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ABSTRACT

An Experimental Investigation of Premixed Combustion in Extreme Turbulence
by

Timothy Michael Wabel

Chair: James F. Driscoll

This work has explored various aspects of high Reynolds number combus-
tion that have received much previous speculation. A new high-Reynolds num-
ber premixed Bunsen burner, called Hi-Pilot, was designed to produce turbu-
lence intensities in the extreme range of turbulence. The burner was modified
several times in order to prevent boundary layer separation in the nozzle, and
a large co-flow was designed that was capable of maintaining reactions over
the entire flame surface. Velocity and turbulence characteristics were mea-
sured using a combination of Laser Doppler Velocimetry (LDV) and Particle
Image Velocimetry (PIV). Flame structure was studied using a combination of
formaldehyde (CH;0), hydroxyl (OH), and the CH radical. Planar Laser In-
duced Fluorescence (PLIF). The spatial Overlap of formaldehyde and OH PLIF
qualitatively measures the reaction rate between formaldehyde molecules and
OH radicals, and is a measure of the reaction layers of the flame. CH PLIF
provides an alternative measure of the reaction zone, and was measured to
compare with the Overlap PLIF results. Reaction layers are the full-width at
half-maximum of the Overlap or CH PLIF signal, and extinction events were

defined as regions where the PLIF signal drops below this threshold. Preheat

XV



structures were measured using formaldehyde PLIF, and are defined as begin-
ning at 35% of the local maximum PLIF signal, and continue up to the leading
edge of the reaction layer. Previous predictions of regime diagram boundaries
were tested at the largest values of turbulent Reynolds number (Rer) to date.
The Overlap and CH PLIF diagnostics allowed extensive testing of the pre-
dicted broken reaction zones boundary of Peters. Measurements indicated that
all run conditions are in the Broadened Preheat - Thin Reaction layers regime,
but several conditions are expected to display a broken reaction zone structure.
Therefore the work shows that Peters’s predicted boundary is not correct, and
therefore a Karlovitz number of 100 is not a valid criteria for broken reactions
in the Bunsen geometry. Several measures of the turbulent burning velocity,
including the global consumption speed and the extent of flamelet wrinkling,
were measured at these conditions. Reaction layers for the burning velocity
measurements were provided by the OH PLIF. The measurements showed that
the global consumption speed continues to increase for all levels of turbulence
intensity u’/S ;. In contrast, the flame surface wrinkling rapidly increases the
flame surface area for «’ /S < 10, but the flame surface area does not increase
further at larger turbulence intensities. This indicates that the flame is not in
the laminar flamelet regime, and the consumption rate per unit of flame surface
area must be increased. The turbulent diffusivity is thought to be the mecha-
nism enhancing the consumption rate, which is a scenario first hypothesized by
Damkohler. The flame structure and burning velocity measurements motivated
the measurements of the evolution of turbulence through regions of very thick
preheat layers. This measurement utilized simultaneous PIV and formaldehyde
PLIF in order to obtain conditioned statistics of the turbulence as a function of
n, the distance from the reaction layer. Together, the results tell a consistent

story, and deepen our understanding of premixed combustion at large Rer.
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CHAPTER 1

Introduction

1.1 Motivation

Modern power generation systems will continue to use combustion of fossil fuels for the
foreseeable future. Despite growing progress in developing renewable energy sources, coal,
petroleum, and natural gas still account for more than 75% of energy use in the United
States [46]. Global energy demands grew substantially throughout the 20th century. For
example, annual global consumption of fossil fuel rose from about 1 giga Ton in 1900 to
12 giga Tons in 2005 [65]. Needless to say, fossil fuel use has become a highly researched
(and controversial) topic, and much of the work focuses on how to improve combustion
efficiency and reduce harmful emissions (such as NO, or unburnt hydrocarbons).

