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ABSTRACT

Low swirl burners (LSBs) have gained popularity in heating and gas power generation
industries, in part due to their proven capacity for reducing the production of NOy, which
in addition to reacting to form smog and acid rain, plays a central role in the formation of
the tropospheric ozone layer. With lean operating conditions, LSBs are susceptible to
combustion instability, which can result in flame extinction or equipment failure.
Extensive work has been performed to understand the nature of LSB combustion, but
scaling trends between laboratory- and industrial-sized burners have not been established.
Using hydrogen addition as the primary method of flame stabilization, the current work
presents results for a 2.54 cm LSB to investigate potential effects of burner outlet
diameter on the nature of flame stability, with focus on flashback and lean blowout
conditions. In the lean regime, the onset of instability and flame extinction have been
shown to occur at similar equivalence ratios for both the 2.54 cm and a 3.81 cm LSB and
depend on the resolution of equivalence ratios incremented. Investigations into flame
structures are also performed. Discussion begins with a derivation for properties in a
multicomponent gas mixture used to determine the Reynolds number (Re) to develop a
condition for turbulent intensity similarity in differently-sized LSBs. Based on this
requirement, operating conditions are chosen such that the global Reynolds number for
the 2.54 cm LSB is within 2% of the Re for the 3.81 cm burner. With similarity obtained,
flame structure investigations focus on flame front curvature and flame surface density
(FSD). As flame structure results of the current 2.54 cm LSB work are compared to
results for the 3.81 cm LSB, no apparent relationship is shown to exist between burner
diameter and the distribution of flame surface density. However, burner diameter is
shown to have a definite effect on the flame front curvature. In corresponding flow

conditions, a decrease in burner diameter results a broader distribution of curvature and



an increased average curvature, signifying that compared to the larger 3.81 cm LSB, the

flame front of the smaller burner contains tighter, smaller scale wrinkling.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Considered a practical, “state-of-the-art” alternative, interest in lean, premixed
combustion systems began in the early 1980s. Initially, burners for these combustion
systems were introduced in high-efficiency condensing boilers in domestic central
heating appliances to sufficiently overcome the pressure drop observed through the
condensing heat exchangers. Recently, these burners have become increasingly common
in application of NOy reduction strategies,? especially in industrial applications like
natural gas heating and power generation systems.*** With increased concern regarding
emissions over the last decade or so, premixed combustion systems operating in the lean
regime have been brought to the forefront of advancing combustion technology.
However, the benefits of NOy reduction associated with lean, premixed combustion are

also accompanied by an increased susceptibility to combustion instabilities,>®"®

which,
when coupled with acoustically-forced pressure perturbations or heat release oscillations,
can enter a vicious feedback loop which may result in increased rates of equipment
failure, system downtime, or hazardous explosions. Although many examinations have
investigated processes involved in flame stabilization, much work is yet to be completed
for full comprehension of the phenomena and control of combustion instabilities in lean,
premixed systems.

Industrially, lean, premixed combustion systems are commonly found in gas
turbines involved in power generation. Typically, these large-scale turbines contain high-
swirl burners, which utilize recirculation zones centered in the flow field at the exit of the
burner to stabilize the flame by circulating intermediary combustion products toward the

flame base such that the incoming flow velocity can be modified to match the magnitude

of the flame speed®® and provide a source for the continuous ignition of the fresh,



unburned reactants.** However, the recirculation zones can have unfavorable effects on
the oscillatory heat release patterns and the combustion process, which may lead to
increased operation time under unstable operating conditions.!

Developed by Robert K. Cheng of the Lawrence Berkeley National Laboratory,
an alternative option to the typical high swirl burner is the low swirl burner (LSB), which
stabilizes the flame using flow divergence techniques instead of with recirculation zones.
In LSBs, the freely propagating flame is possible due to a balance between the unburned
gas velocity and the speed of the flame front."***!* Even with increasingly turbulent
conditions, LSBs have been shown to reduce NOx emissions and provide increased flame
stabilization better than typical high swirl systems. Extensive work has been performed in
examining the physics of LSB combustion, but with the exception of the laminar flame
speed,*® many scaling trends—if they exist—have not yet been determined for translation
of results from a laboratory scale system to an industrial-sized system.

In recent studies, both numerical and experimental work has shown that
improving the stability limits of lean, premixed combustion systems can be achieved with
the addition of hydrogen to the fuel mixture, which increases the reactivity of the fuel.
Many investigations have delved into the stability limits and regimes associated with
lean, premixed combustion in LSB systems with hydrogenated fuel.*® Specifically, the
recent work of Emadi*’ has extended the knowledge of fuel hydrogenation and its effects
on the stability and structures found within a 3.81 cm LSB flame. The current work
provides a derivation for expressions of characteristic properties of gaseous reactant
mixtures. With these results, assays similar to those performed in the 3.81 cm LSB
system are employed to examine the effect of fuel hydrogenation on flame stability and
structure for a 2.54 cm burner. After confirming that the trends in the current work are in
agreement with those predicted by previous studies, dimensionless parameters are

utilized to compare results of the current work to previous work to investigate potential



effects that burner diameter may have on stability limits and flame structures in LSB

combustion.

1.2 Objectives & Outline

The understanding of combustion instability has come a long way since its
discovery. In fact, knowledge of instability in lean, premixed systems has reached a point
where many general trends have been well established. However, due to the differences
in flammability limits and flow dynamics, phenomena resulting from combustion
instability still have yet to be adequately scaled from a laboratory scale to a scale
comparable to the combustor systems found in industry. Then, the current work acts to
examine well established trends regarding the addition of hydrogen in a preliminary
attempt to correlate characteristics of combustion systems utilizing similar burners of a
different size.

To begin, Chapter 2 offers a literature review that highlights basic combustion
theory, the history and modeling considerations surrounding combustion instability, as
well as flame stabilization and imaging techniques utilized in studying the physics of
combustion. Following the literature review, Chapter 3 guides readers through the
arrangement of the experimental apparatus and its four main subsystems: the combustion
chamber and 2.54 cm LSB, the gas supply system, the optics and imaging system, and the
data acquisition system. In Chapter 4, a derivation is provided such that mixture
properties can be evaluated using known quantities. Experimental results regarding
stability and flammability limits—specifically flashback and blowout—and flame
structures are presented and discussed in terms of established trends and previous results
obtained using a 3.81 cm LSB. Trends predicted by earlier work in flame stability and

flame structures are used to validate the results of the current work, and the effect of



burner diameter on these parameters is subsequently investigated. Chapter 5 provides
conclusions regarding results and observations presented in previous chapters, as well as
detailing paths that may be taken in the future to refine the current results and further the

understanding of instability in lean, premixed combustion systems.



CHAPTER 2
LITERATURE REVIEW

Because of the lean nature of premixed, swirled combustion, the many industrial
systems are inherently susceptible to combustion instability, which forms the basis for
investigations performed in the current work with a low swirl burner. Within this chapter,
an extensive summary of previous work will be presented to provide a solid foundation
on the topics associated with the current work. To begin, a review of combustion theory
and relevant flame parameters, information regarding the discovery and different types of
combustion instability, and the formulation of conditions required for acoustically-
induced instability will be presented. Discussion will continue with motivation and
methods of flame stabilization that aid in efforts to reduce the risks associated with
combustion instability. The literature review will conclude with a discussion on

techniques used to examine flames in laboratory-based combustion systems.

2.1 Combustion Theory and Relevant Flame Parameters

To explore the depths of the field of fluid mechanics, it is inherently required that
the terminology associated with fluid flow is understood. In a similar fashion, the field of
combustion physics is also accompanied by its own lexicon of terms inherent to a basic
understanding of combustion theory. Before diving into the combustion topics associated
with the current examination of lean, premixed flames, the current section will introduce
parameters associated with a combustion system. Many more concepts exist to
characterize a combustion process, but only those related to the current study will be
presented here. Introductions will begin with a discussion of the equivalence ratio for two
combustion reactions. In the first reaction, simple combustion of an arbitrary

hydrocarbon molecule is assessed. In the second, this concept is tailored to methane



(CHy4) and the possible addition of hydrogen gas (H,) to the fuel mixture. The flame
speed is characterized, and the effect of the equivalence ratio on flame speed is detailed.
From this point, the Reynolds number (Re) and the Lewis number (Le) are discussed in
relation to the field of combustion physics, and background on the flame front curvature
and flame surface density (FSD)—the two basic flame structures examined in the current

study—are presented.

2.1.1 Equivalence Ratio and Mixture Ratio
In burning a generalized hydrocarbon with air as the oxidizer, the stoichiometric
(perfect ratio of oxidizer to fuel for complete combustion) combustion process can be
approximated by the chemical reaction shown in Equation 2.1. In reality, air is comprised
of more than oxygen and nitrogen, but in deriving the relationship known as the
equivalence ratio, it will be assumed that air consists of 21% O, and 79% N,. The molar
coefficient before the reacting air species, a, is such that a =x+y/4 for the

stoichiometric burning of hydrocarbon C, H,,.
CxHy + a(0, + 3.76N,) - xCO, + §H20 + 3.76aN, (2.1)

If the molecular weights of the air and fuel are given by MW, and MWg,,,,
respectively, then the air-fuel ratio required for stoichiometric burning is given by

Equation 2.2.

air MW g4ir
(A/F)stoic = (m ) = 4-76am (2.2)

Mfuel/ stoic




In describing the characteristics of combustion, a process is usually defined as fuel-lean
or fuel-rich. This is achieved by characterizing the equivalence ratio, ¢, of a system,
which quantitatively indicates the relationship of the air-fuel ratio of a physical process to
the stoichiometric air-fuel ratio. Defined as shown in Equation 2.3, an equivalence ratio
of unity indicates that the actual air-fuel mixture is stoichiometric. By the same logic, a
fuel-lean mixture—a mixture containing more than the stoichiometric amount of
oxidizer—is defined for an equivalence ratio such that ¢ < 1. Conversely, a fuel-rich
mixture—a mixture containing less than the stoichiometric amount of oxidizer—is

defined for ¢ > 1.

(A/F)stoic (F/A)
¢ (A/F) (F/A)stoic ( )

In the current work, the fuel mixture only ever consists of up to two gaseous fuels:
methane and hydrogen. In some cases, the fuel used is pure methane. However, when
blending the methane and hydrogen, it is necessary to define amount of hydrogen within
the mixture. In the current work, this will be defined using percent by volume. Then, the
percent hydrogen (by volume), given by ay,, is defined as shown in Equation 2.4, where
Vy, and V¢y, is the volume of hydrogen and methane within the mixture, respectively.
Also called the volumetric fraction of hydrogen, this parameter can be used in defining

molar coefficients for the reaction shown in Equation 2.5.

@y, = —22 (2.4)

VH,+VcH,



(1 —ay,)CHy + ay,H, + (2 — 1.5ay,)(0, + 3.76N,) -

(1 —ay,)CO, + (2 — ay,)H,0 +3.76(2 — 1.5ay, )N, (2.5)

Then, following a process similar to that used in the previous derivation of the
generalized equivalence ratio, Equation 2.6 gives the relationship for the stoichiometric
fuel-air ratio while Equation 2.7 gives the equivalence ratio as it is defined in the current

work.

[ Mfuel _ 1 MW ry el
(F/A)storc = (mm-r )Stoich T 476(2-15ay,) MWair (2.6)
_ (F/A) — MWair
=G = 4.76(2 — 1.5ay,)(F/4) yrr (2.7)

2.1.2 Flame Speed

Another important flame parameter used in the characterization of combustion
systems is the flame speed, which is highly dependent on fuel composition and the nature
of the flow field. In the current work, the flame speed is primarily employed in
discussions regarding trends observed in flame stability limits, which will be discussed in
more detail. For a reference coordinate system fixed to the laboratory reference frame, a
perfectly stable flame may appear to be unmoving. However, the flame front is a self-
sustaining wave of combustion propagating at the flame speed, which is the primary
property that dictates many stability characteristics of the flame, including blowout and
flashback. In both laminar and turbulent flows, the same physical processes are active. In
fact, many turbulent flame theories are based on the flame’s underlying laminar

structure.'® For a generalized laminar flame front, as in the vector diagram shown in



Figure 2.1, the laminar flame speed is given by the expression in Equation 2.8, which is
simply the component of the unburned reactant velocity in the direction normal to the
flame front. This speed, S;, is the velocity of the flame front as observed from a reference
frame moving with the unburned reactant mixture entering with incoming velocity, V;,.
From the laboratory reference frame, the front having the propagation velocity shown in

Equation 2.8 would appear as a stationary flame.

Burnt Gases

Unburned Reactants

Figure 2.1: Geometry of a Laminar Flame Front

S, =V, sin(a) (2.8)

Unlike laminar flames, which are dependent on the mixture properties of the flow,
the propagation velocity of a turbulent flame is also dependent on the character of the
flow. This turbulent flame speed is the velocity at which the unburned reactant mixture
enters the flame zone in a direction normal to the flame. Here, the flame surface is
assumed to be a time-averaged quantity, and is represented by A. As defined in Equation
2.9, the turbulent flame speed is also dependent on the density of the reactant mixture

(py) and the reactant flow rate, m.
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Se =7 (2.9)

In the current work, the sets of operating conditions are programmed during data
collection such that the bulk mass flow rate of the reactants is held constant. Then, if the
temporally averaged surface area of the flame is assumingly similar from one flame to the
next, the turbulent flame speed is highly dependent on the density of the fuel/air mixture.
Chapter 4 includes a set of derivations required for calculating the Reynolds number for
the reactant mixture, but it can also be shown within this derivation that as the
equivalence ratio increases, the density of the reactant mixture decreases. Then, from the
relationship shown in Equation 2.9 for a constant mass flow rate and time-averaged
surface area, an increase in the equivalence ratio of the reactant flow can be shown to
increase the propagation velocity of a turbulent flame front. The sensitivity of the
turbulent flame speed to the equivalence ratio is useful in investigating the stability
characteristics of the 2.54 cm LSB flames examined in the current work. Additionally,
because the parameter is highly dependent on the composition of the reactant mixture,
adding hydrogen to a fuel mixture is expected to alter the turbulent flame speed. The
specific effects of hydrogenation on turbulent flame speed will be presented in the

upcoming discussion on flame stabilization through hydrogen addition.

2.1.3 Dimensionless Parameters
In the realm of combustion, many dimensionless parameters are useful in
simplifying experimental design and in defining the dynamics and phenomena occurring
within the flow field. Here, however, the discussion is limited to parameters relevant to

the current study: the Reynolds number and the Lewis number.
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2.1.3.1 Reynolds Number

One of the most commonly known dimensionless parameters in any thermal-
fluids application is the Reynolds number, which is defined the ratio between inertial
effects and viscous effects in the flow field. In the basic definition for the Reynolds
number, as shown in Equation 2.10, the characteristic length scale, L, is typically
determined by the hardware or device used in the combustion process, but can also be
defined by alternative length scales specific to the system. Here, the velocity used in
defining the macro-scale Reynolds number is the mean flow velocity, and the
characteristic length scale is given as the diameter of the burner. Although other length
scales do exist for the system and LSB, industry is interested in the effect of the exit
diameter of the burner. Then, even though another length scale may be more relevant in
characterizing the dynamics of the flow field, the outlet diameter of the burner is used as
the characteristic length scale for the current work. In the current study, the mean velocity
is taken to be bulk velocity of the incoming reactants. This is the primary Reynolds
number that will be used in comparisons to related work, even though alternative
turbulent Reynolds numbers have been defined for combustion systems. For example, the

7 results for the 3.81 cm

current work will compare flame structure results to Emadi’s
LSB due to the identical nature of the majority of flame parameters. However, in Emadi’s
work, the burner size used is 1.5 times larger than that used in the current work. Because
flow properties of the mixture (density, viscosity) vary with the composition of the
reactant mixture, scaling the Reynolds number between the 2.54 cm burner and 3.81 cm
burner is not a simply scaled by 1.5. Instead, an analysis is performed in Chapter 4 to
derive expressions for density and viscosity properties of the reactant mixture in terms of
known quantities, such as the equivalence ratio and the volumetric fraction of hydrogen.
With this derivation and the definition of the macro-scale, or global, Reynolds number

from Equation 2.10, the condition required for Reynolds number similarity can be

determined, and is presented in Chapter 4.
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Re, = Ule/, (2.10)

As briefly mentioned, alternative definitions for the Reynolds number do exist. In
turbulent flows, four primary length scales can be defined, including that shown in
Equation 2.10. The three other Reynolds number definitions are interrelated, but due to
the method of similarity used in characterizing the systems involved in the current work,
they will not be discussed here. For more detail on the turbulent Reynolds numbers, the

reader is referred to Turns’*® introductory chapter on turbulent flows.

2.1.3.2 Lewis Number

As it is defined in Equation 2.11, the Lewis number provides insight to the
relative rates of thermal diffusion to molecular diffusion. Both the thermal diffusivity, a,
and the diffusion coefficient, D, are dependent on the species present within the system.
For example, the diffusive coefficient of methane in air is approximately 0.22 cm?/s'®
while the diffusive coefficient for hydrogen in air is approximately 0.61 cm?s.*® Then,
the diffusivity of hydrogen in air is approximately 280% of methane in air. The main
reason for this huge difference in diffusivities is the size of the molecules; methane is a

much larger atom than hydrogen.

Le = k/pch =%p (2.11)

Then, hydrogen can be added to a methane fuel mixture to increase the molecular
diffusivity associated with the flow, and decrease the respective Lewis number. This will
be discussed in more detail during review of thermal-diffusive instabilities and the effect

of hydrogen addition on the stability limits of a flame.
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2.1.4 Flame Front Curvature

For an arbitrary flame front with outward normal defined as in Figure 2.2, regions
of the flame convex to the unburned reactants will be defined as having positive
curvature, while regions of the flame concave to the reactants will be defined as having
negative curvature. Positive regions and negative regions of the simple flame front shown
in Figure 2.2 are depicted by the red and blue regions of the front, respectively.

However, for a more complex surface, a series of algorithms must be performed
to determine the curvature of the flame front. Images of the flame front are obtained
using OH planar laser-induced fluorescence (PLIF), which will be discussed in more
detail in review of flame imaging techniques. Sample OH-PLIF images are shown in
Figure 2.3; qualitatively, it can be seen that from Figure 2.3a to 2.3b to 2.3c, the radii of
curvature decrease. Then, because curvature is defined as the inverse of the radius of
curvature (by definition), it would be expected that when moving from Figure 2.3a to
2.3b to 2.3c, the flame front curvature would increase. Emadi'’ analyzed these images
and showed that quantitatively, flame front curvature does, in fact, increase with an

increase in fuel hydrogenation.

