coal. The original experiment could not evaluate
the large scale viability of the BOS system in this manner due to the inability of the
laboratory setup to reproduce the exact characteristics of methane desorption from coal.
This limitation in the experimental design can thus be remedied by applying this
experiment‟s specific BOS technique to freshly mined coal. Successful imaging of this
scenario will serve as a more comprehensive evaluation. The second possible area of
study is optical tomography.
Tomography, in general, is an analysis technique that produces three-dimensional,
virtual reconstructions of the internal structure and composition of objects. This
reconstruction is created from the observation, recording, and examination of the passage
of energy waves or radiation through a target object. Tomography is a complementary
technology to already prevalent energy based observation devices. These devices include
radar, sonar, lidar, echographs, and seismographs. Tomographic systems use the
information gathered by the aforementioned systems to calculate physical parameters
with respect to the spatial information of the data. Tomography utilizes inverse theory to
image the interior of an object or mass [56]. This description encompasses a wide variety
of tomographic analysis methods. The one method of direct interest to BOS is optical
tomography.
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Background oriented optical tomography (BOOT) can be used to expand the
scope of the BOS technique used in this study by providing three-dimensional renderings
of flow. BOOT utilized radon transform algorithms to analyze light deflections caused
by the density gradient field with respect to the line of sight [50]. This type of imaging
would be especially helpful in the qualitative analysis of methane desorption because of
its ability to image the plume with depth and spatial positions. However, studies of
BOOT are still in early stages and must overcome such issues as accurately imaging
three-dimensional flow with variable background topologies [52]. As can be
demonstrated by the previous discussion, continuation of the BOS study for underground
mine ventilation in either large scale testing or BOOT would serve to advance this
technology.
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Appendix A: Schlieren Background Pattern
Evaluations
A.

Figure A.1. Coarse Random Line Pattern

Figure A.2. Fine Random Line Pattern
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Figure A.3. Coarse Zigzag Pattern

Figure A.4. Fine Zigzag Pattern
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Figure A.5. Coarse Honeycomb Pattern

Figure A.6. Fine Honeycomb Pattern
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Figure A.7. Coarse Crisscross Line Pattern

Figure A.8. Fine Crisscross Line Pattern
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Figure A.9. Coarse Rotating Rectangle Pattern

Figure A.10. Fine Rotating Rectangle Pattern
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Figure A.11. Coarse Triangle Pattern

Figure A.12. Fine Triangle Pattern
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Figure A.13. Coarse Brick Pattern

Figure A.14. Fine Brick Pattern
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Figure A.15. Coarse Noise Pattern

Figure A.16. Fine Noise Pattern
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Figure A.17. Coarse Rock Pattern

Figure A.18. Fine Rock Pattern
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Figure A.19. Coarse Checkerboard Pattern

Figure A.20. Fine Checkerboard Pattern
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Figure A.21. 1 in Wide Stripe Pattern

Figure A.22. 0.5 in Wide Stripe Pattern
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Figure A.23. 0.2 in Wide Stripe Pattern

Figure A.24. 0.1 in Wide Stripe Pattern
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Figure A.25. 0.05 in Wide Stripe Pattern

Figure A.26. 0.025 in Wide Stripe Pattern
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Appendix B: Experimental Details for BOS
Analysis of Ventilation Laboratory Fans
B.
Table B.1. Index of experimental parameters and camera settings used for pre-processed photos.
Experimental Parameters

Date
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/8/2010
1/8/2010
1/8/2010
1/8/2010
1/8/2010
1/8/2010
1/22/2010
1/22/2010
1/22/2010
1/22/2010
1/22/2010
1/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010

Background
Photo Airflow Heater
Type
1 Off
Off
Stripes
2 Off
Off
Stripes
3 On
On
Stripes
4 On
On
Stripes
5 Off
On
Stripes
6 Off
On
Stripes
7 Off
Off Imitation Rock
8 Off
Off Imitation Rock
9 Off
On Imitation Rock
10 Off
On Imitation Rock
11 On
On Imitation Rock
12 On
On Imitation Rock
1 Off
Off
Stripes
2 Off
Off
Stripes
3 On
On
Stripes
4 On
On
Stripes
5 Off
Off
Stripes
6 Off
Off
Stripes
7 Off
On
Stripes
8 Off
On
Stripes
9 On
On
Stripes
10 On
On
Stripes
DSC_0001 Off
Off
Stripes
DSC_0002 Off
Off
Stripes
DSC_0003 On
Off
Stripes
DSC_0004 On
Off
Stripes
DSC_0005 On
On
Stripes
DSC_0006 On
On
Stripes
DSC_0018 Off
Off
Stripes
DSC_0019 Off
Off
Stripes
DSC_0020 On
Off
Stripes
DSC_0021 On
Off
Stripes
DSC_0022 On
On
Stripes
DSC_0023 On
On
Stripes
DSC_0162 Off'
Off
Stripes
DSC_0163 Off
Off
Stripes
DSC_0164 On
Off
Stripes
DSC_0165 On
Off
Stripes
DSC_0166 On
On
Stripes
DSC_0167 On
On
Stripes
DSC_0168 Off
Off Imitation Rock
DSC_0169 Off
Off Imitation Rock
DSC_0170 On
Off Imitation Rock
DSC_0171 On
Off Imitation Rock
DSC_0172 On
On Imitation Rock
DSC_0173 On
On Imitation Rock