Design and optimization of combustion devices is typically performed using simula-
tion tools such as computational fluid dynamics (CFD). There are many approaches to
simulating combustion events, but two general categories are direct numerical simulations
(DNS) and large eddy simulation (LES) [132]. DNS can directly compute the governing
equations on a series of grid points that are spaced sufficiently close to resolve the smallest
scales of the problem. Thus, DNS incorporates the full physics of the problem, and can pro-
duce exact solutions. Unfortunately, due to intensive computational costs, DNS domains
are restricted to extremely small scales and fuel chemistry is often modeled using reduced

chemical mechanisms. LES circumvents this problem by using a grid spacing large enough
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to resolve the large scales of turbulence, where most of the kinetic energy is contained and
where much of the “action” of turbulence resides (instabilities, mixing, etc.). The idea is
that large scales of the flow generally depend upon the geometry of the system, while small
scales are expected to be somewhat universal. In LES, all scales below the grid spacing
cannot be directly resolved but are modeled. Because premixed combustion generally oc-
curs at the smallest scales of turbulence [2], this means that combustion models must be
used.

There are a large number of sub-grid scale combustion models for LES studies, but
most models make assumptions of important flame characteristics given the turbulence
conditions present. For instance, in weak-to-moderate turbulence, combustion can be ex-
pected to occur in thin, wrinkled sheets (“flamelets”), and therefore a flamelet sub-model
would be used. Alternatively, to simulate Homogeneous Charge Compression Ignition
(HCCIT) engine conditions in the distributed reaction regime, a well-stirred sub-model (that
might contain auto-ignition chemistry) would be a better choice [15]. Another fundamental
combustion quantity, the turbulent burning velocity, will also vary depending on the model
used. In order to obtain and apply correct models, we need to have an idea of how the flame
behaves under various regimes.

Typically, boundaries between the different regimes of premixed combustion have been
derived from theory and combined to form a regime diagram using a reduced set of bound-
ary variable and initial conditions [94]. The construction of a regime diagram for premixed
combustion has received considerable attention in recent years. Unfortunately, most stud-
ies to date have been done at either low turbulence intensities («’/S 1, the r.m.s. velocity
normalized by the laminar flame speed) or small integral length scales [41]. In particular,
the boundary separating thin reaction zones from broken or distributed zones has only been
studied using relatively small-scale experiments. The same can be said for measurements
of the turbulent burning velocity, where experiments in Bunsen flames have been confined

to turbulence intensity u’ /S 1 < 25 [140]. Therefore, there is a need to experimentally verify



regime predictions in realistic geometries and turbulence levels, such that the results may
be more applicable to practical combustion devices.

To be useful, any model must be able to accurately predict fundamental combustion
properties such as the flame structure and the turbulent burning velocity. Prior to the
present study, it was unknown what would happen to a premixed flame when subjected
to turbulence where both the turbulence intensity and integral scales are very large (large
turbulent Reynolds number Rer = “/TL). This thesis utilizes the Hi-Pilot burner, a novel
piloted Bunsen burner capable of producing large integral scales (from 6 mm to 41 mm)
and extreme turbulence (where the extreme range is defined as u’/S > 25). This work
represents an effort to further our understanding of the physics of large Reynolds number

premixed combustion.

1.2 Outline

Background and theoretical grounding

The rest of this first chapter will be devoted to a review of the literature and relevant back-
ground pertaining to the thesis. Details of laminar flame structure and chemistry will be
provided, including an overview of the chemistry pertaining to the preheat layer, the high
temperature reaction zone (or inner layer), and the laminar burning velocity. Various the-
oretical formulations for the regimes of turbulent premixed flames will be reviewed, and
previous experimental and computational results will be discussed. Numerous attempts
have been made to derive theoretical formulations for the turbulent burning velocity, and
numerous empirical correlations have been derived as well. The interactions of turbulent
structures and a premixed flame surface will be analyzed, including the effects of flame
stretch, wrinkling, and turbulent diffusivity. A summary will compare the various results
to date, and the conclusions will help motivate the rest of the work, as it reveals several

unresolved questions.



Experimental approach

The flow facility, the Hi-Pilot burner, and the laser diagnostics employed will be presented
in Chapter 2. This thesis uses a number of laser diagnostics, including laser Doppler ve-
locimetry (LDV), particle image velocimetry (PIV), and planar laser-induced fluorescence
(PLIF) of the OH, CH, and formaldehyde (CH,O) molecules. CH is a radical species that
exists only in the region of the flame where high-temperature reactions occur, and the over-
lap of OH and formaldehyde will be shown to be an alternative marker of the heat release

region. The relative merits of these diagnostics will be compared.