Burnt Gases

h<0

T e

\——h<0

Unburned Reactants

Figure 2.2: Sign convention for flame front curvature, h
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Figure 2.3: Instantaneous OH-PLIF images of flames with increasing flame front
curvature due to increasing fraction of hydrogen within the fuel mixture

Source: [17]

Because one goal of the current work is to compare curvature data for burners of
different sizes, a process similar to that utilized by Emadi®’ is executed to quantify flame
front curvature in the current work. First, MATLAB is utilized to implement the Canny
edge detection algorithm to locate the boundary (y) between the hydroxyl layer and the
unburned reactants. Then, instantaneous radii of curvature (R) along the boundary are
found using a Cartesian coordinate system and the definition shown in Equation 2.12. By
taking the inverse and modifying the sign to match the convention with positive in
regions of convexity toward the unburned gases, flame front curvature (h) is found as
defined in Equation 2.13. To decrease the computation time and power required, the

flame front curvature can be computed directly (without first finding radii of curvature)
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using Equation 2.13. From this point, statistical analyses are applied to examine and

compare the curvature characteristics of different flame fronts.

(2.12)

h=—a (2.13)

Shepherd® and Soika®* are among others who have examined curvature of the
flame front in premixed, turbulent flames. In both studies, the structures were examined
for cases of extreme turbulence. In Shepherd’s work with LSBs, increasing the turbulence
(via the modification of the mass flow rate and bulk velocity) resulted in a broadening of
the flame front curvature distributions, indicating that the increase in turbulence led to an
increase in convolution of the flame front.*® Although operating conditions are much
different and a swirl-stabilized burner is used, Soika’s observations for a bluff-body
stabilized burner are in agreement with Emadi’s results.'” That is, Soika observed that an
increase in chamber pressure (with a range from 5 bar to 15 bar) resulted in widening of

the flame front curvature distribution.

2.1.5 Flame Surface Density
As in the process used to determine flame front curvature, MATLAB is used to
apply the Canny edge detection algorithm to delineate the boundary between the OH field
and the unburned reactants. Then, with this boundary, nondimensional mean progress

variable contours— (c) —are defined, as shown in Figure 2.4. Theoretically, the contours
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of the progress variable signify the margins of the region in which the boundary of the
OH layer is most likely to occur. The binarized edges of the OH boundary are overlaid on
the mean progress contours. The total length of the OH boundaries falling between the
(c) contours is summed, and given by L({c)). Similarly, the total 2D area of the flame
brush falling within the contours is calculated using MATLAB, and is defined by A({c)).

Pictorial representations of these quantities are shown in Figure 2.4.

L(<c>) — iy

Unburnt

“~__ Instantancous
" flame front

Figure 2.4: Graphical depiction of parameters required for calculation of flame surface
density

Source: [22]

Within a data set consisting of n, images, this process is performed for each
instantaneous OH-PLIF image. The flame surface density, X, can then be calculated using

this information from 900 images by employing the relationship shown in Equation 2.14.
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_ _LKe)
ZUeD = (2.14)

For fundamentally different burner geometries and experimental configurations, it has
been shown that as a function of the progress variable, (c), the flame surface density

exhibits parabolic trends.*"?%21:3120

2.2 Combustion Instability:

History and Modeling Considerations

In closed combustion chambers, oscillating regimes called combustion
instabilities are observed when acoustics and combustion are strongly coupled.?!
However, because of the unsteady nature of combustion, direct observation of the flame
is not sufficient for fully understanding the attributes of these instabilities. To
comprehend the details of the effect of instabilities on combustion, the types of
instabilities must first be understood. In understanding the physics of a combustion
system and the possible instabilities that may exist, characteristics of the system must be
gathered for modeling and analysis. In the following discussion, the history and discovery
of combustion instabilities will be offered and characterization of combustion instability
will be discussed, highlighting the mathematical criteria for instability to occur. At this
point, background on four types of instability is presented, followed by mechanisms of
instability instigation. The current section will conclude with a discussion of the Rayleigh
index and Rayleigh index maps, which are used in modeling instability and visualizing

associated flame structures.
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2.2.1 Discovery of the Instability

The examination of combustion instability may be traced back to 1777, in which
Higgins first observed the peculiar “singing wave” phenomenon. In 1802, Higgins®
reported details of the investigation into these sound-producing flames. Glass tubes of
various diameters—sealed at the far end—were placed over gaseous hydrogen flames.
With smaller-diameter tubes, Higgins reported that the hydrogen flame was extinguished.
However, as the diameter of the tube was increased, the tone produced by the flame
would develop, changing pitch and intensity based on the “width, length, and thickness of
the glass jar or sealed tube.”® However, as the diameters of the tubes became
increasingly large, the sounds produced by the flame would weaken, and ultimately cease
to occur.

In the mid nineteenth century, Rijke?® expanded upon Higgins’ work using air and
an apparatus now known as the Rijke tube. Shown in Figure 2.5, the Rijke tube—unlike
Higgins’ experimental setup—is open on both ends and instead of the hydrogen flame,
employs layer(s) of thin gauze composed of red-hot, iron wire as the heat source, and
usually has a large length-to-diameter ratio. In this case, the wire gauze heats the
surrounding air, resulting in the convection of the air upward through the tube due to
local differences in the density of the air. Rijke noticed that tones were produced
regardless of the type of flame used to heat the wire gauze, and used specific gases to
prove that water vapor is not required for the existence of sound. With his apparatus,
Rijke noted in covering the top of the tube (as in Higgins’ work),?> no sound would be
produced, leading to the conclusion that the upward convection of air through the tube
was necessary for the generation of sound. Rijke also examined the effect of changing the
relative position of the wire gauze within the tube. The most intense sounds were
produced when wire gauze is placed above the bottom of the tube at a distance of one-

fourth of the length of the tube. Additionally, Rijke reported that oscillations occurred if
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the gauze was placed in the lower half of the tube, but would subside if placed in the

upper half of the tube.

Open End
Metal Tube
e
TR T, | Heated Gauze Wire
A ) ;
RS
gt
B
- -7~ 7= ~ Open End

Figure 2.5: The Rijke tube apparatus

In continuing Rijke’s observations, Tyndall”’ disclosed that in his
experimentation, sound could always be produced by adjusting the size of the flame
relative to the size of the tube, and that the “shaking of the flame” that he observed was
directly proportional to the pitch created by the flame. For flames that did not naturally
produce any sound, Tyndall was able to trigger the sound by creating the correct pitch
himself (via a tuning fork or his own voice). In this practice, the pitch produced by the
flame was the same pitch with which the sound was triggered. Then, without knowing

which pitch to produce, Tyndall would produce an oscillatory, siren-like sound. When the
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correct pitch was produced, no matter how briefly, the flame would begin singing and
shaking. In his later work, Tyndall®® showed that varying the length of the tube used
would result in differently pitched tones, and that the corresponding “vibrations of the
flame consist of a series of partial extinctions and revivals of the flame.”?® With large
tubes, the intensity and volume of the sound was such that it caused physical vibration
within the room, and sometimes resulted in “the flame [being] extinguished by its own
violence, [ending] its peal by an explosion as loud as a pistol-shot.”?® Although not
designated as such at the time, Higgins,” Rijke,?® and Tyndall*"?® were among the first to
inspect the effect of thermoacoustic phenomena and their relation to combustion

instability.

2.2.2 Characterization of the Instability
Although scientists of the nineteenth century attempted to explain the thermo-
acoustic phenomena, it was not until 1945 in which the mechanism by which heat release
and the excitation of acoustic waves was characterized. In qualitatively defining the

coupling between local pressure and heat release oscillations, Lord Rayleigh stated:

If heat be periodically communicated to, and abstracted from, a
mass of air vibrating (for example) in a cylinder bounded by a
piston, the effect produced will depend upon the phase of the
vibration at which the transfer of heat takes place. If the heat is
given to the air at the moment of greatest condensation, or be taken
from it at the moment of greatest rarefaction, the vibration is
encouraged. On the other hand, if heat be given at the moment of
greatest rarefaction, or abstracted at the moment of greatest
condensation, the vibration is discouraged.?

In other words, the observed instability is dependent on the relationship between heat
release oscillations and local pressure oscillations. Energy is added to the acoustic field
and vibrations are encouraged when heat is added (removed) when the local pressure of

the gas is above (below) the mean pressure in the system. That is to say, energy is added
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to the acoustic field when the phase difference between the heat release and pressure
oscillations is less than m/2 (in phase heat release/pressure fluctuations). Similarly, and
conversely, energy is removed from the acoustic field and vibrations are damped when
the phase difference between the heat release and pressure oscillations is greater than m/2
(out of phase heat release/pressure fluctuations). In the system Rayleigh proposes, this
occurs when heat is added to (removed from) the system as the local pressure is below
(above) the mean pressure of the system.

Putnam and Dennis® theoretically investigated the criterion using a heat-driven
wave equation that resulted from a derivation utilizing the perfect gas equation,
continuity, linear momentum, and energy conservation. With this thermodynamic
analysis, they demonstrated the validity of Rayleigh’s criterion. Ultimately, Putnam and
Dennis derived the first mathematical formulation of the criterion presented by Rayleigh
using the relationship between heat release and pressure oscillations, as shown in

Equation 2.15.*

[ p'q'dt >0 (2.15)

To include effects of boundary conditions, Chu** expanded on Putnam and

Dennis’*!

Rayleigh integral. Fundamentally, Chu’s formulation is a linear equation that
describes the fluctuation of acoustic energy within the system, specifically for cases of
low amplitude oscillations in gases with a constant specific heat ratio. In verifying
Rayleigh’s criterion, Chu’s formulation explains that for amplification to occur, the net
mechanical work done by the gas must be greater than the acoustic losses due to viscous
dissipation. Additionally, Chu’s formulation illustrates a temporal relationship between

the relevant oscillations and assumes that the mean entropy of the flow is spatially

uniform. However, the pressure and heat release oscillations are also spatially dependent
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in real systems, as reflected in Zinn’s* formulation of the Rayleigh criterion (Eq. 2.16),

which takes the volume of the system, V, into account.

J, J, o' t) g (x t)dtav = [, [ X Li(xt)dtdV (2.16)

Unlike Putnam and Dennis’®* Rayleigh criterion (Equation 2.15), Zinn’s®
formulation better reflects a real process by using a spatially- and temporally-dependent
term— L;(x,t), as shown on the right-hand side of Equation 2.16—to represent the i"
damping process. In other words, the acoustic losses present in real systems are reflected
in Zinn’s Rayleigh criterion. Examples of damping processes include: heat release,
acoustic radiation, and viscous dissipation.

Nicoud and Poinsot* also included effects of acoustic losses in their formulation
of instability criterion. They began with a derivation of an acoustic energy equation (see
Equation 2.17), from which they formulated their acoustic energy criterion, seen in
Equation 2.18. Essentially, Nicoud and Poinsot’s acoustic energy criterion shows that for
stability, the amplification of acoustic energy within the system must be greater than

losses as a result of acoustic fluxes at the system boundaries, S.
1 - 2 -1 [ = c
acdv 2 P”2+p/‘c‘ av = J, <y /y15>quV—fSpu-ds (2.17)

¥ (y - 1/),,;) P q®aV > [ p'd-dS (2.18)

However, the acoustic energy relations (Eq. 2.17, 2.18) are only valid for

isentropic flows. For any real system, entropic losses would also need to be included in
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the prediction of instability. With Gibbs relations, the continuity equation, and the state
equation, Nicoud and Poinsot then derived the “fluctuation energy equation”—see
Equation 2.19—that includes effects of an irreversible flow field containing linear
entropy fluctuations with the initiation of instability. From this point, Nicoud and Poinsot
developed the instability criterion shown in Equation 2.20 for real, irreversible flows.
These two equations are also capable of describing isentropic flows. In this case,

Equations 2.19 and 2.20 would reduce to Equations 2.17 and 2.18, respectively.

d 1(_> T qr D, , -
EVE(P”Z 2z T )dV f[q ps_ Vs]dV J; p'-dS (2.19)

-

e 1/y,5> p'(0) ¢ (DAV > f p'i-dS (2.20)

é‘.
/N

The instability criteria developed by Nicoud and Poinsot* (Eg. 2.18 and 2.20)
apply to systems in which the thermoacoustic oscillations are linear. However, Culick®
has verified the Rayleigh criterion through a mathematical derivation that is applicable to
both linear and nonlinear thermoacoustic oscillations. In his derivation, Culick assumes
an arbitrary shape for the combustion chamber, leading to the verification of the Rayleigh
criterion for all thermoacoustic oscillations and all combustion chambers; Culick’s
Rayleigh criterion is shown in Equation 2.21. This work provided an analogy between the
effects of an oscillating heat source and the effect of an oscillating piston in wave
generation, and increased the understanding of the effect of ¢’ and dq’/dt on the

amplification of acoustic waves.
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AE = |, ft”T (V B 1/y15> p'(t) q'(t) dtdV (2.21)

For a more complete, comprehensive review on literature related to combustion
instability and Rayleigh’s instability criterion, the reader is referred to Raun et al.’s “A
Review of Rijke Tubes Rijke Burners and Related Devices.”* In this review, Raun et al.
covers literature related to the history and theoretical mechanisms of heat-driven acoustic
instability. Modern experimental work with Rijke tubes and burners is also discussed,
including experimental work conducted by Putnam and Dennis between 1953 and 1956

when they published their initial mathematical description of the Rayleigh criterion.

2.2.3 Types of Instability

Because of the work performed by Barrére and Williams®” and Putnam,®
combustion instabilities can be classified based on the size of the components that are
involved in the instability. Small-scale instabilities, or intrinsic instabilities, are caused by
short distance interactions between chemical kinetics and the flow field. Based on the
relative rates of the molecular diffusion of reactants and the thermal diffusion of heat, the
thermal-diffusive instability is one example of an intrinsic instability. Combustion
instabilities due to the interaction of the flame front and vorticity in the shear layer are
known as chamber instabilities, which can be further classified as acoustic instabilities,
shock instabilities, or fluid-dynamic instabilities.*” The Darrieus-Landau instability, or
hydrodynamic instability, falls within the category of fluid-dynamic chamber
instabilities. Acoustic instabilities involve the propagation of acoustic waves within the
combustion chamber. If paired with the heat release oscillations produced by the flame,

like those observed by Higgins,? Rijke,?® and Tyndall,*"?® these acoustic instabilities are
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specifically known as thermoacoustic instabilities. The final classification, system
instabilities, is where large-scale, combustor-level instabilities are categorized. Because
thermoacoustic instabilities have already been discussed, the two modes that will be

discussed are the Darrieus-Landau instability and thermal-diffusive instability.

2.2.3.1 Darrieus-Landau (Hydrodynamic) Instability

Between the unburned gases (reactants) and the burned gases (products) in a
flame, a large density gradient exists, giving rise to baroclinic effects on the flame front.
As it is defined, baroclinity is due to misaligned gradients of density and pressure,
resulting in the rotation known as baroclinic torque. This large density gradient is
inherently tied to the increase in temperature—and the interrelated expansion of the
gas—as the combustion reaction proceeds. Small perturbations, including those arising
from baroclinic effects, can significantly influence the geometry of the flame front,
especially through the formation of wrinkles.

In the case of a laminar, premixed planar flame, any gradients of temperature and
species concentration occur normal to the flame. Using the temperature of combustion
and the thickness, velocity, and thermal diffusivity of the flame, Zel’dovich and
Kamenetzki*® developed a mathematical description for characteristics of laminar, freely
propagating planar flames. For a wrinkled flame, however, the behavior of the flame is
dependent on the diffusive and convective transport of energy and mass. The combustion
does not have a direct impact on the geometry of the flame front, but results in the
convective displacement of the front. The expansion of the gas and conservation of mass
and momentum require that the streamlines change direction at the flame front. In
concave regions (relative to the reactants), the downstream streamlines curve toward the
flame front, while the upstream streamlines bend away from the front. Conversely, the

downstream streamlines bend away from the front in convex wrinkling regions, while the
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upstream streamlines curve toward the flame front. Because the Mach number for their
flames was relatively small, Darrieus®® and Landau®* were able to classify their flow as
quasi-incompressible. Then, deviation in the streamlines across the flame front will
influence the upstream flow field. The modification of the upstream flow field creates
flow divergence and velocity gradients that in turn, couple back and increase the
wrinkling of the flame front.*? This feedback mechanism and resulting (unconditional)
hydrodynamic combustion instability is designated the Darrieus-Landau instability.

Sometimes, it is simply referred to as the hydrodynamic instability.

Streamlines
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Figure 2.6: Deviation of flow lines leading to Darrieus-Landau combustion instability

Source: [42]

As anticipated by Darrieus and Landau, the problem of analytically characterizing
the structure of a non-steady wrinkled flame (with hydrodynamic instability) can be
approached as an incompressible-flow problem outside the flame thickness by specifying

boundary conditions on either side of the flame front.** Although Markstein presented a
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phenomenological description of the wrinkled front* and Zel’dovich et al. discussed the
hydrodynamics and stability of flame propagation in tubes,* it was Sivashinsky*® and
Joulin & Clavin®” who provided full descriptions of the structure of the wrinkled flame
front. These descriptions were attained by solving the thermal-diffusive instability model

proposed by Barenblatt et al..*®

With more developments in the field, Sivashinsky paired
with Gutman®® to continue examining hydrodynamic flame instability. Together, the two
examined the geometries of a downward-propagating planar flame under the influence of
the Darrieus-Landau instability. In smaller combustion systems, Gutman and Sivashinsky
showed that although small-scale instability cells may initially form in the planar front,
they will eventually merge until a single cusp-shaped flame is formed, as shown in Figure
2.7.

In large-scale combustion systems, however, Gutman and Sivashinsky*® showed
that the instability presents as fine cellular structures that constantly develop, merge, and

divide. As time progresses, this chaotic nature continues, and one overall structure (as in

Figure 2.7) does not develop.
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Figure 2.7: The amplification of a small-scale combustion instability along a planar flame
front forms a cusp-shaped flame.

Source: [49]

2.2.3.2 Thermal-diffusive Instability

If the thermal expansion of gases across the flame front were neglected, then
theoretically, the Darrieus-Landau instability caused by this expansion would not be
observed. Even in the absence of hydrodynamic effects, however, combustion instability
may still be observed. In premixed flames, for example, thermal-diffusive instabilities are

intrinsic to the nature of the flow field. The instability is dependent on the relationship
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between the molecular diffusion of the reactants and the thermal diffusion of heat, which
can be expressed in terms of the Lewis number, which is defined in Equation 2.11.

A simple examination of the physics behind the Lewis number can provide
information on the nature of the stability of the flame. If equal to unity, the mass and
thermal diffusion rates are equal, and the surface of the flame front is unaltered. If not
equal to unity, however, two cases provide stability information for the flame: those in
which Le > 1 and in which Le < 1. A depiction of the physical mechanism associated
with these regimes is shown in Figure 2.8.