Camera Settings

Shutter
Speed
Lighting Scheme Flash Focal Plane ISO Aperture
(s)
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent On Background 200
f/5.3
1/200
Overhead Fluorescent Off Background 200
f/5.3
1/200
Overhead Fluorescent Off Background 200
f/5.3
1/200
Overhead Fluorescent Off Background 200
f/5.3
1/200
Overhead Fluorescent Off Background 200
f/5.3
1/200
Halogen Spotlight
Off Background 250
f/5.3
1/200
Halogen Spotlight
Off Background 250
f/5.3
1/200
Halogen Spotlight
Off Background 250
f/5.3
1/200
Halogen Spotlight
Off Background 250
f/5.3
1/200
Halogen Spotlight
Off Background 280
f/5.3
1/200
Halogen Spotlight
Off Background 280
f/5.3
1/200
Overhead Fluorescent On Background 800
f/5.3
1/60
Overhead Fluorescent On Background 800
f/5.3
1/60
Overhead Fluorescent On Background 800
f/5.3
1/60
Overhead Fluorescent On Background 800
f/5.3
1/60
Overhead Fluorescent On Background 800
f/5.3
1/60
Overhead Fluorescent On Background 800
f/5.3
1/60
Overhead Fluorescent Off Background 640
f/5.6
1/60
Overhead Fluorescent Off Background 640
f/5.6
1/60
Overhead Fluorescent Off Background 640
f/5.6
1/60
Overhead Fluorescent Off Background 640
f/5.6
1/60
Overhead Fluorescent Off Background 640
f/5.6
1/60
Overhead Fluorescent Off Background 640
f/5.6
1/60
Overhead Fluorescent Off Background 800
f/5.6
1/50
Overhead Fluorescent Off Background 800
f/5.6
1/50
Overhead Fluorescent Off Background 800
f/5.6
1/50
Overhead Fluorescent Off Background 800
f/5.6
1/50
Overhead Fluorescent Off Background 800
f/5.6
1/50
Overhead Fluorescent Off Background 800
f/5.6
1/50
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Figure B.1. Nikon D5000 photograph number 1 taken on 1/5/2010.

Figure B.2. Nikon D5000 photograph number 2 taken on 1/5/2010.
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Figure B.3. Nikon D5000 photograph number 3 taken on 1/5/2010.

Figure B.4. Nikon D5000 photograph number 4 taken on 1/5/2010.
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Figure B.5. Nikon D5000 photograph number 5 taken on 1/5/2010.

Figure B.6. Nikon D5000 photograph number 6 taken on 1/5/2010.
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Figure B.7. Nikon D5000 photograph number 7 taken on 1/5/2010.

Figure B.8. Nikon D5000 photograph number 8 taken on 1/5/2010.
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Figure B.9. Nikon D5000 photograph number 9 taken on 1/5/2010.

Figure B.10. Nikon D5000 photograph number 10 taken on 1/5/2010.

96

Figure B.11. Nikon D5000 photograph number 11 taken on 1/5/2010.

Figure B.12. Nikon D5000 photograph number 12 taken on 1/5/2010.
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Figure B.13. Nikon D5000 photograph number 1 taken on 1/6/2010.

Figure B.14. Nikon D5000 photograph number 2 taken on 1/6/2010.
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Figure B.15. Nikon D5000 photograph number 3 taken on 1/6/2010.

Figure B.16. Nikon D5000 photograph number 4 taken on 1/6/2010.

99

Figure B.17. Nikon D5000 photograph number 5 taken on 1/6/2010.

Figure B.18. Nikon D5000 photograph number 6 taken on 1/6/2010.
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Figure B.19. Nikon D5000 photograph number 7 taken on 1/6/2010.

Figure B.20. Nikon D5000 photograph number 8 taken on 1/6/2010.
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Figure B.21. Nikon D5000 photograph number 9 taken on 1/6/2010.

Figure B.22. Nikon D5000 photograph number 10 taken on 1/6/2010.
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Figure B.23. Nikon D5000 photograph number DSC_0001.

Figure B.24. Nikon D5000 photograph number DSC_0002.
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Figure B.25. Nikon D5000 photograph number DSC_0003.

Figure B.26. Nikon D5000 photograph number DSC_0004.
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Figure B.27. Nikon D5000 photograph number DSC_0005.

Figure B.28. Nikon D5000 photograph number DSC_0006.
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Figure B.29. Nikon D5000 photograph number DSC_0018.

Figure B.30. Nikon D5000 photograph number DSC_0019.
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Figure B.31. Nikon D5000 photograph number DSC_0020.

Figure B.32. Nikon D5000 photograph number DSC_0021.
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Figure B.33. Nikon D5000 photograph number DSC_0022.

Figure B.34. Nikon D5000 photograph number DSC_0023.
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Figure B.35. Nikon D5000 photograph number DSC_0162.

Figure B.36. Nikon D5000 photograph number DSC_0163.
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Figure B.37. Nikon D5000 photograph number DSC_0164.

Figure B.38. Nikon D5000 photograph number DSC_0165.
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Figure B.39. Nikon D5000 photograph number DSC_0166.

Figure B.40. Nikon D5000 photograph number DSC_0167.
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Figure B.41. Nikon D5000 photograph number DSC_0168.

Figure B.42. Nikon D5000 photograph number DSC_0169.
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Figure B.43. Nikon D5000 photograph number DSC_0170.

Figure B.44. Nikon D5000 photograph number DSC_0171.
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Figure B.45. Nikon D5000 photograph number DSC_0172.

Figure B.46. Nikon D5000 photograph number DSC_0173.
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Table B.2. Index of experimental parameters and camera
settings used for post-processed photos.

Date
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/5/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/6/2010
1/8/2010
1/8/2010
1/8/2010
1/8/2010
1/22/2010
1/22/2010
1/22/2010
1/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010
2/22/2010

Static
Photo

Flow
Photo

1
2
1
2
7
8
7
8
1
2
5
6
5
6
DSC_0001
DSC_0002
DSC_0001
DSC_0002
DSC_0018
DSC_0019
DSC_0018
DSC_0019
DSC_0162
DSC_0163
DSC_0162
DSC_0163
DSC_0168
DSC_0169
DSC_0168
DSC_0169

3
4
5
6
9
10
11
12
3
4
7
8
9
10
DSC_0003
DSC_0004
DSC_0005
DSC_0006
DSC_0020
DSC_0021
DSC_0022
DSC_0023
DSC_0164
DSC_0165
DSC_0166
DSC_0167
DSC_0170
DSC_0171
DSC_0172
DSC_0173

Flow
Distortion
is Visible
Yes
Yes
Yes
Yes
No
No
No
No
Yes
Yes
Poorly
Poorly
Poorly
Poorly
No
No
Yes
Poorly
No
No
Yes
Yes
No
No
Yes
Yes
No
No
No
No
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Figure B.47. Post-processed image using photographs 1 and 3 taken on 1/5/2010.

Figure B.48. Post-processed image using photographs 2 and 4 taken on 1/5/2010.
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Figure B.49. Post-processed image using photographs 1 and 5 taken on 1/5/2010.

Figure B.50. Post-processed image using photographs 2 and 6 taken on 1/5/2010.
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Figure B.51. Post-processed image using photographs 7 and 9 taken on 1/5/2010.