Characterization of the turbulence, co-flow, and flame structure

Chapter 3 will document characterization of the flow field in the Hi-Pilot burner. This was
done using LDV, which measures a single component of velocity, and PIV which provides
planar data. LDV was performed first, and provided measurements of mean and fluctuating
velocities U and u’, as well as the integral time scales. A correction to Taylor’s hypothesis
was applied to transform these time scales to integral length scales. The PIV data provides
direct measurement of the longitudinal and lateral length scales, and therefore details the
extent of anisotropy present in the experiment. It also allows us to quantify the accuracy of

the correction to Taylor’s hypothesis used in the LDV measurements.

Regimes of high Reynolds number premixed combustion

Results from the simultaneous acquisition of OH and formaldehyde PLIF will be presented
in Chapter 4. It is shown that over a span of flow conditions ranging from weak to extreme
turbulence (7.5 < u’/S 1< 243) the reaction zone structure remains effectively unchanged,
despite a significant increase in flame surface area through the wrinkling mechanism. On
the other hand, the preheat layer of the flame is found to broaden significantly, indicating
the majority of test conditions fall in the Broadened Preheat - Thin Reaction zones regime.

This is surprising, given the extremely large values of turbulence that exist upstream of
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the preheat layer. It is hypothesized that the turbulence may not survive passage through
these extensive regions of preheating, where kinematic viscosity v increases and thermal

expansion may act to attenuate the smaller scales of the flow.

Turbulent burning velocity in extreme turbulence

Measurements of the global consumption speed S7c and the increase in flame surface
area Ar/Ap will be presented in Chapter 5, and implications for flame surface density
models are discussed. Flame surface density measurements indicate an increase in the
area of the heat release layers of 3-5 times the laminar value. However, the turbulent
burning velocity increases by a factor of more than 20 times the laminar flame speed, and
therefore flame surface area mechanisms cannot entirely explain the results. It appears
enhanced turbulent diffusivity, which coincides with substantial broadening of the preheat
zone, contributes to the burning velocity in these regimes. Large bending of the global
consumption speed is observed, and it is thought that this may be due to the turbulence

attenuation predicted above.

The Evolution of turbulence in a broadened preheat zone

Chapter 6 will document simultaneous measurements of formaldehyde PLIF and PIV,
which provides details of the evolution of the turbulence through a broadened preheat layer.
Measurements of mean velocity, turbulence level u’, and the average eddy velocity Uy show
that the turbulence does not decay as it passes through the broadened preheat layer. Instead,
it is shown that the turbulence levels measured at the jet exit are approximately the same
as those impinging on the reaction surface. However, conditional integral scale measure-
ments reveal that the integral scale increases through the flame, implying dissipation of

small scales. These results will be used to explain results in the previous two chapters.



— 6RZ,L —

CH,

Heat release

Reaction coordinate (a.u.)

Figure 1.1: Illustration of a laminar premixed flame.

Conclusions

Finally, the results of these experiments will be summarized in Chapter 7, and applied
back to the general question of the work - what happens to premixed flames in extreme
turbulence? Although considerable work remains, it is shown that this thesis serves as a
meaningful first step towards understanding the interaction of extreme turbulence and flame

chemistry.

1.3 Laminar premixed flames

A brief review of laminar premixed combustion is necessary before we can explore the
interaction of turbulence with a flame surface. A laminar premixed flame consists of per-
fectly mixed fuel and oxidizer streams, and for the steady-state case can be simplified to the
one-dimensional problem shown in Figure 1.1. In the figure, the fuel is shown as methane,
and the reaction coordinate corresponds to the dimension normal to the flame surface.

The vertical lines in Figure 1.1 indicate the preheat zone (PHZ) and the reaction zone



(RZ) boundaries. The preheat zone (also called the preheat layer) is the region where the

larger molecules break apart, and low temperature reactions begin to occur. These are often

referred to as pyrolysis reactions, and are where the temperature first begins to increase

[70,94]. The reaction zone is the thin, visible region where the majority of heat release

occurs. The reaction zone is sometimes called the inner layer, and its structure can be

defined many ways. Theoretical formulations often define the reaction layer thickness using
_ Tyurned — Tunburned

the maximum temperature gradient as oar,z = , where 7 is the reaction
dT /dnlimax

coordinate. Alternatively, experiments typically define the reaction zone as the full-width

at half-maximum of the heat release profile, or some species believed to approximate it.