For cases in which the Lewis number is less than unity, the rate of thermal
diffusion is lower than the rate of molecular diffusion of the reactants. As such, in regions
of the flame front that are convex toward the unburned reactants (UR in Figure 2.8), the
reactants diffuse toward the burnt gases (BG) faster than heat diffuses toward the BG.
Then, as reactants diffuse, they are heated by the BG and proceed through the combustion
more quickly than in the case of a planar flame front. In turn, this results in an increased
local (laminar) flame speed, s;, for regions convex toward the UR (compared to s?, the
flame speed of a planar flame front). Conversely, in zones that are concave to the UR, the
reactant molecules diffuse outward toward the BG side of the flame front. Then,
compared to the planar flame front, the larger potential for outward diffusion (without
encountering another portion of the flame front) results in a decreased local flame speed.
Then, for Le < 1, the integration of thermal-diffusive effects in the different regions of
premixed flames amplifies perturbations and results in an unstable, increasingly wrinkled

ﬂame 24,50,51
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Unstable regime (L, < 1) Stable regime (L, > 1)

Figure 2.8: Depiction of (Le-dependent) thermal-diffusive instability regimes

Adapted from: [24]
The dashed line represents the planar flame front, while “UR” and “BG” represent the
unburned reactants and the burnt gases, respectively.

“For Le < 1, molecular diffusion (empty arrows) is larger than heat diffusion (filled

arrows) and the wrinkling of the flame front is enhanced by differential flame speeds
(left figure). For Le > (right figure), a stable planar flame is obtained.”?*

In a similar fashion, the effect of a Lewis number greater than unity on a flame
front can be determined. For this case, the rate of thermal diffusion by heat is dominant to
that of the mass diffusion of the reactants. In regions that are convex to the UR, the
thermal diffusion by heat can occur in large outward-oriented zones and compared to the
planar flame speed, and the local flame speed is decreased. In regions that are concave to
the UR, the diffusive heat will increase the temperature of the reactants, and the local
flame speed will be higher than that of the planar flame speed. Then, for Le > 1, the
higher relative rate of thermal diffusion (by heat) acts to stabilize the front by smoothing

flame wrinkling and decreasing the overall surface area of the flame.
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In this simple stability analysis, it was assumed hydrodynamic effects on the
stability of the flame were negligible. This, of course, is not true for actual flames. In

1.8 and Williams®? determined stability limits that took

their analysis, both Barenblatt et a
both the thermal-diffusive and hydrodynamic instability effects into consideration. For
both analyses, the authors’ stability conditions do not revolve around Le = 1, but are
instead dependent on the value of the Lewis number compared to an arbitrary critical
Lewis number, Le.. In Barenblatt’s analysis of a planar flame front influenced by long-
wave perturbations, the critical number (defined in Equation 2.22) was shown to be
dependent on the Zeldovich number, B, which is dependent on the temperature of the

burned gases (Tp), the temperature of the unburned reactants (T,), and the reactions’

activation energy (E), as shown in Equation 2.23.

Le,=1— 2/[), (2.22)

,3 — E(TBG - Tu)/R (2.23)

2
TB G

For a typical flame, the second term in Equation 2.22 is approximately 0.133.
Then, the critical Lewis number for a typical flame is approximately 0.877. In most
flames, the Lewis number is near unity. Depending on the composition, this is also true in
some mixed-fuel flames. For example, the Lewis number is approximately unity for a
flame using a methane and hydrogen as the fuel source. However, as the ratio of methane
to hydrogen decreases—that is, with increasing the relative fraction of hydrogen in the
mixed fuel—the Lewis number is reduced, and the potential for thermal-diffusive

instabilities in the system develops.'”®
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Following Sivashinsky’s* analysis of thermal-diffusive theory of single-reactant,
g y y

cellular flames, Joulin & Mitani®* considered the linear stability of a two-reactant flame,
which is governed by perturbations of temperature and the predominant component in the
fuel mixture. The stoichiometry and the Lewis numbers of the two components are
important in determining the stability characteristics for two-reactant flames. Although
the authors show that the stability of two-reactant flames is governed only by a single
parameter, the interrelatedness of defining this parameter to other characteristics of the
flame is such that the reader is referred to Joulin and Mitani’s “Linear Stability Analysis
of Two-Reactant Flames™* for the complete derivation of the stability conditions. Within
their analysis, they showed that for a given Lewis number and stoichiometric ratios, their
stability condition can be reduced to resemble exactly that derived by Sivashinsky*® for
single-reactant flames. In both analyses, the authors showed that as the Lewis number (or
reduced Lewis number, as in Joulin & Mitani) is sufficiently small, the instability

presents in cellular structures within the flame.

2.2.3.3 Blowout

At sufficiently low fuel/oxidizer flow rates, the base of a flame will lie relatively
close to the exit of the burner. However, as the flow rate of the incoming gases is
increased, the flame lifts away from the burner until the rate of combustion cannot
maintain the rate at which unburned reactants are entering the region in which the
combustion occurs. As the incoming flow rate (and thusly, bulk velocity) becomes
sufficiently high, the flame is said to experience blowout.'® Ultimately, blowout is a
mechanism resulting in flame extinction, and is not desirable in combustion systems.

However, blowout is not solely dependent on the relationship between the rate of
combustion and the incoming reactant mixture flow rate. For combustion in industry and

in the current work, operating under sufficiently fuel-lean conditions (¢ < 1) may result
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in flame failure. In this situation, there is not enough fuel in the fuel/oxidizer mixture for
the flame to self-sustain. With a decreasing equivalence ratio, ceteris paribus, regions of
stability related to lean blowout are easy to observe in a low swirl burner. For example, in
the current work, stable flames remain relatively stationary in relation to the exit of the
burner. With a decrease in equivalence ratio, however, a region of instability exists in
which the flame boucnes. Here, the flame is characterized as unstable, but extinction has
not yet occurred. As the equivalence ratio is decreased further, however, the flame will
either shoot upward or extinguish due to its inability to self-sustain. The equivalence ratio
at which this blowout occurs is known as the lean blowout (LBO) limit, and is influenced
by fuel type, flow velocity, system pressure, and burner geometry. Details regarding the
LBO limit will be addressed further during discussion of hydrogen addition to the fuel

mixture as a method of stabilizing flames.

2.2.3.4 Flashback

Flashback is the transient phenomenon that occurs when a flame enters and
propagates through a burner without extinction. Compared to blowout, which results in
flame extinction, flashback is a serious safety hazard. Without precautions or flame
arrests in place, flashback can result in the flame propagating through the fuel supply line
to the fuel reservoir, which may result in an explosion.”® Like blowout, flashback is
influenced by fuel type, flow velocity, system pressure, and burner geometry. For
example, as the flow velocity is decreased, the rate of combustion—and hence, the flame
speed—may exceed the local velocity of unburned reactants, resulting in flashback of the

flame. Fritz, et al.> highlighted the four principal causes of flashback:
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e flashback in the boundary layer
e turbulent flame propagation in the core flow
e flashback due to combustion instabilities

e combustion induced vortex breakdown (CIVB)

Predominant in nonswirling, low turbulence flows, flashback in the boundary
layer is due to low flow velocities in the boundary layer of the flow, which promote
upstream flame propagation. Additionally, heat transfer to the walls of the combustor can
also result in flame extinction. Lewis and von Elbe®® derived flashback criterion for
laminar flows based on the laminar flame speed and the distance required for flame
quenching. Based on their criterion, flashback occurs if the gradient of velocity is less
than the ratio of the laminar flame speed to the quenching distance. In turbulent flows,
however, the axial turbulent diffusion above the laminar sublayer increases the flame
speed, so for turbulent flows, the critical velocity gradient for flashback is much higher
than in laminar flows.>” In a recent study, it was concluded that key parameters for
determining meaningful turbulent boundary layer flashback limits include the distribution
of the flame backpressure and the flame position. Additionally, it was shown that
confined flames produced more conservative criteria than unconfined flames in designing
burners resistant to turbulent boundary layer-induced flashback.>®

In the second principal cause of flashback as highlighted by Fritz et al., flashback
occurs if the turbulent burning velocity exceeds the local flow velocity in the core flow.

This is the mode of flashback highlighted in Turns’ Introduction to Combustion.'®

Because the turbulent flame speed is highly dependent on chemical kinetics and flame
structure, studies to find correlations between the turbulent velocity fluctuations and the
turbulent burning velocity are in disagreement.”*®*®%2 |n swirled flames, flame
wrinkling results in a larger flame surface area, resulting in a higher increase from the

laminar flame speed to the turbulent flame speed than in non-swirled cases. For swirled
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burners, a higher level of protection against flashback is provided in lower-turbulence
burners (e.g. LSBs) than in high-swirl burners.>®

Combustion instabilities, such as those resulting from vortical flame structures or
those within the precessing vortex core (PVC) of high swirl flows, can also cause
flashback in the boundary layer and/or in the core flow.**®® The last mechanism resulting
in flashback is associated with the breakdown of vortices in the PVC or recirculating
region(s) of the flow. Although many studies have been performed on CIVB-induced
flashback,**®>® the current work focuses on flashback limits in a LSB. Because the PVC
is not present in LSB flow fields, details of the CIVB mechanism will not be discussed
here. For a more detailed explanation of the physics behind flashback resulting from
combustion instability and CIVB, the reader is referred to Fritz et al.’s “Flashback in a

Swirl Burner With Cylindrical Premixing Zone.”*®

2.2.4 Instigating Instability

In both industrial processes and in experimental systems, observed instabilities
may be due to one of many mechanisms, such as the presence of a feedback loop within
the system. As illustrated in Figure 2.9, a causal relationship exists between unsteady heat
release oscillations, acoustic excitations, and perturbations in the flow field. Within the
flow field, fluctuation properties may be thermodynamic or chemical in nature, but will
have an impact on the heat release oscillations within the flame. Inhomogeneities within
the flow field influence the heat release such that the resulting oscillations are unsteady.
From this point, the acoustic field—and thus, the pressure fluctuations—in the chamber is
affected by the unsteady heat release oscillations, and in turn, will couple back and
change various thermodynamic or chemical properties of the flow field. This feedback

loop is only one of many mechanisms that are capable of triggering instabilities within a
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combustion system, but essentially is a method of relating the downstream flow to the
upstream region where perturbations originate. Another way of altering flame stability is
to change the density of the unburned reactants or the mean pressure of the combustion
system, which results in modifying the flame speed and/or the acoustic characteristics of
the flame. In these cases, the velocity field and acoustic field are reformed, and the

stability and flame dynamics of the combustion are altered.

—
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Figure 2.9: Illustration of feedback loop involved in sustainment and amplification of
combustion instabilities

Theoretically, variations in equivalence ratio were shown to participate in the
feedback loop within a lean, premixed gas turbine system.®” Variations in the equivalence
ratio may be due to an incomplete or an inefficient premixing process or due to
unanticipated pressure fluctuations within the fuel/air supply system, which may be due
the nature of release patterns from the reservoir. More likely, however, pressure
perturbations within the acoustic field will influence the pressure drop and variations

within the supply system and alter the flow rate of the fuel or air being supplied.®®
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Experimentally, Kang et al.®

used a non-premixed jet flame to investigate the
relationship between the level of mixing and acoustic fluctuations. The work supported
Lieuwen’s theoretical work to show that the level of premixing and the local equivalence
ratio are influenced by acoustic perturbations, which also have an effect on the flame
response.

Another source of flame and acoustic coupling is the formation of vortices, as first
evidenced in the early studies of Reynst,”® who identified “whirls” as a source of
combustion instabilities. In sheared zones, hydrodynamic instability can induce vortices.
With the introduction of acoustics, the hydrodynamic mode can couple to create vortices
that are excited both acoustically and hydrodynamically.” Vortices can act to trigger
instability through interaction with the flow, leading to small-scale turbulent structures
and localized, sudden heat release. On the other hand, the vortices can act to increase the
surface area—and as such, the heat release—of the flame. In either case, the vortices
completely modify the flow structure and result in an unsteady heat release, which can
then instigate the cyclical feedback process depicted in Figure 2.9. The presence of
acoustic oscillations may, in fact, actually act to stabilize vortex formation, as evidenced

by studies of vortex formation in the shear layer of dump combustors or combustors with

bluff-body flame holders."

2.2.5 Rayleigh Index & Maps
From Culick’s derivation of the Rayleigh criterion (Equation 2.21), a normalized,
non-dimensional parameter was developed that is now commonly used in the modeling of
combustion instabilities.”"*">"® This parameter, shown in Equation 2.24, is known as the
Rayleigh index. Non-dimensionalizing and normalizing processes were performed in the

development of the parameter accounts for the amplitude and period of driving pressure
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oscillations. Here, the period of the driving acoustic wave, T, is used to develop the non-

dimensional time, .

1 r_I
R ez

Previously, p’ and q’ were the pressure and heat release oscillations, respectively.
Here, in Equation 2.24, p' is instead the amplitude of driving pressure perturbations and
q' is the heat release fluctuation per unit volume. In a similar fashion, p,,s is the root
mean square of the amplitudes of driving pressure oscillations and g denotes the mean
intensity of heat release.

With Lord Rayleigh’s criterion, knowing the relationship between the heat release
and pressure oscillations gives insight into the type of combustion instability observed.
With the Rayleigh index, the sign convention is indicative of the type of combustion
instability. Positive indices are obtained if the acoustic energy within the flame is
amplified, and negative indices indicate that the acoustic vibrations are damped by the
driving perturbations. In the examination of thermoacoustics, the Rayleigh index can be

7
.78

used to explore flame response for combustion systems. For example, Allison et al.” uses

the Rayleigh index to examine the thermoacoustics of a flat and a V-shaped syngas flame

™ and Kang et al.,”*

produced by a simple dual-swirl burner. Huang and Ratner
however, used the Rayleigh index to examine the flame response of acoustically forced
bowl-shaped methane flames produced by laboratory scale low-swirl burners. In addition
to the ability to examine local flame response, the Rayleigh index can also be applied
globally to determine the overall stability of the flame. To obtain the global index, the
local, Rayleigh index (from Equation 2.24) is integrated over the volume of interest. The

|.80

global Rayleigh index has been utilized by many, including Poinsot et al.” to verify the

Rayleigh criterion for a multiple inlet combustor system. A numerical investigation by
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Shinjo et al.™ utilized the global Rayleigh index to validate a large eddy simulation

approach to modeling unsteady methane-air flames produced by a gas turbine swirl

75,79 I 74

burner. Huang and Ratner™" and Kang et al.”” utilized the global Rayleigh index in their
examination of 2.54 cm low swirl burners.

As the insertion of a thermocouple (or other physical device) into a combustion
chamber is bound to alter the flow field, planar laser-induced fluorescence—a non-
intrusive technique which will be discussed in more detail during the review of imaging
techniques—of OH” can be used to visualize the flame and assist in the formulation of
the Rayleigh index for experimental combustion systems. As an intermediate product of
combustion, the concentration of OH, [OH], is an approximate measure of the local
temperature in the flame, and as such, can be used as a relative indicator of heat
release.?*#3% The definition of the Rayleigh index retains the same form but can instead

be written as shown in Equation 2.25.

_ 1 _p'[oH]
R=Jo pmetom % (2:25)

As in Equation 2.24, p’ is the amplitude of driving pressure perturbations and
Prms 1S the root mean square of the amplitudes of driving pressure oscillations. Instead of
using q'/q, however, the ratio of heat release fluctuations to mean heat release is
approximated by [OH]' /[0H], the ratio of OH concentration fluctuations to the mean OH

concentration.
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2.3 Flame Stabilization

Although combustion instabilities have been extensively studied in laboratory
settings, the presence of instability in industrial combustors must be avoided. The current
section will begin by discussing the motivation for avoiding combustion instability, and
will then continue to discuss methods that can be used in reducing the presence of
instability. The three main methods that will be discussed include active and passive

control, the addition of swirl, and the addition of hydrogen to the reactant fuel mixture.

2.3.1 Motivation for Stabilization

In industries that utilize continuous combustion, such as propulsion, power
generation, and heating, the appearance of combustion instability is an obstacle that
should be avoided for safety purposes and failure prevention. In the gas power industry,
biannual (seasonal) maintenance and tuning may be necessary to counteract the effect of
ambient temperature changes on incoming fuel/air density and the lean stability limits of
the combustor.®> As previously discussed, instability can cause circumstances in which
flashback or blowout can occur, and instability can be preserved and magnified by the
cyclic feedback process outlined in Figure 2.9. From a mechanical or thermal fatiguing
standpoint, other consequences can result from the onset and proliferation of combustion
instability. As one side effect, instabilities can cause localized overheating and fatiguing,
which precipitates equipment failure. Within the combustor, the buildup of acoustics can
cause unwanted vibrations.®* In cases where the amplitude of pressure oscillations is
sufficiently large, components of the combustor may physically deform. In both of these
cases, the rate of fatigue failure is also accelerated. Examples of specific components
risks are shown in Table 2.1, and are classified by the type of instability (dependent on

oscillation frequency) by which they are caused. Visually, Figure 2.10 shows the
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difference between an intact (non-premixed, jet-type) burner assembly and an assembly
that has been affected by combustion instability. As evidenced by these examples, the
presence and propagation of thermoacoustic instability in industrial systems will

eventually lead to failure. In the most severe cases, instabilities can result in system

failure occurring in the form of an explosion.

Table 2.1: Potential risks associated with the presence of combustion instability

Description g;ﬁgge[r:;/] Component Risks Potential Causes
e Flashback indications
e Lean blowout
; e Damaged swirler(s)
Low-frequency e Swirler damage ‘ e
dynamics 0-100 o Basket damage * Air-flow restriction
o Nozzle damage ¢ High injection flow
rates
e Pilot-nozzle distress
) e Transition panels e Fuel composition
Interm%dlate—f_requency 100-500 ® Tran_sition seals o Fuel splits
yhamics e Fretting e Bypass-valve distress
o Wear
) e Downstream
Intermedlate—f_requency 500-1500 components « Equipment distress
dynamics e Fretting
o Wear
e Baskets e Over-firing
High—freql_Jency 500-5000 © Cross-flame tubes e Fuel composr_uon
dynamics e Flashback e System damping
o Basket distress

thermocouples

Adapted from [85]
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Figure 2.10: Potential effects of combustion instability in a non-premixed jet flame
combustor

Adapted from [87]
(A) Assembly exposed to combustion instability
(B) Fresh burner assembly

2.3.2 Methods of Stabilization

To effectively preclude the formation of instability or its presence in a combustion
system, the system should be altered such that the system is prevented from entering the
instability feedback loop (as in Figure 2.9) or altering the system to interrupt an existing
feedback loop. Then, managing instability in a system can be performed by counteracting
acoustic oscillations or modifying the flow field to hinder the formation of vortices or
alter the heat release pattern. For example, viscous dissipation or heat transfer could be
used to transfer acoustic energy to/from vortical disturbances or entropy disturbances,
respectively. Energy from acoustic waves can be dissipated through boundary layer

losses near rigid surfaces®® or from flow separation losses at sharp edges or in cases of
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rapid expansion.*® With a reduction in acoustic energy, the feedback loop may not have
the level of energy required to sustain the cyclical instability amplification process. In
some cases, multiple solutions exist to mitigate combustion instability within a system.
For example, Table 2.2 demonstrates potential strategies for dealing with the risks
associated with combustion instability that were initially presented in Table 2.1. The
present commentary on stabilization strategies will continue with discussion of three
areas of stabilization: active and passive control, addition of swirl to the flow field, and

addition of hydrogen to premixed fuel blend.