Figure B.52. Post-processed image using photographs 8 and 10 taken on 1/5/2010.
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Figure B.53. Post-processed image using photographs 7 and 11 taken on 1/5/2010.

Figure B.54. Post-processed image using photographs 8 and 12 taken on 1/5/2010.
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Figure B.55. Post-processed image using photographs 1 and 3 taken on 1/6/2010.

Figure B.56. Post-processed image using photographs 2 and 4 taken on 1/6/2010.
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Figure B.57. Post-processed image using photographs 5 and 7 taken on 1/6/2010.

Figure B.58. Post-processed image using photographs 6 and 8 taken on 1/6/2010.
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Figure B.59. Post-processed image using photographs 5 and 9 taken on 1/6/2010.

Figure B.60. Post-processed image using photographs 6 and 10 taken on 1/6/2010.
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Figure B.61. Post-processed image using photographs DSC_0001 and DSC_0003.

Figure B.62. Post-processed image using photographs DSC_0002 and DSC_0004.
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Figure B.63. Post-processed image using photographs DSC_0001 and DSC_0005.

Figure B.64. Post-processed image using photographs DSC_0002 and DSC_0006.
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Figure B.65. Post-processed image using photographs DSC_0018 and DSC_0020.

Figure B.66. Post-processed image using photographs DSC_0019 and DSC_0021.
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Figure B.67. Post-processed image using photographs DSC_0018 and DSC_0022.

Figure B.68. Post-processed image using photographs DSC_0019 and DSC_0023.
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Figure B.69. Post-processed image using photographs DSC_0162 and DSC_0164.

Figure B.70. Post-processed image using photographs DSC_0163 and DSC_0165.
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Figure B.71. Post-processed image using photographs DSC_0162 and DSC_0166.

Figure B.72. Post-processed image using photographs DSC_0163 and DSC_0167.
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Figure B.73. Post-processed image using photographs DSC_0168 and DSC_0170.

Figure B.74. Post-processed image using photographs DSC_0169 and DSC_0171.
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Figure B.75. Post-processed image using photographs DSC_0168 and DSC_0172.

Figure B.76. Post-processed image using photographs DSC_0169 and DSC_0173.
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Appendix C: Experimental Details for
Application of Qualitative BOS Analysis for
Flow through a Regulator
Table C.1. Index of experimental parameters and camera settings used for pre-processed photos.
Experimental Parameters

Camera Settings

Shutter
Speed
Date
Photo
Lens
Airflow Heater Lighting Scheme Flash
Focal Plane
ISO Aperture (s)
7/15/2010 DSC_0119 300 mm Telephoto Off
Off Overhead Fluorescent Off
Background
200
f/2.8
1/30
7/15/2010 DSC_0120 300 mm Telephoto Off
Off Overhead Fluorescent Off
Background
200
f/2.8
1/30
7/15/2010 DSC_0121 300 mm Telephoto Off
Off Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/30
7/15/2010 DSC_0122 300 mm Telephoto Off
Off Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/30
7/15/2010 DSC_0123 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
200
f/2.8
1/200
7/15/2010 DSC_0124 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
200
f/2.8
1/200
7/15/2010 DSC_0125 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
6400 f/7.1
1/200
7/15/2010 DSC_0126 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
6400 f/7.1
1/200
7/15/2010 DSC_0127 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
200
f/2.8
1/8000
7/15/2010 DSC_0128 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
200
f/2.8
1/8000
7/15/2010 DSC_0129 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
6400 f/7.1
1/8000
7/15/2010 DSC_0130 300 mm Telephoto On
Off Overhead Fluorescent Off
Background
6400 f/7.1
1/8000
7/15/2010 DSC_0131 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/200
7/15/2010 DSC_0132 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/200
7/15/2010 DSC_0133 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/200
7/15/2010 DSC_0134 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/200
7/15/2010 DSC_0135 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/8000
7/15/2010 DSC_0136 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/8000
7/15/2010 DSC_0137 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/8000
7/15/2010 DSC_0138 300 mm Telephoto On
Off Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/8000
7/15/2010 DSC_0141 300 mm Telephoto On
On Overhead Fluorescent Off
Background
200
f/2.8
1/200
7/15/2010 DSC_0142 300 mm Telephoto On
On Overhead Fluorescent Off
Background
200
f/2.8
1/200
7/15/2010 DSC_0143 300 mm Telephoto On
On Overhead Fluorescent Off
Background
6400 f/7.1
1/200
7/15/2010 DSC_0144 300 mm Telephoto On
On Overhead Fluorescent Off
Background
6400 f/7.1
1/200
7/15/2010 DSC_0145 300 mm Telephoto On
On Overhead Fluorescent Off
Background
200
f/2.8
1/8000
7/15/2010 DSC_0146 300 mm Telephoto On
On Overhead Fluorescent Off
Background
200
f/2.8
1/8000
7/15/2010 DSC_0147 300 mm Telephoto On
On Overhead Fluorescent Off
Background
6400 f/7.1
1/8000
7/15/2010 DSC_0148 300 mm Telephoto On
On Overhead Fluorescent Off
Background
6400 f/7.1
1/8000
7/15/2010 DSC_0149 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/200
7/15/2010 DSC_0150 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/200
7/15/2010 DSC_0151 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/200
7/15/2010 DSC_0152 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/200
7/15/2010 DSC_0153 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/8000
7/15/2010 DSC_0154 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 200
f/2.8
1/8000
7/15/2010 DSC_0155 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/8000
7/15/2010 DSC_0156 300 mm Telephoto On
On Overhead Fluorescent Off Center of Regulator 6400 f/7.1
1/8000

Table C.1 is continued on the next page.
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Experimental Parameters