The laminar burning velocity, or flame speed, S, is defined as the relative velocity of
the flame surface propagating normal to the cold reactants. In the steady, one-dimensional
case given in Figure 1.1, S is simply the velocity of the gas upstream of the preheat layer.
Flame stretch can introduce local variations of the propagation rate of the flame, which in
a Bunsen flame can be several times greater or smaller than the measured value S;. It is
useful to distinguish between the unstretched laminar flame speed S, and the stretched
laminar flame speed Sz, as one is determined purely from the chemistry and the other
depends on the flame configuration and turbulence. The two are related as S; = S 2 —C*k,
where ¢ is the Markstein length, and « is the curvature of the flame surface.

The laminar flame thickness is usually called 6, and the total flame thickness is the

summation of the preheat and reaction layers as

OF.L = ORZL+OPHZL (1.1)

The flame thickness is a length scale that measures how quickly chemical reactions
can occur against the oncoming flow. Therefore, it is proportional to éf 1 ~ @o/S 1, where
aq is the thermal diffusivity before any preheating occurs. An unstretched laminar flame
thickness can be defined similar to the flame speed as 60F’ .~ @0/SY. From this we see that

both the flame thickness and flame speed are proportional to the thermal diffusivity.



Lastly, it is useful at this point to define the term flamelet, as it will be referred to
frequently throughout this thesis. Williams first defined a flamelet to be a flame where the
gradients in temperature, heat release, etc., are much larger in the flame-normal direction
than the tangential direction [137] [94]. A laminar flamelet is a flamelet which propagates
locally at the laminar burning velocity Sz. In this regime, the combustion time scales
are very fast relative to the turbulence, such that the reactions are able to occur in thin
layers [91].

Flamelet concepts have been extremely popular with modelers, especially in LES con-
texts, because all of the chemistry can be calculated from that of a laminar flame. Flamelet
models typically utilize a conservation equation of either flame surface density X (see Sec-
tion 1.5.1.1) or the G-equation, which is defined on the flame surface and describes the
motion of the flame front. These are advantageous because they de-couple the flame chem-
istry from the modeling of the turbulent flow.

Laminar flamelets can persist in very turbulent flows; in fact, a survey of the literature
reveals that the vast majority of turbulent combustion experiments have revealed flamelet-
like structures [41]. However, the distinction is made here between a laminar flamelet,
which propagates locally at the stretched laminar flame speed S 7, and a flamelet-like struc-
ture, which only requires that the composition gradients are much larger in the direction
normal to the flame. A flamelet structure may persist in very high levels of turbulence, but
if the turbulent diffusivity is sufficiently large the flame may propagate at a turbulent flame

speed that is greater than the laminar value, S7/S1 > 1.

1.4 Regimes of premixed combustion

1.4.1 Regime diagrams

Numerous attempts have been made to divide premixed flames into different regimes of

combustion [1,19,93,96]. Regime boundaries are typically derived from the ratio of tur-
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Figure 1.2: Regime diagram as proposed by Peters [93,94]

bulence and chemistry time scales, and they attempt to predict the structure of the reacting
flow (flamelets, local extinction, distributed reactions, etc.). The most common regime di-
agram was proposed by Peters [93] and plots the normalized integral length scale L/dF .
against the turbulence intensity «’/S ;. This version of the regime diagram is given in Fig.
1.2.

The regime diagram separates flames into various structures depending on the turbu-
lence intensity and integral scale. Laminar flames exist for Rey < 1, where both «’/S ; and
L/6F are small. As the turbulence is increased, turbulent motion distorts the flame surface,
and stretch acts to elongate local flame elements. Vortical structures then redistribute the
increased flame surface into wrinkles - this is the wrinkling mechanism [120]. Thus, the

turbulence wrinkles the flame and increases the total area of the exothermic layers. When
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the turbulence level «’ is less than the laminar flame speed S ;, the flame will be a mildly
wrinkled flamelet. As the turbulence level exceeds the local burning rate, u’/S > 1, the
flame cannot keep up with local turbulent fluctuations, and the wrinkling process becomes
more complex. This regime is called corrugated flamelets.