Table 2.2: Strategies used in mitigating risks combustion instability

Description Potential Causes Mitigation Strategies
e Flashback indications ¢ Increase fuel fraction at
e Lean blowout different stages
Low-frequency dynamics o Damaged swirler(s) * Repair/replace basket
(0-100 Hz) e Air-flow restriction Remove_alr—5|de
¢ High injection flow rates obstruct!ops .
e Pilot-nozzle distress ¢ Reduce injection flow rate
Interme(zjci/ig;erz;;zquency e Fuel composition e Combustion tuning
e Fuel splits e Active tuning
(100-500 H2) e Bypass-valve distress

Intermediate-frequency e Inspect and repair

dynamics e Equipment distress
(500-1500 H2) quip combustor components

_ _ e Over-firing e Install Helmholtz resonators
High-frequency dynamics o Fyel composition e Increase stream injection
(500-5000 Hz) e System damping e Preheat fuel
e Basket distress

Adapted from [85]
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2.3.2.1 Active Control vs. Passive Control

In attempts to alleviate destruction in combustion systems, the techniques
typically employed to inhibit the damaging effects of thermoacoustic instability can be
classified as either passive control or active control. In passive control, instability is
suppressed in such a way that the method of control does not continuously alter
parameters related to the physics of combustion. For example, passive control may be
achieved through modifications to the geometry of the combustion chamber or by
presetting properties of the combustion, such as the equivalence ratio or the fuel-to-air
ratio of the reactants. In determining modifications required for instability suppression,
passive control methods require a basic understanding of the specific physical
phenomena occurring in the system.*® In examining passive control as a NO, reduction
technique, Delabroy et al.** altered the configuration of the air and fuel nozzles in a non-
premixed system with the goal of attaining homogeneous mixing of the incoming
fuel/oxidizer mixture prior to ignition. In typical systems, the air jets are positioned
concentrically around the fuel ports. For the new arrangement, alternating air and fuel jets
were arranged on a base circle, and were oriented such that axes of all jets were directed
away from the axis of the burner. Each type of jet had a constant tilt angle (predetermined
by Sobiesiak et al.),? but the tilt angle of the air jets differed from that of the fuel jets. In
this examination, Delabroy et al.”* found that the tilt angles of the ports had an effect on
the combustion stability, but that the level of NOy production was relatively unaffected.
Using a pulsed combustion active control system, however, Delabroy et al. was able to
reduce the NOx produced in the non-premixed combustion process.

Although there are many types of active control systems, this method of
instability suppression can be generally described as a dynamic control system that is
usually based on external control loops and adaptive filtering techniques. That is, in
active control, manipulations are constantly being applied in attempts to suppress

instability. Early work in active control systems was performed by Tsien,*® Marble and
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Cox,™ Marble,*® and Crocco and Cheng® in analyses of rocket motor instabilities and the
introduction of external perturbations to decouple the physical processes responsible for
instabilities.”® Compared to passive control systems, active control is advantageous
because the system(s) can be integrated into any existing arrangement to provide stability
control, where passive systems may require more construction-based modifications to the
existing arrangement.* As previously mentioned, Delabroy et al. successfully reduced
NOx production levels in a non-premixed system by means of pulsing the air entering the
chamber. Many others have also used pulse combustors as a means of controlling
combustion instability, as they have been shown to produce high combustion and thermal
efficiencies, promote better combustion intensity, and reduce NO,, CO, and soot
emissions for a variety of fuels.*®" Pulse combustors are typically comprised of a large
combustion chamber that acts as a Helmholtz resonator and a long tube. Oscillations
within the chamber occur at the fundamental frequency of this tube.’® Examples of some
pulse combustor configurations are shown in Figure 2.11. In chamber configurations
shown in Figure 2.11a — Figure 2.11d, the large amplitudes of velocity oscillations within
the long tube alter heat transfer processes within the combustion chamber. The velocity
oscillations cause large flow reversal and shearing motion within the long tube,
enhancing the fine-scale turbulence structures of the combustion, which leads to the
augmented heat transfer that is observed.”® In Figure 2.11e, however, the twin pulse
combustor shown consists of two separate combustion chambers that are connected by a
common exhaust volume. Because the chambers operate anti-phase, the pressure pulses
from one combustion system cancels with the pressure pulses from the other system,

acting to ultimately reduce the noise resulting from the combustion processes.***%
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Figure 2.11: Pulse combustor configurations

Adapted from [90]

In non-pulse combustors, others have used a mechanism similar to that of the twin
pulse combustor shown in Figure 2.11e to essentially cancel out the presence of acoustics
within a combustion chamber. Employing a mechanism known as antisound to suppress
combustion instabilities, a loudspeaker is used to produce external acoustic excitations
that occur 180° out-of-phase from the actual noise in the chamber.®**® In work in a
ducted, premixed burner, Lang et al.?® uses microphones in an active instability control
system to experimentally examine the effect of gain and control loop phase on
combustion instability. The theoretical model presented is in agreement with

experimental work, and shows that if the combustion parameters and active control
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parameters are chosen wisely, the energy required to suppress combustion instability is

relatively small. Additional experimentation with Rijke tube configurations,'%*'%

104 105

laboratory reheat channels,'® small-scale gas rockets,'®® and turbulent diffusion flames'®
further supports observations that active control can be successfully integrated into

systems to damp or suppress combustion instabilities.

2.3.2.2 Addition of Swirl

In methods that do not employ active or passive control, changing the dynamics
of the flow field can also act to stabilize a flame. One such method of stabilizing the flow
field is to swirl the incoming gases prior to ignition. The addition of swirl is the primary
mechanism found in both premixed and non-premixed combustion systems because the
swirl is effective in controlling flame stability and combustion intensity.*?:107:108109.110. 111
In premixed, swirled flames, circulation is typically created using vanes to rotate the
gases entering the combustion chamber. The level of swirl within the flow field is defined
as shown in Equation 2.26, where u, and uy are the axial and azimuthal velocities,
respectively, and p is the density of the flow, r is the radius of integration, and R gives
the outer radius of the annulus.’®**? Higher swirl numbers correspond to greater
circulation within the flow, and conversely, lower swirl numbers correspond to less
circulation within the flow. However, as far as swirl classification goes, there is not a
specific cutoff to distinguish high swirl flows from low swirl flows. Instead, high swirl
flows are characterized by “sufficiently high” swirl numbers, while low swirl flows are
characterized by “sufficiently low” swirl numbers.

As incoming gases are circulated in high swirl flows, a toroidal recirculation zone
is created at the center of the swirled flow field. By improving the mixing properties of
the fuel, oxidizer (in non-premixed systems), and intermediate combustion products, the

recirculation zone acts to stabilize the flame. A sample flow field of a high swirl flame is



48

shown in Figure 2.12. The two important regions that appear within high swirl flames are
the central recirculation zone (CRZ) and the precessing vortex core, which is located
along the boundary of the CRZ. The role of the PVC in flame stabilization is highly
dependent on the nature of the CRZ and the level of swirl within the flame,*** but can
have unfavorable effects on oscillatory heat release patterns and the combustion.!
However, in premixed systems, the CRZ in known to circulate heat and intermediary
combustion products—such as CH and OH radicals—toward the base of the flame, which
in turn acts to stabilize the flame in regions where the magnitude of the flame speed and
the incoming flow velocity can be equilibriated.>*° In this way, the CRZ acts similarly to
the wake region of a bluff body flame stabilizer, where a steady supply of radicals and

hot combustion products reside to continuously ignite the fresh, unburned reactants.™

R
o uxugr?dr

S = (2.26)
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In preventing the PVC from adversely affecting the combustion process, the low
swirl burner was designed by Robert Cheng of the Lawrence Berkeley National
Laboratory to eliminate the formation of the CRZ and in turn, the PVC. Then, because
the aforementioned CRZ does not exist, it is not the mechanism that acts to stabilize the
flame in low swirl flows. Instead, the design of low swirl burners is such that the flame is
stabilized via divergence of the flow field. Figure 2.13 depicts a typical low swirl burner
configuration. Here, most of the unburned gases are directed through vanes around the
outside of the burner, which act to circulate the flow. Some of the gases are directed
axially through screens located at the center of the burner. With increasing downstream
distance from the burner exit, the axial flow velocity decreases linearly, which generates
the nearly axisymmetric region of flow divergence. Unlike the conventional high swirl

burners, LSBs are capable of operating in much leaner regimes, mainly due to the shorter
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chemical residence time. With proven lower NOx production resulting from the leaner
combustion regime and the decreased flame temperature, LSBs are an attractive
alternative to the high swirl burners that are often used in industry. Additionally, the LSB
flow field provides a robust self-adjusting mechanism for the flame to withstand transient
flow conditions or unpredicted changes in fuel mixtures.'* With the leaner combustion
regimes, however, the flow field of a LSB is more susceptible to perturbations than the
conventional high swirl burner. As previously discussed, these perturbations could alter
the combustion process and lead to combustion instability occurring within the system.
Experimentation has led to an increased understanding of the LSB combustion physics
and related instabilities, but much more work exists in order to declare that the nature of

LSB systems are fully understood.

Swirl Corner Vortex-breakdown-induced
injector recirculation zone center recirculation zone

Shear layers Precessing vortex core

Figure 2.12: Streamlines and flow structures found within a typical high-swirl gas turbine
combustor

Source: [114]
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Figure 2.13: Basic geometry and components of a low swirl burner characterized by
regions of axial and diverging flow

Adapted from [1]

2.3.2.3 Addition of Hydrogen

With the motivation to decrease NOy emissions, industry is continuously
designing combustion systems to operate under leaner conditions, which are more
susceptible to instability. The viability of stabilizing a flame via the addition of hydrogen
to the fuel mixture has been examined experimentally at atmospheric and increased
chamber pressures, and has been shown to improve extinction limits and NO, emissions
for a variety of fuels 1615:116:117.118
Using a general swirl combustor operating under preheated and premixed

conditions, Boschek and Griebel*® examined the LBO limits for methane and methane-

hydrogen fuel mixtures. It was shown that with the addition of hydrogen to the premixed
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fuel, the lean stability limit was extended significantly due to a higher OH radical
concentration in the mixture. The increased concentration of OH radicals led to a higher
global reaction rate and a higher flame speed, resulting in increased flame stability at
lower equivalence ratios. Additionally, as the chamber pressure was increased, LBO
occurred at lower equivalence ratios. Here, Boschek and Griebel attributed the lower
LBO limits at higher pressures to the lower concentration of radicals present within the
flame at higher chamber pressures.

Littlejohn et al.**®

examined the effect of hydrogen addition and chamber pressure
on the LBO limits of low swirl injectors (LSI) using syngas fuel mixtures composed of
hydrogen and one or more of the following components: methane, carbon monoxide, and
carbon dioxide. At atmospheric pressure, LBO limits were examined for unconfined
laboratory flames generated by a full size (6.35 cm) LSI. At elevated pressures, however,
a confined, reduced scale LSI (2.54 cm) was examined instead. In examining the LBO
limits of each system, results agreed with those observed by Boschek and Griebel;**® an
increasing fraction of hydrogen in the syngas fuel mixtures resulted in a decrease in the
equivalence ratio at LBO. In a similar fashion, Emadi'’ examined the stability and LBO
limits in a confined 3.81 cm LSB for methane and methane-hydrogen mixture flames at
atmospheric pressure and elevated pressures. Following the general observed trend,
increasing the fraction of hydrogen in the mixture fuel resulted in a decrease in the LBO
limit. Furthermore, as the Emadi increased the chamber pressure, the LBO limit occurred
at leaner conditions, which is akin to the elevated pressure results obtained by Boschek
and Griebel. Other studies on the effect of hydrogen addition on flammability limits have
been performed, and similar results have been obtained in each case. 2012
Additionally, many have noted that increasing the fraction of hydrogen in the fuel
mixture results in an increase of the laminar and turbulent flame speeds and the

15,116,120,122,123,124,125,126,127,128,129 Both the

associated fuel consumption rates. increased

range of flammability/stability limits and the increase in flame speed have been attributed
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to transport effects, which through a reduction in the Lewis number, play a role in the
decreased flame sensitivity to stretching/strain rates for hydrogenated fuel
mixtures.™>*128130 smaller Lewis numbers imply that the rate of molecular diffusion is
higher than the rate of thermal diffusion. As a result, the vortices formed at the surface of
the hydrogenated flame are relatively weaker and smaller than those in non-hydrogenated
flames. Experimentally, both Halter'”® and Emadi'” indicated that this was the case by
examining the effect of hydrogen addition on the flame front curvature, h. In both
investigations, an increase in the fraction of hydrogen in the unburned fuel mixture
resulted in a broadening of the PDF of flame front curvature, indicating the enhancement
of smaller-scale flame front wrinkling. Consequently, the breakdown of the smaller
vortices in hydrogenated flames resulted in relatively smaller-scale disturbances to the

flow field via localized pressure and heat release fluctuations.*’

2.4 Imaging Techniques and Flow Field Characterization

In studying the characteristics of combustion fields, a number of approaches exist.
However, two of these techniques are of particular importance, as they are the most
commonly used in studying lean, premixed combustion systems. In both the PLIF and the
chemiluminescence techniques, a special camera is used to filter and photograph regions
of a flame at a given instant. Both are useful in examining the characteristics of a flame,
but each carries its own set of advantages and disadvantages. When the research of
combustion physics was new, chemiluminescence techniques were more commonly used.
However, with the increase in technology and clarification of the limitations of
chemiluminescence,”’ PLIF techniques are now prevalent in examinations of combustion
instability in lean, premixed systems, including naturally unsteady systems and those in

which the application of acoustic forcing is used to induce the formation of instability.
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Some examples of previous work in oscillatory combustion systems have been sorted by

imaging technique and instability associated with the system, and are shown in Table 2.3.

Table 2.3: Studies that have utilized chemiluminescence and PLIF in the examination of
oscillatory flames

Chemiluminescence PLIF

e Sterling and Zukoski (1991) (188 Hz)

e Broda et al. (1998) (1750 Hz)

Naturally | e Kendrick et al. (1999) (235 Hz. 355 Hz)
Unsteady | ¢ Venkataraman et al. (1999) (490 Hz)

e Kappei et al. (2000) (370460 Hz)

e Bernier et al. (2004) (400 Hz)

e Cadouetal (1991) (43 Hz)
e Shih et al. (1996) (400 Hz)
e Cadouetal. (1998) (328 Hz)

A _ e Chenetal. (1993) (300 Hz, 400 Hz) e Cadouetal. (1998) (360 Hz,
coustic
_ e Durox et al. (2002) (0 - 400 Hz) 420 Hz)
Forcing
e Schuller et al. (2003) (0 - 400 Hz) e Punetal. (2003) (22-55 Hz)

Source: [131]

2.4.1 Chemiluminescence
Within chemical reactions, energy is constantly being transferred to and from
different species to carry the reaction forward. With this transfer of energy, electrons
within the intermediary products may be excited, and move to a higher orbital shell.
However, the most stable state in which an electron can reside is the ground state, or the
state of lowest electronic energy. Then, as electronically excited species revert to their
ground state, energy is typically emitted in the form of electromagnetic energy, which

can be captured with cameras that can filter out unwanted wavelengths. The process of
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capturing the naturally-emitted electromagnetic energy is known as chemiluminescence.
Unlike many other imaging techniques, chemiluminescence relies solely on the natural
transmission and emission of energy as the reactants proceed through the combustion
process, and does not require an external energy source (e.g. a laser) to excite electrons.
These techniques can capture the luminescence of different radical electrons within the
flame, including OH", CH", C,, and CO,","* and can provide information regarding the
concentration of the aforementioned radical species as well as local air/fuel ratios within
the reacting flame. Two examples of chemiluminescence images are shown in Figure
2.14. In the first, OH"-chemiluminescence was utilized to obtain an instantaneous

snapshot of a low swirl burner flame.*’

Figure 2.14: Illustration of disparities between an instantaneous and an average
chemiluminescence image

(A) Adapted from [17]; image (B) adapted from [78]
(A) Instantaneous OH-chemiluminescence image for a 2.54 cm LSB
(B) Average chemiluminescence image for a flat flame
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Chemiluminescence systems can be quickly implemented, and are relatively less
expensive than other flame imaging techniques. Images of the flame using
chemiluminescence can accurately measure flame oscillatory movement, but due to the
spatially averaged nature of images captured with chemiluminescence, detailed internal
flame structures cannot be correctly identified. If the Rayleigh index were used in
examining structures and flame instability, the spatial averaging through the depth of the
flame would result in inaccurate local and global Rayleigh index results.®* In these cases,
if examining internal flame structures, an imaging processes capable of resolving small-
scale, internal flame structures should be employed. Additionally, the signal strength of
chemiluminescence is not as strong as other flame imaging techniques, which results in a
decrease of the temporal resolution of flame visualizations. Then, with a stronger signal,
structures within the flame can be resolved for smaller windows of time, increasing the
temporal resolution, since shorter integration times would be required to obtain a signal
of sufficient strength.”” One such imaging technique that has the required signal strength
and the capability of resolving small-scale structures within the flame is planar laser-

induced fluorescence, or PLIF.

2.4.2 Planar Laser-Induced Fluorescence
Unlike chemiluminescence, which cannot resolve small-scale spatial flame
structures, PLIF can be used to investigate spatially localized characteristics of the flame.
Laser-induced fluorescence (LIF) utilizes a laser system to excite electrons of specific
intermediate combustion products, such as OH, CH, CH,O, or NO. As species return to
their ground state, electromagnetic energy is emitted, and can be captured for flame
visualization. The intensity of the electromagnetic energy emitted is dependent on the

concentration of the species within the flame. The wavelength of the laser beam (for LIF
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processes) or laser sheet (for PLIF processes) determines which intermediate species is
excited. In past work, an intensified charge-coupled device (ICCD) camera has been used
to capture fluorescence in LIF/PLIF processes.>>’483:131132.133,134,135

Imaging with PLIF can be used in the identification of internal flame structures
and the flame’s response to acoustic forcing by imaging the concentrations of chemical
species within the flame.®® For example, as previously discussed, the ratio of heat release
fluctuations can be predicted by the ratio of OH concentration fluctuations to the mean
concentration of OH ([0H]'/[OH]). Concentration data is collected using PLIF, which
can then be used in determining local and global Rayleigh index values to provide insight
into thermoacoustic instability within the flame. Examples of an instantaneous and
average OH-PLIF image are shown in Figure 2.15a and Figure 2.15b, respectively. With
these two images, the fluctuation in concentration of OH ([OH]', see Figure 2.15c) is
created. Then, in using a set of the [OH]’" images created from the instantaneous images,
the Rayleigh index map (Figure 2.15d) is obtained by calculating the Rayleigh index on a
pixel-by-pixel basis.