Camera Settings

Shutter
Speed
Date
Photo
Lens
Airflow Heater Lighting Scheme Flash
Focal Plane
ISO Aperture (s)
9/30/2010 DSC_1800 18 - 55 mm Lens Off
Off
No Ambient Light
On
Background
200
f/4.2
1/60
9/30/2010 DSC_1801 18 - 55 mm Lens On
Off
No Ambient Light
On
Background
200
f/4.2
1/60
9/30/2010 DSC_1802 18 - 55 mm Lens On
On
No Ambient Light
On
Background
200
f/4.2
1/60
9/30/2010 DSC_1803 18 - 55 mm Lens Off
Off Overhead Fluorescent Off
Background
200
f/4.2
1/15
9/30/2010 DSC_1804 18 - 55 mm Lens On
Off Overhead Fluorescent Off
Background
200
f/4.2
1/15
9/30/2010 DSC_1805 18 - 55 mm Lens On
On Overhead Fluorescent Off
Background
200
f/4.2
1/15
9/30/2010 DSC_1806 18 - 55 mm Lens Off
Off
No Ambient Light
On
Background
200
f/4.2
1/250
9/30/2010 DSC_1807 18 - 55 mm Lens On
Off
No Ambient Light
On
Background
200
f/4.2
1/250
9/30/2010 DSC_1809 18 - 55 mm Lens On
On
No Ambient Light
On
Background
200
f/4.2
1/250
9/30/2010 DSC_1820 18 - 55 mm Lens Off
Off Overhead Fluorescent Off
Background
6400 f/4.2
1/1250
9/30/2010 DSC_1821 18 - 55 mm Lens On
Off Overhead Fluorescent Off
Background
6400 f/4.2
1/1250
9/30/2010 DSC_1822 18 - 55 mm Lens On
On Overhead Fluorescent Off
Background
6400 f/4.2
1/1250
9/30/2010 DSC_1824 18 - 55 mm Lens Off
Off Overhead Fluorescent Off
Background
200
f/29
2
9/30/2010 DSC_1825 18 - 55 mm Lens On
Off Overhead Fluorescent Off
Background
200
f/29
2
9/30/2010 DSC_1826 18 - 55 mm Lens On
On Overhead Fluorescent Off
Background
200
f/29
2
9/30/2010 DSC_1827 18 - 55 mm Lens Off
Off Overhead Fluorescent Off
Background
200
f/4.2
1/250
9/30/2010 DSC_1828 18 - 55 mm Lens On
Off Overhead Fluorescent Off
Background
200
f/4.2
1/250
9/30/2010 DSC_1829 18 - 55 mm Lens On
On Overhead Fluorescent Off
Background
200
f/4.2
1/250
9/30/2010 DSC_1835 18 - 55 mm Lens Off
Off Overhead Fluorescent Off
Background
200
f/16
0.77
9/30/2010 DSC_1836 18 - 55 mm Lens On
Off Overhead Fluorescent Off
Background
200
f/16
0.77
9/30/2010 DSC_1837 18 - 55 mm Lens On
On Overhead Fluorescent Off
Background
200
f/16
0.77
9/30/2010 DSC_1838 18 - 55 mm Lens Off
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/60
9/30/2010 DSC_1840 18 - 55 mm Lens On
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/60
9/30/2010 DSC_1841 18 - 55 mm Lens On
On
No Ambient Light
On Center of Regulator 200
f/4.2
1/60
9/30/2010 DSC_1842 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/15
9/30/2010 DSC_1843 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/15
9/30/2010 DSC_1844 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/15
9/30/2010 DSC_1845 18 - 55 mm Lens Off
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1846 18 - 55 mm Lens On
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1847 18 - 55 mm Lens On
On
No Ambient Light
On Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1848 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 6400 f/4.2
1/1250
9/30/2010 DSC_1849 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 6400 f/4.2
1/1250
9/30/2010 DSC_1850 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 6400 f/4.2
1/1250
9/30/2010 DSC_1851 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 200
f/29
2
9/30/2010 DSC_1852 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 200
f/29
2
9/30/2010 DSC_1853 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 200
f/29
2
9/30/2010 DSC_1854 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1855 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1856 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1857 18 - 55 mm Lens Off
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/60
9/30/2010 DSC_1858 18 - 55 mm Lens On
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/60
9/30/2010 DSC_1859 18 - 55 mm Lens On
On
No Ambient Light
On Center of Regulator 200
f/4.2
1/60
9/30/2010 DSC_1860 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/15
9/30/2010 DSC_1861 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/15
9/30/2010 DSC_1862 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/15
9/30/2010 DSC_1863 18 - 55 mm Lens Off
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1864 18 - 55 mm Lens On
Off
No Ambient Light
On Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1865 18 - 55 mm Lens On
On
No Ambient Light
On Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1866 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 6400 f/4.2
1/1250
9/30/2010 DSC_1867 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 6400 f/4.2
1/1250
9/30/2010 DSC_1868 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 6400 f/4.2
1/1250
9/30/2010 DSC_1869 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 200
f/29
2
9/30/2010 DSC_1870 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 200
f/29
2
9/30/2010 DSC_1871 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 200
f/29
2
9/30/2010 DSC_1872 18 - 55 mm Lens Off
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1873 18 - 55 mm Lens On
Off Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/250
9/30/2010 DSC_1874 18 - 55 mm Lens On
On Overhead Fluorescent Off Center of Regulator 200
f/4.2
1/250
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Figure C.1. Nikon D700 photograph number DSC_0119.

Figure C.2. Nikon D700 photograph number DSC_0120.
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Figure C.3. Nikon D700 photograph number DSC_0121.

Figure C.4. Nikon D700 photograph number DSC_0122.
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Figure C.5. Nikon D700 photograph number DSC_0123.

Figure C.6. Nikon D700 photograph number DSC_0124.
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Figure C.7. Nikon D700 photograph number DSC_0125.

Figure C.8. Nikon D700 photograph number DSC_0126.
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Figure C.9. Nikon D700 photograph number DSC_0127.

Figure C.10. Nikon D700 photograph number DSC_0128.
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Figure C.11. Nikon D700 photograph number DSC_0129.

Figure C.12. Nikon D700 photograph number DSC_0130.
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Figure C.13. Nikon D700 photograph number DSC_0131.

Figure C.14. Nikon D700 photograph number DSC_0132.
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Figure C.15. Nikon D700 photograph number DSC_0133.

Figure C.16. Nikon D700 photograph number DSC_0134.
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Figure C.17. Nikon D700 photograph number DSC_0135.

Figure C.18. Nikon D700 photograph number DSC_0136.
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Figure C.19. Nikon D700 photograph number DSC_0137.

Figure C.20. Nikon D700 photograph number DSC_0138.
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Figure C.21. Nikon D700 photograph number DSC_0141.

Figure C.22. Nikon D700 photograph number DSC_0142.

143

Figure C.23. Nikon D700 photograph number DSC_0143.