If the turbulence is continually increased, smaller and smaller scales of motion will be
present in the flow. It is usually thought that a turbulent eddy larger than the width of the
flame will not be able to disrupt the chemistry, it can only interact with the flame sheet
through wrinkling and strain mechanisms. It has been observed that the large-scale strain
exerted on a flame element can cause local thinning on the layer, and this is one mechanism
for flame extinction [38]. On the other hand, if a turbulent eddy is able to penetrate the
flame structure, it will be able to circulate hot gas from near the reaction layer upstream,
which will then increase the reaction rate upstream due to the elevated temperatures. In
regime diagram analyses it is typically argued that this occurs when the Kolmogorov scale
is able to penetrate the flame. This will lead to the broadening of the flame, specifically
the preheat layer upstream of the primary reactions, as chemical reactions occur over a
wider region, and it is also expected that the burning rate will increase [103]. This regime
contains flames that have a broadened preheat - thin reaction layer structure.

Likewise, if the Kolmogorov scale is able to penetrate the reaction layer, the chemistry
of the reaction layer should be disrupted. However, in this regime it may be possible to
extract heat from the reaction surface faster than the chemistry can sustain. Therefore, this
regime is predicted to sustain either broken or distributed reactions. It remains unclear
under what conditions distributed reactions can exist, as well as the conditions separating
them from broken reactions.

At this point, a few words are needed regarding the construction of the regime diagram,
as much of this work is focused on validating the predicted boundaries shown in Fig. 1.2.

In order to construct the regime diagram, it is assumed that:

* The Schmidt number is unity: Sc¢ =v/D = 1, where D is the mass diffusivity of the
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reactants.

* The flame thickness is taken to be dry = D*/S . Because the diffusivity will be
increased near the flame, we use a modified diffusivity D* which is evaluated at an
elevated temperature [92]. This is a simplification, as the exact relation will contain

an empirical constant. Also, from this: 1p = D*/S %

* The criterion for finite-rate chemistry effects - that is, the point where the flame
chemistry can be disrupted by the turbulence - is when the Kolmogorov time scale 1,
equals the chemistry time scale. This is analogous to stating that Kolmogorov scale
eddies of size iy are able to penetrate the flame and disrupt the chemical reactions. At

this point the flame will either broaden or extinguish.

The turbulent Reynolds, Damkohler, and Karlovitz numbers are then defined as:

u'L
Rer = (1.2)
SLOFL
S;L
Dar = —% (1.3)
u’dF,L
6%, u 35
_tp 9FL Uy JUPOFL
KaT_t___Z_S_2_ S3L (14)
n n L L

In his derivation, Peters then re-writes Eqn. 1.2 (the turbulent Reynolds number) and

introduces a second Karlovitz number, based on the reaction layer thickness.

Rer = Da>Kaz (1.5)
62 5 2
Kak? = % - (%) Kar (1.6)

Eqn. 1.6 states that the relevant Karlovitz number at the reaction zone must use dgz,1.,
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not dr . Essentially, by assuming 6r; = D*/S [, we are able to say that the Karlovitz
number is simply the ratio of flame and Kolmogorov length scales squared. Therefore,
when Kar > 1, this theory would predict that the flame would begin to broaden. Likewise,
when Ka%” > 1, we would expect the reaction zone to be disrupted. It is noted in passing
that several definitions have been used for the Karlovitz number, but this has become most
common in recent years [41]. Returning to Eqn. 1.2, we can re-arrange terms and utilize

Eqgn 1.5:

’ L -1 L 1/3
L ReT(—) - Ka2/3(_) (1.7)
St OFL

Using Egn. 1.7 the lines on the regime diagram in Fig. 1.2 can be constructed. As an
aside, it is assumed that the reaction layer thickness is approximately one tenth of the flame
thickness. This result is arrived at using activation energy asymptotic analysis [106], but
is not a very accurate approximation. CHEMKIN simulations and most experiments show
that the reaction layer is typically about one-quarter to one-half of the flame thickness.
This distinction will be returned to in Chapter 4 when the regime diagram is assessed.
Using this approximation, the required Karlovitz number for broken reactions is Ka&* =

2
0
(—RZ’L) Kar = 100Kar. Thus, the boundaries for BP-TR flames and for Broken Reactions

OFL
correspond to a Karlovitz number Kar equal to 1 and 100, respectively.