PLIF is a technique that has been used by many, including Driscoll*** and
Emadi,'” who utilized the imaging process to examine the structure of flames. In
Driscoll’s work, PLIF images of OH, CH, and CH,O were used to examine the effect of
flamelet structures (e.g. FSD, X) on turbulent burning velocities. Emadi, on the other
hand, used PLIF to analyze the effect of different flame parameters (fuel composition,
chamber pressure, ¢) on parameters including flame surface density and flame front
curvature. In addition to these two studies, PLIF has been used to investigate the

16,79,114,133,137,138,139,140

dynamics and characteristics of both swirled-flame systems. and

non-swirled flame systems’” 18141142
In contrast to chemiluminescence imaging techniques, PLIF offers a better
temporal resolution due to increased power of the signal and the resulting decreased

amount of exposure time required for capturing the PLIF images.”” In PLIF, the laser
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sheet localizes the data collected to the fluoresced plane, while in chemiluminescence
techniques, the images collected are line-of-sight spatial averages, so PLIF also offers
better spatial resolution than chemiluminescence.*® Then, the increased temporal and
spatial resolutions precipitate the use of PLIF (over chemiluminescence) in examinations
involving internal flame structures. However, the main disadvantage to using PLIF over
chemiluminescence is the cost associating with purchasing, installing, and running the

laser and associated optics equipment.

A

Figure 2.15: Average and Instantaneous OH-PLIF images used to create a sample [OH]’
image, and the resulting Rayleigh index map

©

Adapted from [17]
(A) Average OH-PLIF data for a set 900 images for one set of operating conditions
(B) An instantaneous OH-PLIF image
(C) Map for the fluctuation in concentration of OH
(D) Resulting Rayleigh index map
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CHAPTER 3
EXPERIMENTAL SETUP

The experimental setup used is an intricate network of components that interact to
allow for the collection of data. The entire network of components can be separated into
four fundamental subsystems. Each of these subsystems is imperative for the operation of
the apparatus. A basic schematic of the entire apparatus is shown in Figure 3.1. For
simplicity, the schematic in Figure 3.1 does not show each component contained within
the apparatus. Instead, the minutiae of the four subsystems—the combustion chamber and
LSB, the gas supply system, optics and imaging, and the data acquisition system—are

detailed in subsequent sections.

3.1 The Combustion Chamber and Low Swirl Burner

At the heart of the experimental apparatus is the T-shaped, stainless steel
combustion chamber, shown in Figure 3.2; associated dimensioning is shown in Figure
3.3. The 2.54 cm low swirl burner—shown in Figure 3.2, designed and created by Robert
Cheng of the Lawrence Berkeley National Laboratory’—is integrated into the
experimental configuration at the bottom of the vertical section of the chamber, which
includes quartz windows to allow optical access to the flame. In this region, the pressure
oscillations within the chamber are monitored through one of the chamber’s side access
ports via a side-mounted PCB-106B piezoelectric pressure transducer. Signals from the

transducer are sent to the data acquisition system.
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Figure 3.1: Schematic of experimental apparatus, subsystems, and key components
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Figure 3.2: The stainless steel combustor and sample low swirl burner
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Source: (A) [17]; (B) [143]
(A) Stainless Steel Combustion Chamber
(B) Top view of LSB

0.914 m 0.457 m

0.305m

1.220 m

,,,,,,

0.305m

Figure 3.3: Combustion chamber with relevant dimensions shown

The combustion chamber is symmetric about each of the primary vertical planes bisecting

the chamber.
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At the apex, directly above the LSB, is the exhaust for the chamber. Coupled with
this exhaust are three adjustable valves, which allow for the pressurization of the
chamber. Located here, at the top of the chamber, are two horizontal branches. Housed
within each branch are two speakers, which are controlled using a power supply,
waveform generator, and an amplifier. Any acoustic forcing within the system is applied
by these four speakers located downstream of the flame. To ensure the speakers do not
overheat—as this typically results in failure—cooling lines run nitrogen to the speakers.
The temperatures of the speakers are monitored using thermocouples, which are routed to
a laptop computer specifically used for displaying the temperature of the two innermost
speakers. Cooling lines containing water are responsible for cooling the chamber walls.

Ideally, observed flame responses are due solely to acoustic forcing or flame-flow
interactions. Relative to the size of the LSB and the flame, the inner diameter of the
chamber is large enough to safely assume that the flame does not interact with the walls
of the chamber. As an additional precaution, however, a coaxial and turbulent coflow of
air is utilized to affirm that the flame is isolated, and can only be affected only by

acoustic forcing or flame-flow interactions.

3.2 Gas Supply System

During the data collection process, consistency is achieved by maintaining a
constant unburnt gas mass flow rate. To accomplish this, a series of reservoirs, tubing,
flow meters, and flow controllers are utilized. With the goal of maintaining a constant
mass flow rate to the burner, the air coflow line and the speakers’ nitrogen cooling lines
are completely unattached from the network that delivers the unburnt gases to the LSB.
With the coflow and the cooling lines, the flow is adjusted manually prior to the

collection of data, and is usually untouched during the collection process.
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Conversely, the flow rates of the methane, hydrogen, and air to the LSB are
closely monitored using flow meters and the data acquisition/flow control system. The
flow rates of the methane and the hydrogen are regulated using Hastings HFC-D-303
flow controllers, and the air is adjusted using a Hastings HFC-D-307 flow meter. The
flow controller used for the methane is operated from a custom application operated
within the data acquisition and control system. Once the flow of each gas has been
regulated, the three gases are directed into the same conduit. While some mixing does
occur within this pipeline, the gases proceed toward the combustion chamber. Before
they are burnt, however, the methane, hydrogen, and air pass through a premixer to
homogenize the mixture of the gases. Consisting of a 5 cm-thick layer of small ball
bearings followed by a layer of honeycomb, the premixer acts not only to homogenize the
gas mixture, but also to protect against the flame flashback to the fuel reservoirs, as the
flame cannot propagate through the minute gapes between the ball bearings. Following
the premixing, the gases are driven past a series of vanes in the swirler to initiate rotation
as the gases exit the LSB and, subsequently, burn. Schematics of the premixer and the

swirler for the 2.54 cm LSB are shown in Figure 3.4.
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Figure 3.4: Premixer and Swirler

Adapted from [17]
(A) Premixer and premixing chamber
(B) Swirler and its associated position within the LSB

3.3 Optics and Imaging System

In capturing instantaneous images of the LSB flame, OH-PLIF is implemented
using the series of components shown in Figure 3.5. The beam is first created by a
Continuum Powerlite 9010 Nd:YAG pump laser, which can produce beams with
wavelengths between 532 nm and 1064 nm. For the current study, the beam exiting the
pump laser appears green, and is characterized by a wavelength of 532 nm. From this
point, however, the beam passes through a Continuum ND6000 tunable dye laser, which

alters the wavelength of the beam from 532 nm to 564 nm using a solution comprised of
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methanol and Rhodamine 590. Following this shift in wavelength, the beam passes

through a frequency doubler, which, as its name implies, doubles the frequency of the

beam and simultaneously reduces the wavelength of the beam such that the end pulse has

a wavelength of 282 nm. Then, the beam is directed through a series of optics to

transform the nearly circular beam into a planar laser sheet. As the laser sheet enters the

chamber to excite the A,X (1,0) band of OH radicals, an ICCD camera captures the OH-

fluorescence emitted by the cross section of the LSB flame. The Nd:YAG laser sends a

signal to the data acquisition and control system, which conducts the constant, precise

timing delay between the laser pulses and the camera operation. For each set of operating

conditions, the ICCD camera captures 900 instantaneous images.

Nd:YAG
Laser

532 nm 564 nm R . PB Prism
7| Continuum » Mixer/
» Dye Laser » Doubler
1064 nm 4 1064 nm L
Beam Selector m==mm
Priésrm 282 nm
_I Mirror
Power .
Meter ’ , Beam Splitter
C) Spherical Lens
[==] Cylindrical Lens
OH-PLIF
ICCD Signal
Camera 'l

mmamm Beam Dump

Figure 3.5: Schematic of the Optics and Imaging System

Source: [144]
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3.4 Data Acquisition System and Post-Processing

Using a series of installed applications, a desktop computer acts as the hub of the
data acquisition and control system. Specifically, the flow rate of the methane is
regulated using series of text commands within a custom application. When triggered by
the gating signal from the Nd:YAG laser, the ICCD camera captures and sends the digital
image data and gating signal to the computer, which utilizes a camera-specific
application—which also acts as a parallel card interface controller for the camera—to
create a *.spe Plugln File containing the image data. Additionally, the pressure transducer
used in monitoring the chamber pressure sends a signal to a DAQ board, which in turn
sends the signal for collection using LabVIEW, which simultaneously records the points
within the pressure signal at which the instantaneous OH-PLIF images are captured.
Following the data collection process, post-processing begins by using the camera-
specific application to separate the stored *.spe files into the TIFF images of the
instantaneous intensity of [OH] within the flame. Examples of nstantaneous OH-PLIF
images for the LSB flame can be found in Figure 2.3

In conjunction with the chamber pressure signal recorded using LabVIEW, the
gating signal is processed using MATLAB to create MATLAB data files containing the
image and its associated phase bin information, the corresponding mean pressure, and the
fluctuation of pressure (from the mean chamber pressure). Within this post-processing
process in MATLAB, the Fast Fourier Transform (FFT) is calculated and subsequently
used to map the power spectrum density of the pressure data. From this point, an alternate
MATLAB program can be executed to create colorized instantaneous average OH-
intensity images and Rayleigh index maps, which can provide insight into characteristics
of the flame. In performing additional image processing techniques, flame structures—
flame front curvature and flame surface density—can be analyzed by producing the

associated probability density functions (PDFs).
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CHAPTER 4
RESULTS AND DISCUSSION

Within the discussion that follows, results for the 2.54 cm burner will be
presented, and the effect of hydrogen addition and burner diameter on flame stability and
structure will be explored. Beginning with flame stability limits, discussions will focus on
the limiting pressures associated with flashback for a fixed set of operating conditions
within the 2.54 cm LSB. From this point, 2.54 cm LSB flame front curvature data will be
presented—via probability distribution functions—and validated using results from
previous work. Results following the expected trends are compared to Emadi’s results in
a 3.81 cm LSB system®’ to establish a relationship between burner diameter and flame
front curvature. Then, current results on the flame surface density are presented,
validated, and subsequently compared to the FSD results from the 3.81 burner to

conclude investigation on the effect of burner diameter on flame structures.

4.1 Flame Stability Limits

In the results that follow, many of the operating points that are examined for the
mixture fuel are not operating points that the pure methane fuel is capable of operating.
Then, instead of omitting data, the full range of operating points are shown, even if data
could not be collected for a fuel mixture or operating condition. However, only the ranges
for which data exists for both conditions are considered in examining the effect a
parameter may have on the stability limits of a 2.54 cm LSB flame. In some cases, the
reason for lack of data at an operating point is simply because the set point simply is not
within region of stability. However, as data was being acquired, the flow controller
responsible for allowing hydrogen into the premixing region unexpectedly failed. Due to

time constraints and the lengthy period of time required for repairing and/or ordering a
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new flow controller, the out-of-order flow controller was replaced with a flow controller
that was of a similar model. However, the replacement flow controller had a smaller
range of operation, and could not supply the required amount of hydrogen for fuel
compositions with ay, = 0.2 and bulk velocities larger than 17.5 m/s. Even with limited
results, however, general trends and comparisons of results regarding flame stability
testing are presented in the following sections on flashback and blowout. In results
shown, the discrete operating conditions examined leads to the highly-linear nature
observed within graphical representations of the results. However, with an increased
number of operating conditions examined, it is expected that graphically, the full sets of

results would be characterized by continuous curves.

4.1.1 Flashback

As previously discussed, flashback can be influenced by a variety of parameters,
including fuel type, flow velocity, system pressure, and burner geometry. In the current
study, the effect of pressure and fuel composition on flashback is examined for pure
methane fuel (ay, = 0) and for CH4/H, mixture fuels (ay, = 0.2) operating within a
range of equivalence ratios. As the pressure of the combustion system is slowly
increased, the chamber pressure counteracts some of the buoyancy-related forces within
the flame, and the flame slowly lowers toward the burner. As this occurs, the flame is
observed to bounce, and will eventually form a red/orange cone-like structure at the
center of the bowl-shaped flame where axial flow propagates downstream. As the
pressure is increased, the outer swirled portion of the flame retains its intense blue color.
With the current configuration, the moment of flashback occurs when the flame attaches
to the swirler, which occurs as the bowl-shaped flame inverts to resemble a V-shaped

flame. While the flame is attached to the swirler, the distinctive swirled motion of the
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gases can be traced within the flame front. A sample progression toward flashback is
shown in Figure 4.1. Results of flashback stability testing are particularly useful in
designing stability test procedures, such as those conducted in the current study of
blowout stability limits. Although the combustion chamber is designed for high
pressures, attention to safe data collection practices were considered, and tests were
discontinued if the pressure in the chamber exceeded 30 psig (approximately 3 bar, abs).
Additionally, as the pressure within the chamber is increased, the temperature of the
speaker system increases more rapidly, and there is a higher potential for melting to
occur. Here, then, for segments of data that may seem to be missing, a marker has been
added to the graph at a corresponding pressure of 30 psig (approximately three bar
absolute) to show that flashback testing was performed for a given velocity, but that

flashback did not occur between atmospheric pressure and a chamber pressure of 30 psig.

Increasing
Pressure

Figure 4.1: Flame structure of 2.54 cm LSB as chamber pressure increases

If examining a specific fuel composition, an increase in the chamber pressure
results in an increase in the temperature of the chamber due to the increased number of
molecular collisions between reactants and/or intermediate combustion products. Hence,

the increased number of collisions is expected to cause an increase in the rate of reaction
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and the corresponding reaction temperature. Then with this increase in temperature
resulting from the higher mean kinetic energy of the reacting molecules, the density of
the mixture is expected to decrease. From the definition of the turbulent flame speed
shown in Equation 2.9, then, an increase in chamber pressure will result in an increase in
the turbulent flame speed. Because flashback occurs when the flame speed is greater than
the local flow velocity, it is expected that for any given set of operating points, a higher
velocity will require a higher chamber pressure to induce flashback. For all subsequent
flashback limit results that are discussed, this is, in fact, the general trend observed.
Occasionally, a decrease in flashback pressure is observed for a higher velocity, but this
is likely due to the effect of fluctuations of the pressure (and flow rate) of the compressed
air or the effect of chamber pressure on the gas supply lines.

For flashback results presented for the 2.54 cm burner, data was collected by
igniting the flame and adjusting the gas flow rates for consistency. The main parameters
that were altered include the fuel’s volumetric fraction of hydrogen, the equivalence ratio
of the reactant mixture, and the bulk velocity of the flow. With all operating conditions
set, the exhaust control valves were slowly closed to raise the pressure within the
chamber. A pressure gauge was monitored as it was rising, and upon flame flashback, the
pressure within the chamber was recorded. Throughout this process, the reactant flow
rates were monitored and continually adjusted to maintain consistency within the flow.
Although subsequent results provide an insight into the operating conditions examined, a
complete list of operating conditions is shown in Appendix A.

As previous studies have shown, an increase in hydrogen in the fuel mixture has
resulted in increased flammability limits and increased turbulent flame
speeds.t31>17:116.120-429 o | equivalence ratios investigated, however, the hydrogenated
flame flashed back at lower chamber pressures than the pure methane flame. This is true
in observing both absolute flashback pressures as well as those normalized by the

turbulent flame speeds for the coincident operating conditions, as shown in Figure 4.2.
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With the limit of lower absolute chamber pressures observed at flashback, as evidenced
by the results shown, hydrogenated flames cannot be examined for the same range of
chamber pressures as those without hydrogen as a reactant.

Until flashback occurs, the flame maintains its bowl shape by resisting the force
on the flame from the surrounding pressure, which coaxes the flame to attach to the
swirler. As previously discussed, the addition of hydrogen reduces the Lewis number of
the flow, causing a reduction in resistance to flame strain.’>*®12130 Then with this
decreased resistance to stretching, the mixed flame cannot counteract the effect of
pressure as well as the pure methane flame. This provides a simple explanation for why
hydrogenated flames are unable to maintain their original shape for the same range of
pressures as the non-hydrogenated flames. As a result, the flashback is observed to occur
at a lower absolute chamber pressure.

As discussed in the literature review, flashback occurs when the local flame speed
exceeds the flow velocity, which allows the flame to propagate upstream toward the gas
reservoir. As for the mechanism of flashback occurring here, the flashback is likely
occurring in the boundary layer of the flow, since this is typically where the point of
lowest velocity occurs. In many swirled flows, the CIVB mechanism will act on the PVC
to induce flashback, but because the current system utilizes a low swirl flow, no PVC is
present, so the CIVB mechanism is not responsible. Additionally, the flame does not
typically bounce or exhibit a decrease in the intensity of radiosity perceived with the
naked eye. Therefore, it is expected that the flashback observed in the current study is not

a result of alternate instabilities within the system.
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Figure 4.2: Upper flashback pressure limits for ¢ = 0.8

Dashed lines indicate operating conditions that were examined, but did not flashback
before 30 psig.

Top: Absolute Flashback Pressures
Bottom: Flashback pressures normalized by turbulent flame speed
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Assuming that flashback occurs in the boundary layer, then, the flashback limits
can be shown to be dependent on the composition of the reactant mixture. Recall from
Equation 2.9 that the turbulent flame speed is dependent on the mass flow rate of the

reactants, the surface area of the flame, and the density of the unburned reactant mixture.

m
o (2.9)

[%2]
o~
I
|

As part of the control system, the flow controllers are regulated with the goal of
maintaining a constant mass flow rate for all operating conditions. Assuming a relatively
consistent flame surface area for the current study, the turbulent flame speed can be
thought of as solely dependent on p,,. However, the density is mainly dependent on the
composition of the unburned reactant flow. Then, for the different levels of fuel
hydrogenation, the turbulent flame speed is directly altered by the presence of hydrogen.
An alternative explanation demonstrates that the laminar flame speed depends uniquely
on the thermal and chemical properties of the mixture and the turbulent flame speed is
dependent on these as well as the intensity of turbulence.® Consequently, changes in
turbulent flame speed due to modified fuel compositions are due to the direct effect of
fuel composition on laminar flame speed. As expected, the addition of hydrogen
increases the laminar flame speed, which in turn increases the turbulent flame speed.