Figure C.24. Nikon D700 photograph number DSC_0144.
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Figure C.25. Nikon D700 photograph number DSC_0145.

Figure C.26. Nikon D700 photograph number DSC_0146.
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Figure C.27. Nikon D700 photograph number DSC_0147.

Figure C.28. Nikon D700 photograph number DSC_0148.
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Figure C.29. Nikon D700 photograph number DSC_0149.

Figure C.30. Nikon D700 photograph number DSC_0150.
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Figure C.31. Nikon D700 photograph number DSC_0151.

Figure C.32. Nikon D700 photograph number DSC_0152.
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Figure C.33. Nikon D700 photograph number DSC_0153.

Figure C.34. Nikon D700 photograph number DSC_0154.
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Figure C.35. Nikon D700 photograph number DSC_0155.

Figure C.36. Nikon D700 photograph number DSC_0156.
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Figure C.37. Nikon D700 photograph number DSC_1800.

Figure C.38. Nikon D700 photograph number DSC_1801.
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Figure C.39. Nikon D700 photograph number DSC_1802.

Figure C.40. Nikon D700 photograph number DSC_1803.
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Figure C.41. Nikon D700 photograph number DSC_1804.

Figure C.42. Nikon D700 photograph number DSC_1805.
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Figure C.43. Nikon D700 photograph number DSC_1806.

Figure C.44. Nikon D700 photograph number DSC_1807.
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Figure C.45. Nikon D700 photograph number DSC_1809.

Figure C.46. Nikon D700 photograph number DSC_1820.
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Figure C.47. Nikon D700 photograph number DSC_1821.

Figure C.48. Nikon D700 photograph number DSC_1822.
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Figure C.49. Nikon D700 photograph number DSC_1824.

Figure C.50. Nikon D700 photograph number DSC_1825.
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Figure C.51. Nikon D700 photograph number DSC_1826.

Figure C.52. Nikon D700 photograph number DSC_1827.
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Figure C.53. Nikon D700 photograph number DSC_1828.

Figure C.54. Nikon D700 photograph number DSC_1829.
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Figure C.55. Nikon D700 photograph number DSC_1835.

Figure C.56. Nikon D700 photograph number DSC_1836.
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Figure C.57. Nikon D700 photograph number DSC_1837.

Figure C.58. Nikon D700 photograph number DSC_1838.
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Figure C.59. Nikon D700 photograph number DSC_1840.

Figure C.60. Nikon D700 photograph number DSC_1841.
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Figure C.61. Nikon D700 photograph number DSC_1842.

Figure C.62. Nikon D700 photograph number DSC_1843.
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Figure C.63. Nikon D700 photograph number DSC_1844.

Figure C.64. Nikon D700 photograph number DSC_1845.
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Figure C.65. Nikon D700 photograph number DSC_1846.

Figure C.66. Nikon D700 photograph number DSC_1847.
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Figure C.67. Nikon D700 photograph number DSC_1848.

Figure C.68. Nikon D700 photograph number DSC_1849.
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Figure C.69. Nikon D700 photograph number DSC_1850.

Figure C.70. Nikon D700 photograph number DSC_1851.
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Figure C.71. Nikon D700 photograph number DSC_1852.

Figure C.72. Nikon D700 photograph number DSC_1853.
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Figure C.73. Nikon D700 photograph number DSC_1854.

Figure C.74. Nikon D700 photograph number DSC_1855.
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Figure C.75. Nikon D700 photograph number DSC_1856.

Figure C.76. Nikon D700 photograph number DSC_1857.
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Figure C.77. Nikon D700 photograph number DSC_1858.

Figure C.78. Nikon D700 photograph number DSC_1859.

171

Figure C.79. Nikon D700 photograph number DSC_1860.

Figure C.80. Nikon D700 photograph number DSC_1861.
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Figure C.81. Nikon D700 photograph number DSC_1862.

Figure C.82. Nikon D700 photograph number DSC_1863.

173

Figure C.83. Nikon D700 photograph number DSC_1864.

Figure C.84. Nikon D700 photograph number DSC_1865.
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Figure C.85. Nikon D700 photograph number DSC_1866.

Figure C.86. Nikon D700 photograph number DSC_1867.
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Figure C.87. Nikon D700 photograph number DSC_1868.

Figure C.88. Nikon D700 photograph number DSC_1869.
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Figure C.89. Nikon D700 photograph number DSC_1870.

Figure C.90. Nikon D700 photograph number DSC_1871.
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Figure C.91. Nikon D700 photograph number DSC_1872.

Figure C.92. Nikon D700 photograph number DSC_1873.
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Figure C.93. Nikon D700 photograph number DSC_1874.
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Table C.2. Index of experimental parameters and
camera settings used for post-processed photos.

Date
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
7/15/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010

Static
Photo
DSC_0119
DSC_0120
DSC_0119
DSC_0120
DSC_0119
DSC_0120
DSC_0119
DSC_0120
DSC_0121
DSC_0122
DSC_0121
DSC_0122
DSC_0121
DSC_0122
DSC_0121
DSC_0122
DSC_0119
DSC_0120
DSC_0119
DSC_0120
DSC_0119
DSC_0120
DSC_0119
DSC_0120
DSC_0121
DSC_0122
DSC_0121
DSC_0122
DSC_0121
DSC_0122
DSC_0121
DSC_0122
DSC_1800
DSC_1800
DSC_1800
DSC_1800
DSC_1800
DSC_1800

Flow Photo
DSC_0123
DSC_0124
DSC_0125
DSC_0126
DSC_0127
DSC_0128
DSC_0129
DSC_0130
DSC_0131
DSC_0132
DSC_0133
DSC_0134
DSC_0135
DSC_0136
DSC_0137
DSC_0138
DSC_0141
DSC_0142
DSC_0143
DSC_0144
DSC_0145
DSC_0146
DSC_0147
DSC_0148
DSC_0149
DSC_0150
DSC_0151
DSC_0152
DSC_0153
DSC_0154
DSC_0155
DSC_0156
DSC_1801
DSC_1802
DSC_1825
DSC_1826
DSC_1828
DSC_1829

Flow
Distortion
is Visible
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes
No
No
No
No

Table C.2 is continued on the next page.
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Date
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010
9/30/2010