1.4.2 Experimental evidence for non-flamelet combustion

A goal of the thesis is to evaluate the predicted boundaries for flamelet combustion and, if
necessary, suggest modifications or improvements. This section will discuss the relevant
measurements and simulations of turbulent premixed flame structure. The vast majority
of the experimental literature reports thin flamelets [41]. In a review by Driscoll, all of
the twenty papers examined showed evidence of flamelet structure. Shepherd et al [112],

Buschmann et al [26], Dinkelacker et al [38], and Soika et al [117]] all measured the preheat
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thickness using Rayleigh scattering and found the layers were thinner, ranging from 0.4 <
OPHZT /69,HZ’ ; < 1. The turbulence intensities in these studies ranged from 0.5 < u’/S | <
34, and the Karlovitz number ranged from 0.1 < Kar < 44. However, no discernible trend
was observed between these turbulence quantities and the flame properties. For instance,
the thinnest preheat measurement corresponded with the lowest values of u’/S; and Kar,
while the second thinnest flame had among the largest turbulence levels, with a Karlovitz
number of 13 and u’ /S of 23.

In contrast, Chen and Bilger [31] [30], O’Young and Bilger [89], and Mansour et al.
[75] also used Rayleigh scattering over similar turbulence conditions and observed slight
thickening of the preheat layers, with measured layers between one and three times the
laminar value.

While there have been many studies of the structure of premixed turbulent flames in
the wrinkled flamelet regime [41] there have been relatively few in the broadened pre-
heat regime. Numerous studies [7,43, 105, 107, 108, 134, 143] have demonstrated that it
is possible to substantially broaden the preheat region of a premixed flame, as small-scale
eddies penetrate the flame. However, some work has seen broken or distributed reactions.
Dunn et al [43] [44] used Rayleigh scattering in a high Karlovitz number, piloted, jet flame,
and observed extinction and re-ignition events as well substantial broadening of the flame
structure.

Zhou et al [143,144] has obtained the only experimental evidence to date of distributed
reactions. Using a very small jet (~2 mm) and very large Karlovitz numbers Kar up to
1739, CH-PLIF images reveal relatively uniform heat release across the jet core. Zhou
et al. [145] also applied CH-PLIF diagnostics to swirl-stabilized flames and observed dis-
tributed reaction zones in the downstream region. Both of these instances of distributed
zones revealed reaction layers that varied significantly over the flow domain. The layers
are very thin near the base of the Bunsen and swirl flames, but broaden significantly down-

stream, indicating a dependence on the non-dimensional residence time x/U. Formalde-
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hyde PLIF was also recorded in order to quantify the preheat thicknesses for both of these
configurations. The results showed much more rapid broadening of the preheat layers than
the reaction zones, and a similar residence time dependence.

A number of recent direct numerical simulations (DNS) have explored a similar tur-
bulence regime as Zhou et al [143, 144]. Interestingly, a DNS study recently attempted to
replicate the result of the high Kar jet burner [135]. The flame surface density and cur-
vature measured in the DNS agreed well with the experiment, and the simulated Overlap
signal areed with the flame structures measured by Zhou. Savard et al performed DNS of a
flame sheet in a channel and reported substantial broadening of the preheat layer along with
some local extinction [107,108]. Their Karlovitz number was as high as Ka7 = 280. Study-
ing lean hydrogen-air flames near lean blowoff, Aspden et al was able to produce Karlovitz
numbers as high as Kar = 1562, and discovered evidence of distributed reactions [6, 8].
Both of these studies utilized very lean flames near blow-off, in order to lower the chemical
reaction rate and increase u’/S 1 and Kar within the constraints of a fully resolved DNS

study.

1.5 Turbulent burning velocities

1.5.1 Definitions of the turbulent burning velocity

There are at least four alternative definitions of the turbulent burning velocity, and all of
them are in somewhat common use [41]. Thus, there is a significant possibility for confu-
sion if we do not specify what kind of burning velocity is being used. There is no correct
definition of a burning velocity, and each can serve a useful purpose in certain applications.
However, stating a measured “burning velocity” without elaboration is not useful, as the
measured values can be quite different depending on the definition. Burning velocities can
be defined in two general categories: displacement speeds and consumption speeds. Each

of these can be further divided into local and global quantities. The global consumption
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speed measures the rate at which the reactants are consumed, and is defined as [48]:

ity
PrAF

St6c = (1.8)