Although it is known that flashback limits are dependent on turbulent flame
speed—and hence, the fuel composition—and substantial variations in the turbulent
flame speed existing due to fuel composition have been concretely recognized,
comprehensive data sets or validated models for the relationship between the two have
not been established.™’

In further examinations of the effect of fuel composition on the flashback pressure

limit, the equivalence ratio is varied for a consistent volume fraction of hydrogen
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(ay, = 0.2). Within these results, shown in Figure 4.3, higher flashback pressures are
observed for an increasing equivalence ratio. The region of negative slope within
absolute results for ¢ = 0.8 is likely due to pressure fluctuations that occurred along the
gas supply lines due to pressure oscillations within the combustion chamber or
fluctuations in the flow rate of compressed air. As will be shown in Chapter 4 during the
characterization of properties of a gaseous mixture, the density of a mixture is shown to
decrease with an increase in equivalence ratio. Then, with a higher equivalence ratio, the
turbulent flame speed increases due to the decrease in p,,. Then, for flashback to occur, a
higher chamber pressure is required to counteract the increased flame speed and push the
flame toward the burner. Normalizing the results by the turbulent flame speed acts to
smooth the distribution by maintaining the inversely proportional trend between bulk
velocity and normalized flashback pressure. Even though the magnitudes of the
normalized flashback limits for the two reactant mixtures were similar, the mixture with

the higher equivalence ratio is still shown to flashback at higher chamber pressures.
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Figure 4.3: Upper flashback pressure limits for a constant fuel mixture consisting of 80%

CH4—20% H;

For dashed lines shown, flashback did not occur before 30 psig (an absolute pressure of

approximately 3.1 bar).

Top: Absolute Flashback Pressures

Bottom: Flashback pressures normalized by turbulent flame speed
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4.1.2 Blowout

A process similar to collecting flashback limit information was employed in
investigations examining the lean stability regime of the 2.54 cm LSB. Upon flame
ignition, the flow conditions were adjusted to fulfill the predetermined operating
conditions. In examining LBO characteristics of the system, the main parameters that
were altered include the fuel’s volumetric fraction of hydrogen, the bulk velocity of the
flow, and the pressure within the combustion chamber. For cases at elevated pressures,
the flow conditions were set, and the exhaust valves were closed until the pressure within
the chamber held constant at the desired pressure. Occasionally, pressure fluctuations
were observed, but did not typically influence the nature of the flame. Then, with the
chamber pressure and bulk velocity held constant, the flow parameters were adjusted
such that the equivalence ratio of the reactant mixture was decremented. At each
equivalence ratio, the nature of the flame was observed to determine the lean stability
characteristics at each set point. As ¢ was decremented, two equivalence ratios were
recorded. The higher of the two equivalence ratios is the point at which the onset of
instability is observed. Physically, at the onset of instability, the flame begins to bounce
and the once bright blue flame becomes noticeably dimmer. For this set of operating
conditions, the second equivalence ratio recorded is the leaner of the two key equivalence
ratios. At this equivalence ratio, the flame extinguishes via the LBO mechanism. The
dashed, gray arrow in Figure 4.4 is a simple illustration of the methodology used in
examining the lean regime for a single set of conditions. For the subsequent results
presented, dashed curves indicate the onset of instability, and like-colored solid curves
illustrate the corresponding blowout. A full list of operating conditions is shown in
Appendix A, but are also depicted in the figures shown by the geometrically-marked data
points.

To compare the LBO limits of the 2.54 cm burner to those of the 3.81 cm burner,

the effect of fuel hydrogenation and elevating the chamber pressure are first examined to
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ensure that results follow the same general trends exhibited by previous investigations of
LBO limits. With the exception of a select few operating conditions, an increase in flow
velocity results in an increase in the LBO limit, demonstrating that lean regimes further
away from the stoichiometric burning condition are more stable at lower velocities,
which is in agreement with previous studies that have examined LBO limits, 117118120121
Exceptions are likely attributable to natural fluctuations in the flow rate of the reactants;
specifically, in the supply of the air or methane. Among other influences, unexpected
equipment failure and the necessity for monitoring the speaker temperature limited the
range of operating conditions that could be examined for the different fuel mixtures. For
the same reason, equivalence ratios were adjusted using intervals of ¢ = 0.05. In certain
cases, however, the nitrogen cooling system effectively counteracted the heating caused
by the presence of the flame, and modifications were made such that the interval between
equivalence ratio was decreased to ¢ = 0.025. Dashed lines in the subsequent
presentation of stability limits represent the appearance of instability within the
combustion system and physically, blowout of the flame is not observed until the
equivalence ratios depicted by the solid line(s) shown.

In assessing the validity of the current examination of LBO limits in the 2.54 cm
LSB, the effect of fuel hydrogenation is also examined. Resulting stability limits for two
fuel mixtures (ay, = 0, 0.2) are shown in Figure 4.4 and Figure 4.5. As predicted by

previous examinations of the lean flammability limit,*"**>*%

the addition of hydrogen to
the fuel mixture is shown to result in increased stability at lean regimes further away
from the stoichiometric burning condition. With the addition of hydrogen, this trend is
demonstrated by the lower LBO limits observed, as well as the lower onset of instability
within the combustion chamber. Results at both atmospheric conditions (1 bar, absolute)
and elevated chamber pressure conditions are consistent with the trends established by

previous work.'" 181 For a given fuel mixture, the onset of instability occurs for a

resolution (d¢) that is 0.05 — 0.1 higher than the limit at which LBO is observed.
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Figure 4.4: Effect of hydrogen addition on stability limits at atmospheric pressure (1 bar,
absolute)

Dashed lines indicate the onset of instability. Flames exhibited an unstable nature
between the dashed and solid lines, which indicate the point at which LBO was
observed.

The gray arrow depicts the process used in examining lean stability limits. With a
constant velocity, the equivalence ratio was decreased until the onset of instability
and LBO were observed.
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Figure 4.5: Effect of hydrogen addition on stability limits for a chamber pressure of 1.5
bar (absolute)

For further investigation of the legitimacy of the stability data in the 2.54 cm
burner, the effect of pressure on the LBO is examined. If results for the pure methane
fuel—shown in Figure 4.6—are examined, an increase in chamber pressure results in an
apparent decrease in the lean stability limit of the burner, as predicted by previous
examinations of the effect of chamber pressure on lean stability limits.)” If examining
results for the hydrogenated fuel, as shown in Figure 4.7, however, this trend is not as
apparent. In some regions, the trend is observed, but in others, the onset of instability and
the LBO limits overlap for an increasing chamber pressure. This may, in part, be
attributable to resolution of the intervals between the examined equivalence ratios. Until
this set of results, LBO stability trends have been in agreement with those established by

previous work. Then, it is speculated that if the LBO limits were reexamined for fuel
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having ay, = 0.2 with a smaller resolution, an increase in pressure would more clearly
result in a decrease in LBO limits. In lieu of this, the differential between the onset of
instability and the observance of LBO in the current case is such that d¢ « 0.05 — 0.1.
In examining the effect of bulk velocity, fuel hydrogenation, and elevating the pressure of
the combustion chamber, nearly all of the current results comply with the general trends
established by the previous results. With expectations that reexamining the effect of
pressure on the ay, = 0.2 hydrogenated fuel will result in the established trend, the

current lean stability results will be compared to previous results.

0.9 - -
0.8 ——— ————— —=
§ | ’://—‘/
0.7 —— g
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—4—LBO @ 1.5 bar
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0-5 T T T T 1
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Figure 4.6: Effect of chamber pressure on stability limits for 100% CH, fuel
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Figure 4.7: Effect of chamber pressure on stability limits for mixed fuel (80% CH, and
20% Hy)

While many have examined the effect of hydrogen addition on LBO limits in low
swirl systems, most did not use mixtures of solely methane and hydrogen. For fuel
mixtures that did resemble mixtures of methane and hydrogen, the LBO limits were
typically presented for chamber pressures greater than 5 bar (absolute) or for a single
operating point. Emadi,*” however, presented LBO limits for a 3.81 cm burner for a much
wider range of velocities and chamber pressures. Because the equivalence ratio is varied
within LBO stability examinations, the Reynolds number of the flow is also constantly
changing. Then, in comparing with Emadi’s results, neither the Reynolds number nor the
velocity of the flow is used. Instead, the lean stability limits in Figure 4.8, Figure 4.9, and
Figure 4.10 are presented against the velocities per unit area of the burner outlet. For the

2.54 cm-diameter LSB, the outlet area is 5.067 cm? while Emadi’s 3.81 cm-diameter LSB
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has an outlet area of 11.401 cm? Other than the diameter of the burner, the other key
difference is that in the current work, the resolution of equivalence ratio decrements was

0.05 while Emadi utilized a resolution of 0.025.

—i—2.54 cm
—4—3.81cm
0.6
0.5 T T T T T T T 1
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Velocity/Area[1/m-s]

Figure 4.8: 100% CH,4 fuel LBO limits for the 2.54 and 3.81 cm LSB at atmospheric
conditions
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Figure 4.9: LBO limits for the 2.54 and 3.81 cm LSB with hydrogenated fuel (80% CH,
and 20% H,) flames at atmospheric pressure conditions
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Figure 4.10: LBO limits of the 2.54 and 3.81 cm LSB for hydrogenated fuel (80% CH,

and 20% H,) flames at an elevated chamber pressure of 2 bar
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In results for both the pure methane fuel and the mixed methane-hydrogen fuel
(ay, = 0.2), the magnitude of the equivalence ratio at both the onset of instability and the
blowout limit are very comparable between the two burner sizes. The differential
between the onset of instability and the blowout limit is also very similar; for the 2.54 cm
burner, the differential is such that d¢ o« 0.05—0.1. The sole exception lies at a
normalized velocity of approximately 0.86 for the mixed fuel at a chamber pressure of 2
bar. Here, the differential was smaller, with d¢ = 0.025. However, for this velocity, the
cooling system for the liquid nitrogen effective at cooling the speaker temperature, so the
equivalence ratio decrement was decreased between each set of operating conditions
examined. For the 3.81 cm LSB lean stability limits presented here, the differential
between the onset of instability and LBO was consistently such that d¢ = 0.025. Beyond
recognition that the magnitudes of the equivalence ratio and the order of magnitude
between the onset of instability and LBO are similar, the differential between onset of
instability and LBO appears to be directly correlated to the resolution employed in the
data collection process. To confirm this observation, the examination should be
performed for the 2.54 cm LSB using a smaller decrement between the observed
equivalence ratios. Results of the current work will be useful in narrowing down
operating conditions, as the flow rates for the reactants can be preset to minimize the time
required for data collection. Then, with the current results, the duration of flame ignition
is not likely to be as much of a limiting factor in future examinations of the lean stability

region of 2.54 cm burners.

4.2 Flame Structures

In the examination of chamber pressure and acoustic forcing on mixed fuel flame

structures, OH PLIF was used to record instantaneous images of the flame for
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atmospheric pressure conditions and elevated chamber pressure conditions. In Emadi’s
work with a 3.81 cm LSB,"” the bulk velocity was consistent at 10 m/s with an
equivalence ratio of ¢ = 0.75 for pure methane fuel cases and ¢ = 0.65 for 80% CH,4 —
20% H; fuel mixtures. To be able to compare 2.54 cm and 3.81 cm results, expressions
for mixture properties are derived in terms of predetermined properties to express the
condition required for Reynolds number similarity and to establish the flow conditions
required within the 2.54 cm LSB.

Following this derivation and an associated discussion on characteristic Reynolds
numbers and the similarity condition, flame structure results are presented. In the
determination of flame front curvature and flame surface density, MATLAB is used to
extend the Canny edge detection algorithm to the OH-PLIF images obtained. In setting an
limit on OH-intensity, the flame front of each instantaneous image of the flame is
binarized, and the resulting flame edge is recorded. Until this point, the process of
determining flame front curvature is identical to the process used to determine FSD. The
pictorial demonstration in Figure 4.11 shows a flame edge detection process similar to
that utilized in the current work. After this point, however, the process required in
resolving curvature and FSD diverges. Subsequent steps required for image processing
are detailed in the upcoming sections on results obtained for the flame front curvature and

flame surface density of a 2.54 cm LSB.
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Figure 4.11: Pictorial demonstration of the process used to detect the flame edge along
the boundary of the OH layer from OH-PLIF images

Source: [140]
Here, the raw image was collected using particle image velocimetry (PIV), but a
similar edge detection process is applied for OH-PLIF images as well.
(A) Raw PI1V image
(B) Median-filtered image
(C) Threshold image used in detecting the flame edge

The results of the current work are then validated using trends established in
previous flame structure examinations. With validity confirmed, flame structures of 2.54
and 3.81 cm LSB flames are compared to establish any potential effect of burner

diameter on flame front curvature and flame surface density.
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4.2.1 Flow Properties of Binary and
Three-Component Gaseous Mixtures

In the following derivation of flow properties, a few assumptions are made in to
simplify the derivation process. In all compositions of the reactance mixture, the gases
comprising the mixture are assumed to be perfect gases with non-variable dynamic
viscosities and densities. Although many characteristic properties are highly dependent
on pressure and temperature, the reactant mixture homogenizes in the premixing process
that occurs in the gas supply lines and the premixer section (see Figure 3.4) prior to
ignition. Then, it is assumed that as the reactants mix, the temperature and pressure of the
reactance mixture is homogeneous prior to ignition. With this assumption, the properties
for the individual reactant species are evaluated at standard temperature and pressure
(STP), and will be specified during discussion of dimensionless number matching
conditions. Additionally, when referring to the oxidizer in the subsequent derivations, air
will be treated as its own species, instead of considering oxygen and nitrogen separately.
With this assumption, the expressions for stoichiometric fuel/air mixture ratios shown in
Equation 2.2 and Equation 2.6 will be rewritten in terms of a simplified coefficient, ‘b,’
such that b = 4.76a, where ‘a’ is the molar coefficient for the reacting air. The process
used to determine mixture properties for different reactant mixture compositions will
begin here. For further clarification on definition of variables, please refer to the attached
nomenclature section. Once the derivations have been presented, results are applied to the
flow conditions of the current work for comparison of flow conditions of the 2.54 cm

LSB to similar burners having a different diameter.

4.2.1.1 Methane-Air Reactant Mixture

For a mixture consisting solely of methane and air, recall the stoichiometric

reaction used in describing this process, as shown in Equation 2.1. Then, for combustion
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of methane (CHy,), the coefficient a = x + y/4 is evaluated for a single carbon molecule
and four hydrogen molecules. Then, for stoichiometric burning of methane, a = 2 and
b = 9.56. If now, the fuel-to-air mixture ratio is rewritten using this new coefficient, the
expression becomes as shown in Equation 4.1. For this binary mixture of gases, the fuel

species translates directly to the methane species, and the oxidizer is simply air.

CeHy + a(0; + 3.76N,) = xCO; + 2 H,0 + 3.76aN, 2.1)
Mruel Nfuel MW gyer
F/A)sroic = (£ = (DLuet M fuet
( / )stmc ( Mair )stoich ( Nair )stoich MW gy
1 MWgrye
(F/A)stoic = b MWfairl (4-1)

Then, utilizing the definition of the equivalence ratio, Equation 2.3 can be rearranged to

determine an expression for the molar ratio of fuel to air, as in Equation 4.2.

(F/A) = ¢(F/A)stoic

(mfuel) _ (nfuel> MW ryer lMqutfl
Mair Ngir / MWgir b MW gir
(nfuel) _9 4.2)
Nair b

However, in recognizing that the mass of a component is simply the product of its density
and volume, Equation 4.3 shows an expression for the ratio of fuel volume to the volume
of air. From this point on, the subscript ‘fuel’ will be shortened to ‘f” and ‘air’ will be

shortened to ‘a’ for clarity purposes.
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Mpuel _ PrVf _ 4 LMWy
Mair PaVa b MWg,
VCH4, — 2 Pa MWCH4 (4 3)
Va b pcuy, MW,

Then, with the assumption that each gas species acts ideally, the density of a gas
mixture reduces to Equation 4.4, where the subscript ‘m’ denotes the mixture properties,

and summations are performed over subscript ‘i.’
V.
P, = LPi l/Z v (4.4)
Then, for a reactant mixture of methane and air:

m

— (pCH4VCH4 + paVa)/
(Ven, +Va)

VcH

4

PCHy .~ tPa

pm - VCH4
Va

(4.5)

+1

Then, the known densities and molecular weights can be used in Equation 4.3 to
determine the volumetric ratio of CH4 to air for any given equivalence ratio.
Subsequently, the density of the binary CHy-air mixture can be evaluated using Equation
4.4,

In assessing the Reynolds number of the flow, the dynamic viscosity of the
mixture must also be known. This is accomplished using the form of the expression for

mixture viscosity developed by Herning and Zipperer,**> which, as shown in Equation
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4.6, is dependent solely on the mole fractions, dynamic viscosities, and molecular

weights of the gas species.

_ XXy MW,
= 3 WV, o

For a mixture of methane and air, this expression can be simplified further. Recall, from
Equation 4.2 that the molar ratio of methane to air is given by ¢/2 and that a mole
fraction is defined as the ratio of the moles of a species to the total number of moles
present within the mixture. A simplification of Herning and Zipperer’s equation is shown,
and is valid for the majority of gas mixture cases, except in hydrogen-rich mixtures. Even
in the hydrogenated fuel (which will be discussed shortly), the mixture is not considered
‘hydrogen-rich.” As the fuel mixture becomes increasingly rich in hydrogen, Davidson*
suggests the use of Wilke’s equation, which requires a significantly higher level of
bookkeeping in the determination of viscosity. For the pure methane fuel, this is not a
concern, and the resulting dynamic viscosity of the mixture is shown in Equation 4.7.

Recall that for the binary mixture of methane and air, b = 9.56.

__ XCH4HCHy\J MW cH tXalar MWy

m xCH4_\/MWCH4_+xa\/MWa

NCHy Na
( )ﬂCH4, M WCH4,+<nCH4—+na>ﬂa\/ MWq

nCH4_+na
Um =
nCH4, Na
MW + MW,
(nCH4, +na> CHy <”CH4, +ng a

n
. (et cH W CHy + o MWq
- n
m (St )M Wry + /MW,
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_ PUcH, MW cH, +D gy MW,
Hm ¢ /MWcp, +b /MW,

(4.7)

To summarize, Table 4.1 shows the equations required to find the mixture density and

dynamic viscosity for a binary gas mixture.