Static
Photo
DSC_1803
DSC_1806
DSC_1806
DSC_1820
DSC_1820
DSC_1824
DSC_1824
DSC_1824
DSC_1824
DSC_1824
DSC_1824
DSC_1827
DSC_1827
DSC_1827
DSC_1827
DSC_1827
DSC_1827
DSC_1835
DSC_1835
DSC_1838
DSC_1838
DSC_1842
DSC_1842
DSC_1845
DSC_1845
DSC_1848
DSC_1848
DSC_1851
DSC_1851
DSC_1854
DSC_1854
DSC_1857
DSC_1857
DSC_1860
DSC_1860
DSC_1863
DSC_1863
DSC_1866
DSC_1866
DSC_1869
DSC_1869
DSC_1872
DSC_1872

Flow Photo
DSC_1829
DSC_1807
DSC_1809
DSC_1821
DSC_1822
DSC_1801
DSC_1802
DSC_1804
DSC_1805
DSC_1825
DSC_1826
DSC_1801
DSC_1802
DSC_1804
DSC_1805
DSC_1828
DSC_1829
DSC_1836
DSC_1837
DSC_1840
DSC_1841
DSC_1843
DSC_1844
DSC_1846
DSC_1847
DSC_1849
DSC_1850
DSC_1852
DSC_1853
DSC_1855
DSC_1856
DSC_1858
DSC_1859
DSC_1861
DSC_1862
DSC_1864
DSC_1865
DSC_1867
DSC_1868
DSC_1870
DSC_1871
DSC_1873
DSC_1874

Flow
Distortion
is Visible
No
No
Yes
No
No
No
Yes
No
No
No
No
No
Yes
No
No
No
No
No
No
No
Yes
No
No
No
Yes
No
No
No
No
No
No
No
No
No
No
No
Yes
No
No
No
No
No
No
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Figure C.94. Post-processed image using photographs DSC_0119 and DSC_0123.

Figure C.95. Post-processed image using photographs DSC_0120 and DSC_0124.
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Figure C.96. Post-processed image using photographs DSC_0119 and DSC_0125.

Figure C.97. Post-processed image using photographs DSC_0120 and DSC_0126.
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Figure C.98. Post-processed image using photographs DSC_0119 and DSC_0127.

Figure C.99. Post-processed image using photographs DSC_0120 and DSC_0128.
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Figure C.100. Post-processed image using photographs DSC_0119 and DSC_0129.

Figure C.101. Post-processed image using photographs DSC_0120 and DSC_0130.
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Figure C.102. Post-processed image using photographs DSC_0121 and DSC_0131.

Figure C.103. Post-processed image using photographs DSC_0122 and DSC_0132.
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Figure C.104. Post-processed image using photographs DSC_0121 and DSC_0133.

Figure C.105. Post-processed image using photographs DSC_0122 and DSC_0134.
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Figure C.106. Post-processed image using photographs DSC_0121 and DSC_0135.

Figure C.107. Post-processed image using photographs DSC_0122 and DSC_0136.
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Figure C.108. Post-processed image using photographs DSC_0121 and DSC_0137.

Figure C.109. Post-processed image using photographs DSC_0122 and DSC_0138.
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Figure C.110. Post-processed image using photographs DSC_0119 and DSC_0141.

Figure C.111. Post-processed image using photographs DSC_0120 and DSC_0142.

190

Figure C.112. Post-processed image using photographs DSC_0119 and DSC_0143.

Figure C.113. Post-processed image using photographs DSC_0120 and DSC_0144.
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Figure C.114. Post-processed image using photographs DSC_0119 and DSC_0145.

Figure C.115. Post-processed image using photographs DSC_0120 and DSC_0146.
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Figure C.116. Post-processed image using photographs DSC_0119 and DSC_0147.

Figure C.117. Post-processed image using photographs DSC_0120 and DSC_0148.
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Figure C.118. Post-processed image using photographs DSC_0121 and DSC_0149.

Figure C.119. Post-processed image using photographs DSC_0122 and DSC_0150.
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Figure C.120. Post-processed image using photographs DSC_0121 and DSC_0151.

Figure C.121. Post-processed image using photographs DSC_0122 and DSC_0152.
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Figure C.122. Post-processed image using photographs DSC_0121 and DSC_0153.

Figure C.123. Post-processed image using photographs DSC_0122 and DSC_0154.
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Figure C.124. Post-processed image using photographs DSC_0121 and DSC_0155.

Figure C.125. Post-processed image using photographs DSC_0122 and DSC_0156.

197

Figure C.126. Post-processed image using photographs DSC_1800 and DSC_1801.

Figure C.127. Post-processed image using photographs DSC_1800 and DSC_1802.
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Figure C.128. Post-processed image using photographs DSC_1800 and DSC_1825.

Figure C.129. Post-processed image using photographs DSC_1800 and DSC_1826.
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Figure C.130. Post-processed image using photographs DSC_1800 and DSC_1828.

Figure C.131. Post-processed image using photographs DSC_1800 and DSC_1829.
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Figure C.132. Post-processed image using photographs DSC_1803 and DSC_1804.

Figure C.133. Post-processed image using photographs DSC_1803 and DSC_1805.
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Figure C.134. Post-processed image using photographs DSC_1803 and DSC_1825.

Figure C.135. Post-processed image using photographs DSC_1803 and DSC_1826.
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Figure C.136. Post-processed image using photographs DSC_1803 and DSC_1828.

Figure C.137. Post-processed image using photographs DSC_1803 and DSC_1829.

203

Figure C.138. Post-processed image using photographs DSC_1806 and DSC_1807.

Figure C.139. Post-processed image using photographs DSC_1806 and DSC_1809.
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Figure C.140. Post-processed image using photographs DSC_1820 and DSC_1821.

Figure C.141. Post-processed image using photographs DSC_1820 and DSC_1822.
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Figure C.142. Post-processed image using photographs DSC_1824 and DSC_1801.

Figure C.143. Post-processed image using photographs DSC_1824 and DSC_1802.
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Figure C.144. Post-processed image using photographs DSC_1824 and DSC_1804.

Figure C.145. Post-processed image using photographs DSC_1824 and DSC_1805.
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Figure C.146. Post-processed image using photographs DSC_1824 and DSC_1825.

Figure C.147. Post-processed image using photographs DSC_1824 and DSC_1826.
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Figure C.148. Post-processed image using photographs DSC_1827 and DSC_1801.

Figure C.149. Post-processed image using photographs DSC_1827 and DSC_1802.