Table 4.1: Equations needed in determining mixture density and viscosity of a binary gas
mixture for known volume fraction of hydrogen and equivalence ratio

Quantity of Interest Equation Number
Nfyel
Jair (4.2)
Ve, (4.3)
Va
Pm (4.5)
tm (4.7)

4.2.1.2 Methane-Hydrogen-Air Reactant Mixture

The process used in formulating an expression for the density and viscosity of a
three-gas mixture in terms of known quantities is similar to that of a binary gas mixture,
but is much more of an involved process. As such, the full simplification of subsequent
expressions is not presented here to maintain clarity. Instead, individual steps utilized in
simplification processes are presented in Appendix B. To begin, the definition of
volumetric fraction of hydrogen and the stoichiometric chemical reaction for a mixture of

methane, hydrogen, and air are presented in Equations 2.4 and 2.5.
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ay, = _VHy (2.4)

2 VH,+VcCH,

(1 —ay,)CH, + ay,H, + (2 — 1.5a4,)(0, + 3.76N,) -

(1—ay,)CO, + (2 — ay,)H,0 +3.76(2 — 1.5ay, )N, (2.5)

If ay, gives the volume fraction of hydrogen in fuel, then acy, can be used to
represent the volume fraction of methane within the fuel mixture. These two definitions
are used to determine the volumetric ratio of methane to hydrogen, as shown in Equation

4.8.

VCH4

= -
VH,+VcH, Hy
Vel 1-ay
Yoy _ 1-Chy (4.8)
VH2 ay,

Within the assumptions that were made, it was assumed that the characteristic
properties of the gas species were constant. Then, combining densities, viscosities, or
molecular weights into single term will also act as a constant. Applying this principle and
a series of conversions from a mass-basis to a molar-basis, expression for the molar ratio

of methane to hydrogen (shown in Equation 4.9) is formulated.

PcHy, MWy
—%_"2 — const.
PHy MWcH,
nCH4 _ (1_aH2)pCH4 MWH2 (4 9)

NH, QH, PH, MWCH4
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If, again, the coefficient ‘b’ is introduced to simplify expressions, the
stoichiometric fuel-to-air ratio can be rewritten, with b = 4.76(2 — 1.5ay,). Using a
process resembling that for the binary fuel mixture, the actual ratio of fuel to air can be
determined, and is shown in Equation 4.10. From this point, the process continues in
finding the molar fuel-to-air ratio and subsequently, an expression for the molar ratio of
methane to air. Equation 4.11 will be used for substitution in successive equations to
reduce the number of unknown expressions required for evaluating the properties of the

three-gas mixture.

(F/A) = ¢ (F/A)stoic

oy = 2% (4.10)

mq b MW,

ﬂ _ nCH4+nH2 _ 2
ng Ng b
ncH ny
Ry _ & _ Ty (4.11)
Ng b Ng

Now, returning to Equation 4.9, a chain rule of sorts is applied to the molar
methane-to-hydrogen ratio, and Equation 4.11 is used to simplify the expression to find
the molar ratio of hydrogen to air in terms of known quantities. This relationship is found

in Equation 4.12.

NCHy Mg __ (1—aH2)PCH4 MWy,

Ng Ng, ag, PHy MWchH,

Ma _ 2(1 + (1—aH2)pCH4 MW, )
¢

ny, QH, PHy MWcH,
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-1
NH, _ ¢ 14 (1-an,) pcH, MWHZ]
Ng b aH, PH, MWcH,

(4.12)

With the assumption that the gases in the reactant mixture act perfectly and exist
at the same temperature and pressure, it follows that with the premixing of the gases,
conservation of volume will also be assumed. With this assumption, the actual fuel to air

ratio from Equation 4.10 can be expressed as a series of densities and volumes.

PV = pu,Vu, + Pcu,Ven,

my _ PiVr
mq PaVa

szVH2+pCH4VCH4_ _ QMWf
PaVa b MW,

(4.13)

For a gaseous mixture, the molecular weight of the mixture is the weighted sum
of the molecular weights of the components. Using this definition, MW, is expanded and
the expression is simplified until Equation 4.14—a relationship for the volumetric ratio of

air to hydrogen—is obtained.

NCH,

MWy = =24 MWy, + fz MWy,

MWy = 2 (25 MWy, + 22 MWy, )
Ng

PHVH,tPcHVCH, _ ¢ 1 D nCH4 nHZ
- - MWCH4 ]‘4]/'/1.[2
PaVa b MW, ¢
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v, PH PcHy VeH, ] [MH, (MWyH,—MWchy MWcy -1
a _ [ z 4 4 4] [ 2 ( 2 4) ¢ 4 +] (414)
VH Pa Pa Va Na Mwy b MW,

2

At this point, all of the terms required for the evaluation of the density and
viscosity of the three-component gaseous mixture have been expressed in terms of known
quantities. Beginning with Equations 4.4 and 4.6, the expressions for mixture density and
viscosity have been simplified for a methane-hydrogen-air reactance mixture, and are

shown in Equations 4.15 and 4.16, respectively.

Va

Tty (4.15)

VCH,
PH, +PCH4W +Pa
2

pm = Vel vV
14—"4, 7a
VHy VH,

nCH4_ n
ﬂHZ\/MWHz"'ﬂCH‘l_m MWCHU'#aﬁ MWq

nCH4, ng
\/MWHZ +E\/MWCH4+E1/MW¢1

Hm = (4.16)

In summary, Table 4.2 exhibits the equations required to find the mixture density
and dynamic viscosity for a three-component gas mixture consisting of methane,

hydrogen, and air.
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Table 4.2: Equations needed in determining mixture density and viscosity of a methane-
hydrogen-air gas mixture for known volume fraction of hydrogen and
equivalence ratio

Quantity of Interest Equation Number
Ven, /
Vu, (4.8)
nH (4.9)
Hy
ny, /n (4.12)
a
Va (4.14)
/ VHz
Pm (4.15)
Hm (4.16)

4.2.1.3 Burner Diameter and Flow Conditions

By definition, the kinematic viscosity, v, is defined as the ratio between the
dynamic viscosity, x, and the density of the fluid, p. Using the derived expressions, the
mixture density and dynamic viscosity are determined for the operating conditions
utilized in the current work with a 2.54 cm LSB and Emadi’s work'” with a 3.81 cm LSB.
By equating the global Reynolds number (Equation 2.10) for the 3.81 cm LSB and the
2.54 cm LSB, the condition required for similarity is shown in Equation 4.17. Notice that
the scaling relationship is dependent on the kinematic viscosities of each of the systems,
which can be determined using the previously described expressions. As a reference,

however, kinematic viscosities resulting from the derived mixture properties have been
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tabulated, and are shown in Appendix C.

UzsaVaer _ | g (4.17)

Usg1 V254

Operating conditions shown in Table 4.3 were utilized. In examining Re, s, and
Res g,, however, these flow conditions still produce valid results. For the operating
conditions shown for a, = 0, the Reynolds number fell within 0.6% of Re; g,. For the
hydrogenated fuel (ay, = 0.2), Re, 54 is within 2.1% of Re; g;. Due to the potential for
lower error between the Reynolds numbers, current flame structure results will be
validated by comparing the observed trends with those established by previous
investigations of flame structures in premixed, turbulent combustion systems.!”2%:21:23120

With this validation, results from the current work will be compared to prior

investigations to examine the effect of burner diameter of flame structures.

Table 4.3: Flow parameters and characteristic Reynolds number for the operating
conditions shown

Dysp [cm] U [m/s] ay, ¢ Re [x 10%]
3.81 10 0 0.75 26,400
3.81 10 0.2 0.65 39,900
2.54 15 0 0.9 26,200
2.54 154 0.2 0.75 40,800
2.54 10 0 0.85 17,500
2.54 10 0.1 0.85 26,600

2.54 10 0.2 0.85 26,300
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4.2.2 Flame Front Curvature

After finding the edge of the boundary for one image using the process depicted
in Figure 4.11, the flame front curvature was determined at equidistant points along the
flame edge using Equation 2.13. For nearly all operating conditions, 900 images were
analyzed to create the sample population of flame front curvature. For one set of 300
images that was collected, the chamber pressure was sufficiently lower than ideal, so only
600 images were analyzed for the condition operating with pure methane fuel at a
chamber pressure of 2 bar. A simple statistical analysis was performed on each
population of data, and the PDF for each set of operating conditions was formulated.
When discussing curvature results, the width of a PDF to which the discussion will refer
is, for any given set of operating conditions, determined using a normalized PDF for a
probability density of 0.5. Graphically, this width is depicted in depicted in Figure 4.12.
Normalization is performed by scaling results by the maximum value of flame front
curvature so that the upper limit within the PDF distribution is unity. Quantitative results
for PDF distribution width and other characteristics of the distribution are shown in Table
4.4. In presenting distinguishing characteristics of the curvature distributions, u;, and oy,
are the mean and standard deviation of the sample population, respectively, and W gives
the width of the normalized curvature PDF. In presenting u; and oy, units are not
presented due to a discrepancy within the MATLAB code used to determine flame front
curvature. However, units are consistent for all statistics-related results presented. With
the imposed time constraints, further analysis of the units within this MATLAB analysis
was outside the current scope of work. Then, future work will require further

consideration and alteration of the employed algorithm.



Width of PDF

Figure 4.12: Graphical definition of PDF width
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PDF shown is for pure methane fuel in the 2.54 cm LSB operating at a chamber pressure

of 2 bar.

Table 4.4: Quantitative results and characteristics of flame front curvature PDF
distributions for the 2.54 cm LSB

ay, p [bar] Re w Un oy
1 26,200 0.816 0.0200 0.347
1.5 26,200 1.129 0.0372 0.480
2 26,200 2.476 0.0788 1.051
0.2 1 40,800 0.732 0.0134 0.311
0.2 1.5 40,800 0.901 0.0271 0.383
0.2 2 40,800 0.935 0.0301 0.397
0 1 17,500 0.874 0.0240 0.371
0.1 1 26,600 0.807 0.0251 0.342
0.2 1 26,300 0.882 0.0330 0.374
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In Figure 4.13 and Figure 4.14, the PDFs of flame front curvature are shown for
constant chamber pressure and constant reactant mixture composition, respectively.
These results are used to confirm a similarity in the generalized trends exhibited trends
established in previous work."?°12

In Figure 4.13, the curvature distributions are shown for a varying volume
fraction of hydrogen at atmospheric pressure. From previous examinations of the flame
front curvature, it is expected that an increase in hydrogen within the fuel mixture would
result in smaller scale wrinkling (as shown in Figure 2.3) and a broadening of the PDF
distribution. However, for the results shown in Figure 4.13, the intermediate fuel mixture
(ay, = 0.1) has a slightly slimmer distribution, with a width that is approximately 8%
less than either the methane fuel or the ay, = 0.1 fuel. With these two cases, the
observed distribution width is very similar, which is contrary to what is expected by
previously established trends. That is, the cases shown in Figure 4.13 do not display the
PDF broadening expected with an addition of hydrogen. This discrepancy is likely due to
uncontrollable fluctuations in the fuel and air flow rates. For some of the operating
conditions summarized in Figure 4.13, external weather conditions were fairly
inconsistent. Additionally, it was later determined that facilities management had been
performing routine maintenance and construction within the building’s heating,
ventilation, and air conditioning (HVAC) system, which supplies the compressed air for
the reactant mixture and chamber coflow. During data collection, uncontrollable
fluctuations in both air and methane flow rates were observed, which are likely due to a
combination of these disturbances to the system. Discussions regarding the effect of
burner size on flame front curvature do not include results from the operating conditions
shown in Figure 4.13. However, these results will be reviewed further in discussion on

the flame surface density.
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Figure 4.13: PDFs of flame front curvature at atmospheric pressure

If instead, the conditions are transposed such that the fuel composition is held
constant and the effect of chamber pressure is examined, flame front curvature results for
the 2.54 LSB are shown in Figure 4.14. For both fuel mixtures, an increase in chamber
pressure results in a corresponding increase in width of the curvature distribution,
indicating an increasing presence of smaller-scale wrinkles within the flame front. This
observed trend is in agreement with trends that have been established for a variety of
premixed, turbulent combustion systems.*”?:'2° Between the two fuel mixtures shown,
this increase in distribution width is more pronounced for the pure methane fuel than for
the ay, = 0.2 methane-hydrogen fuel mixture. PDF distributions for curvature from
Halter’s Bunsen burner investigation, Emadi’s investigation of a 3.81 cm burner, and
Soika’s examination of using a bluff-body stabilized combustor are shown in Figure 4.15

to illustrate the expected trends.
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Figure 4.14: PDFs of Flame Front Curvature for consistent fuel composition

Quantitatively, both fuel mixtures in the current work exhibit an overall

percentage increase if the chamber pressure is increased from 1 bar to 2 bar. For the

mixed fuel, an overall percentage change of 27.8% was observed, and for the methane

flame, the overall percentage increase was 203.3%. A number of factors could be

responsible for the order of magnitude difference. Primarily, flow conditions for each of

these sets of operating conditions were designed not for direct comparison to each other,

but rather to satisfy similarity conditions with the 3.81 cm LSB, as well as to examine the

nature of the flame front curvature and validate the existence of previously established

trends. With this validation, results obtained in the current work are compared to results

obtained by Emadi.’’” Results showing the effect of hydrogen addition are not compared

with the Halter’s examination*?° due to the inconclusive trend that was observed.
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Figure 4.15: Flame front curvature distributions from the work of Halter, Emadi, and
Soika

Source:
Top Left: [120], p = 15 bar
Top Right: Adapted from [17], binary methane-air reactant mixture.
Bottom: Adapted from [21]

To investigate the effect of burner diameter on flame front curvature, PDF widths
and distribution statistics are shown in Table 4.5, and results for both the 2.54 cm LSB
and the 3.81 cm LSB are shown graphically in Figure 4.16. For all cases examined, a
decrease in burner diameter results in a broadening of the curvature distribution. Using

the results from the 3.81 cm LSB as a reference, the percentage increase in PDF width for
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the 2.54 cm LSB is shown to be dependent on both the fuel composition and the chamber
pressure. With the exception of the results for ay, = 0.2 at 2 bar, increase in PDF width
is on the order of 10%, with exact percentage increases ranging from 7.8% to 29%. For
ay, = 0.2 at 2 bar, the increase is on the order of 100%, with a percentage increase of
188.8%. Relative percentage increases are shown in Table 4.6. Within this table, the
characteristic Reynolds number for a set fuel mixture and chamber pressure is
represented by the average of Re,:, and Resg;. In addition to observing broader
distributions of curvature with the smaller-diameter LSB, the mean curvature within the
flame front increases as well, suggesting that the wrinkling structures within the flame

front of the 2.54 cm LSB are of a smaller scale than those present for the 3.81 cm LSB.

Table 4.5: Quantitative results and characteristics of flame front curvature distributions
for the 2.54 cm LSB and the 3.81 cm LSB

ay, p[bar]  Disp[cm] Re w Hp Oh
0 1 3.81 26,400 0.633 0.0131 0.269
0 1 2.54 26,200 0.816 0.0200 0.347
0 2 3.81 26,400 0.858 0.0177 0.364
0 2 2.54 26,200 2.476 0.0788 1.051
0.2 1 3.81 39,900 0.633 0.0122 0.269
0.2 1 2.54 40,800 0.732 0.0134 0.311
0.2 2 3.81 39,900 0.868 0.0164 0.368
0.2 2 2.54 40,800 0.935 0.0301 0.397
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Figure 4.16: Flame front curvature for a 2.54 cm LSB and a 3.81 cm LSB

Note:

26,400 and 26,200, respectively.

For binary mixture, Reynolds numbers for 3.81 cm LSB system and 2.54 cm LSB are
For three-component mixture, Reynolds numbers for 3.81 cm LSB system and 2.54

cm LSB are 39,900 and 40,800, respectively.
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Table 4.6: Quantitative results and characteristics of flame front curvature distributions
for the 2.54 cm LSB and the 3.81 cm LSB

Re ay, p [bar] (Wy54 — W3g1)/W3g1 [%0]
26,300 0 1 29.0%
26,300 0 2 188.7%
40,300 0.2 1 15.6%
40,300 0.2 2 7.9%

4.2.3 Flame Surface Density

After the edge of the flame was detected using the Canny edge detection
algorithm, an analysis was performed to create a pictorial representation of the flame
brush. Using MATLAB, the probability of an edge falling within a given region was
analyzed, and processed to create 10 mean progress variable ({c)) contours. With this
completed a polynomial fit (of an even degree) was applied to create a smoother set of
progress variable contours. An example of a flame brush, the raw contours, and the
resulting smoothed contours are shown in Figure 4.17. For most sets of operating
conditions, using a 4™ degree polynomial was sufficient to produce progress variable
contours that did not overlap. Occasionally, however, if a 4™ degree polynomial produces
curves with an incorrect concavity (i.e. concave down) or produces progress curves that
overlap, a higher polynomial was used. From this point, the upper portion of the flame is
separated from the lower portion, as including the transition from the OH-rich region to
the burnt combustion products above the flame would skew results. Here, MATLAB is
used to sum the length of the flame edges and areas between the mean progress variable

polynomial curves for use in Equation 2.14. Again, with the exception of a single case
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(100% methane with a chamber pressure of 2 bar), 900 images were processed for each

set of operating conditions, results are shown in Figure 4.18 — Figure 4.20.

Height (cm)
Height (cm)

-4 -3 2 -1
Width (cm)

0 1
Width (cm)

Figure 4.17: Representative flame brush, flame brush contours, and resulting 4™ degree
polynomial contours
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Figure 4.18: Flame surface density at atmospheric pressure

For similar flow conditions and an atmospheric chamber pressure, increasing the
volume fraction of hydrogen from 0 to 0.2 results in a slight increase in FSD near the
peak of the parabolic results shown. However, for smaller mean progress variables, the
opposite was observed. An increase in FSD was observed when decreasing the volume
fraction of hydrogen within the reactant mixture. In both scenarios, however, FSD for the
intermediate fuel mixture (ay, = 0.1) more closely resembles results for the pure
methane. Then, even though this set of FSD results (which corresponds operating
conditions associated with curvature results shown in Figure 4.13) exhibits the parabolic
trend observed by others, but no apparent trend exists between increasing the volume

fraction of hydrogen in the reactant mixture and the FSD distribution.
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For all results shown, distributions for the FSD display the parabolic trend
observed by Halter'®® for a Bunsen burner configuration, Guo® for a V-shaped flame,
Shepherd® for an intense turbulence LSB (diameter unknown), and Emadi'’ for a 3.81
cm diameter LSB. Halter, Shepherd, and Guo’s FSD results are shown in Figure 4.21.
For Halter and Emadi, adding hydrogen to the fuel mixture resulted an overall increase in
the values observed within FSD distributions. Guo, however, observed the opposite trend,
and demonstrated a decrease in FSDs with an increase in hydrogen. As shown, no
conclusive trend is observed for the FSD results shown in Figure 4.18, so results do not
agree with those presented by Halter, Guo, or Emadi.