209

Figure C.150. Post-processed image using photographs DSC_1827 and DSC_1804.

Figure C.151. Post-processed image using photographs DSC_1827 and DSC_1805.
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Figure C.152. Post-processed image using photographs DSC_1827 and DSC_1828.

Figure C.153. Post-processed image using photographs DSC_1827 and DSC_1829.
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Figure C.154. Post-processed image using photographs DSC_1835 and DSC_1836.

Figure C.155. Post-processed image using photographs DSC_1835 and DSC_1837.
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Figure C.156. Post-processed image using photographs DSC_1838 and DSC_1840.

Figure C.157. Post-processed image using photographs DSC_1838 and DSC_1841.

213

Figure C.158. Post-processed image using photographs DSC_1842 and DSC_1843.

Figure C.159. Post-processed image using photographs DSC_1842 and DSC_1844.

214

Figure C.160. Post-processed image using photographs DSC_1845 and DSC_1846.

Figure C.161. Post-processed image using photographs DSC_1845 and DSC_1847.
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Figure C.162. Post-processed image using photographs DSC_1848 and DSC_1849.

Figure C.163. Post-processed image using photographs DSC_1848 and DSC_1850.
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Figure C.164. Post-processed image using photographs DSC_1851 and DSC_1852.

Figure C.165. Post-processed image using photographs DSC_1851 and DSC_1853.
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Figure C.166. Post-processed image using photographs DSC_1854 and DSC_1855.

Figure C.167. Post-processed image using photographs DSC_1854 and DSC_1856.
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Figure C.168. Post-processed image using photographs DSC_1857 and DSC_1858.

Figure C.169. Post-processed image using photographs DSC_1857 and DSC_1859.
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Figure C.170. Post-processed image using photographs DSC_1860 and DSC_1861.

Figure C.171. Post-processed image using photographs DSC_1860 and DSC_1862.
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Figure C.172. Post-processed image using photographs DSC_1863 and DSC_1864.

Figure C.173. Post-processed image using photographs DSC_1863 and DSC_1865.
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Figure C.174. Post-processed image using photographs DSC_1866 and DSC_1867.

Figure C.175. Post-processed image using photographs DSC_1866 and DSC_1868.

222

Figure C.176. Post-processed image using photographs DSC_1869 and DSC_1870.

Figure C.177. Post-processed image using photographs DSC_1869 and DSC_1871.
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Figure C.178. Post-processed image using photographs DSC_1872 and DSC_1873.

Figure C.179. Post-processed image using photographs DSC_1872 and DSC_1874.
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Appendix D: Experimental Details for BOS
Imaging of Methane Emissions
Table D.1. Index of experimental parameters and camera settings used for pre-processed photos.

Date
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011

Photo
DSC_3454
DSC_3455
DSC_3456
DSC_3457
DSC_3458
DSC_3459
DSC_3460
DSC_3461
DSC_3462
DSC_3463
DSC_3464
DSC_3465
DSC_3466
DSC_3467
DSC_3468
DSC_3469
DSC_3470
DSC_3471
DSC_3490
DSC_3491
DSC_3492
DSC_3493
DSC_3494
DSC_3495
DSC_3496
DSC_3497
DSC_3498
DSC_3499
DSC_3500
DSC_3501
DSC_3502
DSC_3503
DSC_3504
DSC_3505
DSC_3506
DSC_3507
DSC_3508
DSC_3509
DSC_3510
DSC_3511
DSC_3512
DSC_3513
DSC_3514
DSC_3515
DSC_3516
DSC_3517
DSC_3518
DSC_3519

Experimental Parameters
Camera Settings
Injection
Shutter
Pressure
Speed
Methane (psi) Lighting Scheme Flash
Focal Plane
ISO Aperture
(s)
Off
0
No Ambient Light On
Flexible Tube
1000
f/5
1/60
Off
0
No Ambient Light On
Flexible Tube
1000
f/5
1/60
Off
0
No Ambient Light On
Flexible Tube
1000
f/5
1/60
On
30
No Ambient Light On
Flexible Tube
1000
f/5
1/60
On
30
No Ambient Light On
Flexible Tube
1000
f/5
1/60
On
30
No Ambient Light On
Flexible Tube
1000
f/5
1/60
Off
0
No Ambient Light On Flexible Tube and Background 1000
f/5
1/60
Off
0
No Ambient Light On Flexible Tube and Background 1000
f/5
1/60
Off
0
No Ambient Light On Flexible Tube and Background 1000
f/5
1/60
On
30
No Ambient Light On Flexible Tube and Background 1000
f/5
1/60
On
30
No Ambient Light On Flexible Tube and Background 1000
f/5
1/60
On
30
No Ambient Light On Flexible Tube and Background 1000
f/5
1/60
Off
0
No Ambient Light On
Background
1000
f/5
1/60
Off
0
No Ambient Light On
Background
1000
f/5
1/60
Off
0
No Ambient Light On
Background
1000
f/5
1/60
On
30
No Ambient Light On
Background
1000
f/5
1/60
On
30
No Ambient Light On
Background
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Figure D.1. Nikon D700 photograph number DSC_3454.

Figure D.2. Nikon D700 photograph number DSC_3455.
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Figure D.3. Nikon D700 photograph number DSC_3456.

Figure D.4. Nikon D700 photograph number DSC_3457.
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Figure D.5. Nikon D700 photograph number DSC_3458.

Figure D.6. Nikon D700 photograph number DSC_3459.
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Figure D.7. Nikon D700 photograph number DSC_3460.

Figure D.8. Nikon D700 photograph number DSC_3461.
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Figure D.9. Nikon D700 photograph number DSC_3462.

Figure D.10. Nikon D700 photograph number DSC_3463.
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Figure D.11. Nikon D700 photograph number DSC_3464.

Figure D.12. Nikon D700 photograph number DSC_3465.
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Figure D.13. Nikon D700 photograph number DSC_3466.

Figure D.14. Nikon D700 photograph number DSC_3467.
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Figure D.15. Nikon D700 photograph number DSC_3468.

Figure D.16. Nikon D700 photograph number DSC_3469.
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Figure D.17. Nikon D700 photograph number DSC_3470.

Figure D.18. Nikon D700 photograph number DSC_3471.
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Figure D.19. Nikon D700 photograph number DSC_3490.

Figure D.20. Nikon D700 photograph number DSC_3491.
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Figure D.21. Nikon D700 photograph number DSC_3492.

Figure D.22. Nikon D700 photograph number DSC_3493.
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Figure D.23. Nikon D700 photograph number DSC_3494.

Figure D.24. Nikon D700 photograph number DSC_3495.
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Figure D.25. Nikon D700 photograph number DSC_3496.

Figure D.26. Nikon D700 photograph number DSC_3497.
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Figure D.27. Nikon D700 photograph number DSC_3498.

Figure D.28. Nikon D700 photograph number DSC_3499.
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Figure D.29. Nikon D700 photograph number DSC_3500.

Figure D.30. Nikon D700 photograph number DSC_3501.
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Figure D.31. Nikon D700 photograph number DSC_3502.

Figure D.32. Nikon D700 photograph number DSC_3503.
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Figure D.33. Nikon D700 photograph number DSC_3504.

Figure D.34. Nikon D700 photograph number DSC_3505.
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Figure D.35. Nikon D700 photograph number DSC_3506.

Figure D.36. Nikon D700 photograph number DSC_3507.
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Figure D.37. Nikon D700 photograph number DSC_3508.

Figure D.38. Nikon D700 photograph number DSC_3509.
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Figure D.39. Nikon D700 photograph number DSC_3510.

Figure D.40. Nikon D700 photograph number DSC_3511.
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Figure D.41. Nikon D700 photograph number DSC_3512.

Figure D.42. Nikon D700 photograph number DSC_3513.
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Figure D.43. Nikon D700 photograph number DSC_3514.

Figure D.44. Nikon D700 photograph number DSC_3515.
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Figure D.45. Nikon D700 photograph number DSC_3516.

Figure D.46. Nikon D700 photograph number DSC_3517.
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Figure D.47. Nikon D700 photograph number DSC_3518.

Figure D.48. Nikon D700 photograph number DSC_3519.
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Table D.2. Index of experimental parameters and camera
settings used for post-processed photos.

Date
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
2/18/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011
3/15/2011

Static
Photo
DSC_3454
DSC_3455
DSC_3456
DSC_3460
DSC_3461
DSC_3462
DSC_3466
DSC_3467
DSC_3468
DSC_3490
DSC_3490
DSC_3490
DSC_3490
DSC_3491
DSC_3491
DSC_3491
DSC_3491
DSC_3500
DSC_3500
DSC_3500
DSC_3500
DSC_3501
DSC_3501
DSC_3501
DSC_3501
DSC_3510
DSC_3510
DSC_3510
DSC_3510
DSC_3511
DSC_3511
DSC_3511
DSC_3511

Flow
Flow
Distortion
Photo
is Visible
DSC_3457
Yes
DSC_3458
Yes
DSC_3459
Yes
DSC_3463
Yes
DSC_3464
Yes
DSC_3465
Yes
DSC_3469
Yes
DSC_3470
Yes
DSC_3471
Yes
DSC_3492
Yes
DSC_3494
Yes
DSC_3496
Yes
DSC_3498
Yes
DSC_3493
Yes
DSC_3495
Yes
DSC_3497
Yes
DSC_3499
Yes
DSC_3502
Yes
DSC_3504
Yes
DSC_3506
Yes
DSC_3508
Yes
DSC_3503
Yes
DSC_3505
Yes
DSC_3507
Yes
DSC_3509
Yes
DSC_3512
Yes
DSC_3514
Yes
DSC_3516
Yes
DSC_3518
Yes
DSC_3513
Yes
DSC_3515
Yes
DSC_3517
Yes
DSC_3519
Yes
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Figure D.49. Post-processed image using photographs DSC_3454 and DSC_3457.

Figure D.50. Post-processed image using photographs DSC_3455 and DSC_3458.
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Figure D.51. Post-processed image using photographs DSC_3456 and DSC_3459.

Figure D.52. Post-processed image using photographs DSC_3460 and DSC_3463.
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Figure D.53. Post-processed image using photographs DSC_3461 and DSC_3464.

Figure D.54. Post-processed image using photographs DSC_3462 and DSC_3465.
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Figure D.55. Post-processed image using photographs DSC_3466 and DSC_3469.

Figure D.56. Post-processed image using photographs DSC_3467 and DSC_3470.
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Figure D.57. Post-processed image using photographs DSC_3468 and DSC_3471.

Figure D.58. Post-processed image using photographs DSC_3490 and DSC_3492.
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Figure D.59. Post-processed image using photographs DSC_3490 and DSC_3494.

Figure D.60. Post-processed image using photographs DSC_3490 and DSC_3496.
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Figure D.61. Post-processed image using photographs DSC_3490 and DSC_3498.

Figure D.62. Post-processed image using photographs DSC_3491 and DSC_3493.
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Figure D.63. Post-processed image using photographs DSC_3491 and DSC_3495.

Figure D.64. Post-processed image using photographs DSC_3491 and DSC_3497.
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Figure D.65. Post-processed image using photographs DSC_3491 and DSC_3499.

Figure D.66. Post-processed image using photographs DSC_3500 and DSC_3502.
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Figure D.67. Post-processed image using photographs DSC_3500 and DSC_3504.

Figure D.68. Post-processed image using photographs DSC_3500 and DSC_3506.
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Figure D.69. Post-processed image using photographs DSC_3500 and DSC_3508.

Figure D.70. Post-processed image using photographs DSC_3501 and DSC_3503.
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Figure D.71. Post-processed image using photographs DSC_3501 and DSC_3505.

Figure D.72. Post-processed image using photographs DSC_3501 and DSC_3507.
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Figure D.73. Post-processed image using photographs DSC_3501 and DSC_3509.

Figure D.74. Post-processed image using photographs DSC_3510 and DSC_3512.
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Figure D.75. Post-processed image using photographs DSC_3510 and DSC_3514.

Figure D.76. Post-processed image using photographs DSC_3510 and DSC_3516.
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Figure D.77. Post-processed image using photographs DSC_3510 and DSC_3518.

Figure D.78. Post-processed image using photographs DSC_3511 and DSC_3513.
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Figure D.79. Post-processed image using photographs DSC_3511 and DSC_3515.

Figure D.80. Post-processed image using photographs DSC_3511 and DSC_3517.
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Figure D.81. Post-processed image using photographs DSC_3511 and DSC_3519.
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