For a constant fuel composition, however, the effect of chamber pressure on FSD
observed in the current results is much more indicative of the trend established by Emadi
for a 3.81 cm LSB. For a constant hydrogen volume fraction, Emadi observed that an
increase in chamber pressure resulted in a corresponding increase in the values within the
FSD distribution.” In the current work, this is best represented by the results of the pure
methane flame, which are exhibited in Figure 4.20. The quality of the trend for the
hydrogenated fuel (ay, = 0.2) is not as apparent. This is most likely due to the
methodology used within MATLAB to formulate the flame surface density. In
performing the horizontal division between the upper and lower portion of the flame, the
process is highly variable and dependent on the shape of the flame brush. With this
method, the flames that produce the best results using this method are those with a
sufficiently clear horizontal cut through the highest-intensity [OH] region within the
flame brush. Due to natural motion of the flame, some sets of images are such that the
horizontal cut is sufficient and produces the expected results. However, depending on the
nature of the flame brush, the size and motion of the flame may be such that no horizontal

cut can be made through the highest-[OH] intensity region of the flame brush.
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Figure 4.21: FSD results from Halter (Bunsen burner), Guo (V-shaped flame), and
Shepherd (Intense turbulence LSB)

Source:
Left: [120]
Right: [23]

Bottom: [20]

To account for the natural motion of the flame reflected in the OH-PLIF images
and the resulting flame brush, the algorithm could be altered such that in place of linearly
separating the upper portion of the flame, a curved, parabolic cutting scheme is

implemented instead. To adjust for the variability of flame motion within each set of
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images, this could be performed using a specified polynomial as a reference for the
curved cut. For example, MATLAB could implement a parabolic cut based on the
(c) = 0.6 contour resulting from a 2™ degree polynomial fit to the flame brush contours,
such as those shown in Figure 4.17. However, the implementation and confirmation of
validity of this proposed algorithm is beyond the scope of the current work, and is instead
left as a topic for future investigation of flame structures in low swirl burners.

Because they exhibited trends that coincided with those predicted by previous
examinations of flame surface density, only the results for ay, = 0 will be examined in
the discussion of the effect of burner size on flame surface density. For ay,, = 0 at
atmospheric and elevated pressure conditions, FSD distributions for both the 2.54 cm

burner and the 3.81 cm burner are shown in Figure 4.22.
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Figure 4.22: Flame surface density for a 2.54 cm LSB and a 3.81 cm LSB with a
consistent 100% CH, fuel mixture

Note:
For binary mixture, Reynolds numbers for 3.81 cm LSB system and 2.54 cm LSB are
26,400 and 26,200, respectively.

For three-component mixture, Reynolds numbers for 3.81 cm LSB system and 2.54
cm LSB are 39,900 and 40,800, respectively.
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Unlike the flame front curvature, a clear relationship does not appear to exist
between the current 2.54 cm LSB results and the results for a 3.81 c¢cm burner. At
atmospheric pressure, FSD results for the 2.54 cm LSB are between 3.5% and 31%
higher than results for the 3.81 cm LSB. However, at the elevated chamber pressure, the
2.54 LSB exhibits FSD results between 16.5% and 66% lower than those for the 3.81 cm

burner.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

In furthering the understanding of the characteristics of a 2.54 cm LSB and
associated combustion instability, a series of analyses were performed to compile data for
methane and mixed methane-hydrogen fuel flames. In the first series of assessments, a
flame operating under a strict set of conditions was initially at atmospheric pressure. The
pressure of the chamber was elevated until the initially bowl-shaped flame inverted and
flashed back to attach to the swirler at the inlet of the burner. In the resulting examination
of the pressure limits associated with flashback, general trends between the flashback
pressure and the bulk flow velocity were as anticipated. From a simple theoretical
analysis involving thermodynamic relations and basic combustion theory, increasing the
bulk flow of the velocity was expected to raise the limiting flashback pressures of the
system. Experimental results from the examination on flashback were in agreement with
the predicted trend. That is, as the bulk flow velocity was increased, the upper pressure
limits that caused flashback were seen to rise. Predictions regarding alternative
parameters and the effect on flashback limits were developed using others’ examinations
into stability limits for lean, premixed combustors. Here, the trends observed for the
current work exactly resembled the formulated predictions. Compared to a pure methane
flame, the methane-hydrogen mixture flame exhibited lower flashback pressures for an
increasing bulk flow velocity. This is likely due to hydrogen addition reducing the Lewis
number of the flame, which decreases the flame’s resistance to stretching along the flame
front. Finally, with an increase in the equivalence ratio of the bulk flow, flames were
observed to flash back at lower pressures. This is in agreement with many results that
have been previously attained for many fundamentally different experimental setups with

different burner configurations.
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In investigating the lean blowout limits of the 2.54 cm LSB flame, results were
compared to many similar analyses that have been previously performed. With a singular
exception, trends observed within the current work’s examination of LBO limits matched
those attained in previous years. As such, an increase in the percent of hydrogen within
the fuel mixture resulted in a decrease in the observed LBO limits. Additionally, an
increase in the chamber pressure was also shown to decrease the LBO limits within the
pure methane flame. However, an anomaly existed in the mixed methane-hydrogen
flame, and this trend was not clearly observed. This irregularity is likely due to the
increased pace at which tests must be performed with the mixed flames (to maintain
speaker temperatures below their melting point) or construction within the building’s
HVAC system. Then, it is likely that chamber pressure fluctuations were still occurring
within the chamber as the equivalence ratio was decreased to locate the LBO limits.
Comparisons between the 2.54 cm LSB and the 3.81 cm LSB were achieved by scaling
the bulk flow velocity by the outlet area of the burners, and it was found that the
magnitude of the equivalence ratio at the onset of instability and LBO extinction was
very similar for the two differently-sized burners. Similarly, both burners’ differential
equivalence ratios (from the onset of instability to extinction) were of the same order of
magnitude, and appeared to be directly correlated to the size of resolution of the
equivalence ratio decrement.

In preparation of examining the effect of burner diameter on flame structures, it
was shown that properties of the flow were dependent on the composition and
equivalence ratio of the reactant mixture, and could be determined for binary methane-air
gas mixtures and for methane-hydrogen-air mixtures using known parameters, such as
species’ densities, viscosities, and molecular weights. With this derivation, the condition
for Reynolds number similarity was expressed, and it was shown that for the current
work, Reynolds numbers were within 2% of those characterizing the flow field utilized in

work with the 3.81 cm burner.*” Well-established relationships between chamber pressure
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17.20.120 \vare used to in validation of

and flame front curvature from previous examinations
the current curvature results. With this confirmation, current results for the 2.54 cm LSB
were compared to results for the 3.81 cm LSB presented by Emadi.'” For the majority of
operating conditions compared, the breadth of the curvature distribution in the current
study was shown to be of O(10%) wider than the curvature distributions for the 3.81 cm
LSB. This, in conjunction with the observation that the average curvature within the front
is higher in the smaller-diameter burner, demonstrates that wrinkles within the 2.54 cm
LSB flame front are of a smaller scale than those within the 3.81 cm flame front. In
examinations of the flame surface density, the current results displayed the expected
parabolic nature when moving across the flame brush, but with the exception of one set
of operating conditions, the additional expected trends were not observed. A potential
modification to the post processing algorithm used in determining FSD was proposed but
not investigated, as it is outside of the current scope of work. As comparisons were

performed between the 2.54 cm LSB and the 3.81 cm LSB, no apparent relationship was

found to exist between burner diameter and flame surface density.

5.1 Future Work

In extending and clarifying the results presented in the current work, it would be
beneficial for future work to establish a more involved method of comparing burners of
different diameters. The Reynolds number is useful, but only considering Reynolds
number intensity does not account for other important aspects of the flame, including heat
release. With an alternative method of scaling that considers both the turbulent intensity
and the heat release of a system, resulting comparisons between burner diameters will—

in terms of the physical phenomena occurring in the combustion—Dbe more accurate.
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To confirm the comparison in LBO limits of the 2.54 and the 3.81 cm LSB,
results from the current work should be used to predetermine ranges of equivalence
ratios, and subsequently use a smaller equivalence ratio increment (most likely 0.25)
between operating conditions.

In future examinations of the flame structure (for both flame front curvature and
flame surface density), observed trends in the current work can be confirmed and refined
by re-adjusting inlet flow parameters to minimize the difference between characteristic
Reynolds numbers. In MATLAB, analyses should be performed to determine the units
produced for post processing associated with flame front curvature, and alterations should
be made accordingly. Additionally, future investigations into the FSD of a system should
consider the potential for modifying the cutoff algorithm currently utilized. Instead of
implementing a horizontal separation between the upper and lower section of the flame, a
parabolic cutting mechanism using the mean progress variable contours may produce
more consistent results. Of course, any modifications made to the post processing should
be validated to ensure that results align with expected trends and results.

Within the behind-the-scenes effort associated with the current work, the full
range of operating conditions originally detailed in the experiment design was not fully
explored due to unexpected equipment failure during the data collection process. Then, in
examining the initial complete set of operating conditions, more concrete trends and
results may be observed. In particular, some higher-velocity data was initially collected,
but many more operating conditions could not be explored due to the required rotation of
equipment within the data collection processes.

Procedurally, the experimental setup and operation of the apparatus as it stand
now requires that the temperature of the speakers used in acoustic forcing must be
monitored and maintained below a certain level to prevent melting. Even with the liquid
nitrogen cooling system operating, extreme time limits are placed on the duration for

which a flame can burn within the combustion chamber. This cooling system is effective
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in cooling the speakers following the extinction of a flame, but with a revamped design,
the speakers could potentially be cooled more efficiently during the period in which the
flame is lit. With as rushed as the data collection process is currently, the accuracy of any
information acquired is likely compromised. With a more effective solution for cooling
the speakers in place, data acquisition will not likely be as rushed, and the resulting

information will as a whole, be more accurate.
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APPENDIX A: INCLUSIVE LIST OF OPERATING CONDITIONS

Table A.1: Operating Conditions in Flashback Examinations

ay, i) Velocity [m/s]
0.2 0.8 5
0.2 0.8 7.5
0.2 0.8 10
0.2 0.8 12.5
0.2 0.8 15
0.2 0.8 17.5
0.2 0.8 20
0.2 0.8 22.5
0.2 0.85 5
0.2 0.85 7.5
0.2 0.85 10
0.2 0.85 12.5
0.2 0.85 15
0.2 0.85 17.33
0.15 0.8 5
0.15 0.8 7.5
0.15 0.8 10
0.15 0.8 12.5
0.15 0.8 15
0.15 0.8 17.5
0.15 0.8 20
0.15 0.8 22.5
0 0.8 5
0 0.8 5.6
0 0.8 6.2
0 0.8 6.8
0 0.8 7.4
0 0.8 8
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Table A.2: Operating Conditions in Blowout Examinations

ay, Chamber Pressure [bar] Velocity [m/s]
0.2 1 10
0.2 1 15
0.2 1 20
0.2 1 25
0.2 1 30
0.2 1 35
0.2 15 7.5
0.2 1.5 10
0.2 1.5 12.5
0.2 1.5 15
0.2 1.5 17.5
0.2 2 7.5
0.2 2 10
0.2 2 12.5
0.2 2 15
0.2 2 17.5
0 1 5
0 1 6.25
0 1 7.5
0 1 8.75
0 1 10
0 1 11.25
0 1 125
0 1 13.75
0 1 15
0 15 5
0 15 7.5
0 15 9.75
0 15 12
0 15 14.25
0 15 16.5
0 15 18.25
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Table A.3: Operating Conditions in Examinations of Flame Structures.

ay, Chamber Pressure [bar] Velocity [m/s]

1 15
15 15
2 15

0.2 1 15.4

0.2 1.5 15.4

0.2 2 15.4
0 1 10
0.1 1 10
0.2 1 10




APPENDIX B: SIMPLIFYING THE THREE-COMPONENT
GASEOUS MIXTURE RELATIONS

Volume Fractions of fuel species:

a _VHy

H VH,+VcH,
_Vens  _ 1—ay
VH,+VcH, 2

VcHy, 1-ay,

VH, ay,
Molar ratio of methane to hydrogen:
Loty MWy — copst.
pPH, MWcy,
PcHy, MWH, _ VCCII;I: MI::HZ

mcha, Vo, MWH, _ PcHy MWy,
my, Vca, MWcH, PHy MWcH,

nca, VH, _ PcHy MWH,

nHz VCH4_ sz MWCH4_

nCH4 _ (1_aH2)pCH4 MWH2

ny, QH, PH, MWCH4
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(2.4)

(4.8)

(4.9)



Molar ratio of methane to hydrogen:

135

(F/A) = ¢ (F/A)stoic

my _

Mmq

MWy
b MW,

(4.10)

ng MWf _ ¢MWf
ng MW, b MW,

Nf _ NCHytMH;

Ng

NCH,
Ng

nCH4_ _

Na

Molar ratio of hydrogen to air:

NCH, (1—C¥H2)PCH4 MWy,

Ng b

nHZ_ Q

Ng b

¢ nH,

(4.11)

nH2

(XHZ

(4.9)

PHy, MWcH,

NCHy Mg __ (1—6¥H2)PCH4 MWy,

Nqg nHZ

(2_"&)"_a=

b ng / ny,

OCHZ

PHy MWcH,

(1-an,) pcH, MWy,
PHy, MWcH,

CZHZ

(g&_ 1) — (1_aH2)pCH4, MWHZ

b nHz

aH, PH, MWCH4,
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Ng __ E(l + (1_aH2)pCH4 MWH2>
ny, ¢ QH, PHy MWcH,

nHy, @ [1 + (1-an,) pcu, MW, ]_1 (4.12)

aHz sz MWCH4,

Volumetric ratio of air to hydrogen:

PrVe = pu,Vu, + Pcu,Ven,

i — PIVE gng L = 2MY

mg PaVa Mg b MWq
pHZVH2+pCH4VCH4. _ QMWf (4 13)
PaVa b MW, |
MWf = X x;MW;
__NcH NH,
MWy = =" MWep, + = MWy,

MW, =~ 28y, + 22 ey,

Ng Tlf Ng Tlf

MWy = 2 (P28 MWy, + 222 MW, )
a

Na

PH,VH,tPCcH,V CH 1 b (ncu ny
— v, * 4=%MW '_( *MWep, + ZMWHZ)
PaVa a P\ n Ng

PH,VHy+PCHVCH, (nCH4_ MWchH, | NH, MWHZ)
PaVa ng MW, ng MW,



PaVa _ [nCH4 MWcph, ng, MWy,
ng MW, Ng MW,

PHyVH,HPCcHLV CH,

Va
Pay.
VH2

PH,tPCH, Vh
2

_[nCH4MWCH4 nu, MWHZ]_l
VcH, ng MW, ng MW,

r

1

Va VCH4, [nCH4 MWCH4, nHz MWHz]_l
MW,

pamz [pHZ +pCH4,

VH,

ng MW, Ng

Vi, Pa Pa VH, ng MW, Naq

Va [sz n PCH, VCH4] [nCH4_ MWch, | Nu, MWy,

MW,

2 MWcpy,

"

Va [PH2 n PCH, VCH4] [Tle (MWH2 _MWCH4_)

Vi, Pa Pa Va Na MW,

Density of Mixture:

py = % ini/Z v

Py, = (sz Vi, + pcu,Ven, + PaVa)/
" (VHZ

VcH 14
4 a
HotPCH o +Pay
_ PH,TPC 4VH2 paVHz
pm VCH4 Va
1+——+-—
VH2 VH2

Dynamic Viscosity of Mixture:

" = X xipi| MW,
m inw/MWi

b MW,

+Veu, + Vi)

r
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(4.14)

(4.4)

(4.15)

(4.6)
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_ XHyMH MW ch, tXcH MeH 4 MW cH + Xalla] MW,

m XH MW CH 4+ XCH 4\ /MW CH, +Xay/MWq

ng = nHZ + TLCH4 + Ng

nit(nHz UH oMW CH 1 CH 4 HCH 4/ MW CHy g lay[MW,)

nit(nH2 [ iy +1cH 4 W Gty +1ay/ MWg)

NCHy ng
HHy J[MWH, +ﬂCH4_E MWch, +Ma—nH2 VMW,

Um = TCH,
\/MWHZ + i,

(4.16)

JMWen, +nnT“2\/ MW,
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APPENDIX C: TABLE OF KINEMATIC VISCOSITIES FOR BINARY
AND THREE-COMPONENT GASEOUS MIXTURES

Using Herning and Zipperer’s™®

equation to calculate the dynamic viscosity of a
mixture of gases is said to be valid for mixtures that do not contain significant amounts of
hydrogen. Because the flames utilized in the current study are still lean in hydrogen,
Herning and Zipperer’s equation was used to determine dynamic mixture viscosities.
Then, kinematic viscosities are presented only for mixtures containing a hydrogen

volume fraction of less than or equal to 0.2.

Table C.1: Kinematic viscosities determined using mixture relations derived in Chapter 4
for fuel mixture consisting of 100% CH,4 — 0% H,

Equivalence Ratio, ¢ Kinematic Viscosity, v [um?/s|
1.00 9.542
0.95 9.524
0.90 9.505
0.85 9.487
0.80 9.468
0.75 9.449
0.70 9.431
0.65 9.412
0.60 9.392
0.55 9.373
0.50 9.354
0.45 9.335
0.40 9.315
0.35 9.295

0.30 9.276
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Table C.2: Kinematic viscosities determined using mixture relations derived in Chapter 4
for fuel mixture consisting of 90% CH,; — 10% H,

Equivalence Ratio, ¢ Kinematic Viscosity, v [um?/s|
1.00 9.629
0.95 9.607
0.90 9.584
0.85 9.562
0.80 9.539
0.75 9.517
0.70 9.494
0.65 9.471
0.60 9.448
0.55 9.425
0.50 9.401
0.45 9.378
0.40 9.354
0.35 9.331

0.30 9.307
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Table C.3: Kinematic viscosities determined using mixture relations derived in Chapter 4
for fuel mixture consisting of 80% CH,; — 20% H,

Equivalence Ratio, ¢ Kinematic Viscosity, v [um?/s|
1.00 9.731
0.95 9.705
0.90 9.678
0.85 9.651
0.80 9.624
0.75 9.597
0.70 9.569
0.65 9.542
0.60 9.514
0.55 9.486
0.50 9.458
0.45 9.430
0.40 9.401
0.35 9.373

0.30 9.344
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