In Eqn. 1.8, i1, is the mass flow rate of the reactants passing through the flame surface,
pr is the density of the unburned reactants (before any preheating occurs), and Ar is the
flame surface area of a certain iso-contour. Ar is most commonly taken at the ¢ = 0.5 iso-
contour, where ¢ is the mean progress variable of the flame, a measure of how probable a
given point in space contains burned products. This form gives a measure of how rapidly
reactants are converted into products, and is therefore very useful from engineering and
design perspectives. Alternatively, a local measurement of the consumption speed is more
typical to DNS studies due to the availability of heat release and mass fraction details that
the experimentalists cannot easily acquire. The local consumption speed defined using the

heat release rate would be defined as [70,94]:

1 (o)
Strc= —/ Wrdn (1.9)
Pu —00

This can be easily evaluated in a DNS study of , for example, a freely propagating
flame in a channel. However, it is very difficult to measure w, in experiments. Instead,
a global consumption speed S 7 Gc is typically what is measured in experimental studies.
However, this can only be applied to geometries where the mass flow of burned reactants
is known, such as an envelope flame where all reactants pass through the flame surface. In
a V-flame or a Bunsen flame with an open flame tip (where some of the reactants can es-
cape the measurement domain avoiding the flame) this measurement cannot be adequately
determined.

The flame speed discussed in section 1.3 was the relative velocity of the flame propa-

gating into the unburnt reactants, and this is the definition of the displacement speed [126]:
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Figure 1.3: Two different geometries for which the burning velocity may be defined. On
the left is an envelope Bunsen flame, for which a global consumption speed is often defined
using the flame area Ay and the reactant density and mass flow rate. On the right is a flame
sheet in a channel, which will be propagating locally at a velocity S7.rp, which may or
may not be equal to the laminar burning velocity S;. Using the ¢ = 0.5 contour, several
different forms of burning velocity can be defined.

Hn-Stp=1 (1.10)

In Eqn. 1.10, % is the relative velocity vector between the flame surface and the re-
actants, and 77 is the flame surface normal vector. This is typically defined locally, with
S r..p measured as the velocity of the reactant gas upstream of the flame. Difficulties with
this measurement include accounting for thermal expansion if the velocity is measured
at a point in the preheat layer. This requires transforming the measured velocity at the
flame into the equivalent value prior to thermal expansion, u = p*u*/p, where p* is the gas
density at the temperature of the measurement location, while p is the density in the cold
reactants upstream [119]. Additionally, defining an iso-surface in a highly turbulent flame
with broadened preheat zones quickly becomes a difficult task. Therefore, this measure-
ment is most often constrained to relatively weakly turbulent flames. There is also a global
displacement speed S 7.6p, which would measure an average flame surface identical to A
in equation 1.8 and the average velocity field U. To obtain S 76p, you would then apply

Eqn. 1.10 to over the extent of Af.
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1.5.1.1 Flame surface density

An important concept in flamelet theory is the flame surface density, commonly abbreviated
as FSD or X. It is formally defined as the average area of the flame sheet that is present
within a unit volume. For planar measurements, it has an analog that is the average length

of the flame segment (measured in the plane of the laser sheet) within a unit area.

6L
" (Ax)?

(1.11)

where 0L is the ensemble-averaged length of flame surface within an interrogation box,
and Ax is the length of one side of the interrogation box. The accuracy of the 2D ap-
proximation of X in Eqn. 1.11 was assessed by Bell et al. [13], and it was shown that the
uncertainty of the planar measurement was +10%. Therefore, the value for £ measured
from the planar measurements is approximately equal to the true three-dimensional value.
Using these concepts, the turbulent burning velocity can be derived from the flame surface

density following [22]:

St.r At /°°
— =Jp— =1, d (1.12)
S% OAL 0 —oo0 7
St
Iy=—=1-MaxKa (1.13)
S}

In Eqn. 1.13, the definition of the stretched flame speed was used, and Ma is the Mark-

0

stein number, Ma = ¢€/6 FL>

and Ka = /«SOF’ /S 2. The stretch factor Iy is approximately unity
in lean, turbulent, methane-air flames [113]. The turbulent burning velocity of Eqn. 1.12 is
called the flamelet velocity, because it describes the burning velocity of a laminar flamelet
(i.e., the increases are purely due to flamelet wrinkling). Because most DNS studies and

experiments to date have studied flames in the corrugated flamelet regime, this has often

been referred to simply as the burning velocity, but it is important to note that it only applies
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if the flame is propagating locally at the laminar flame speed.

1.5.2 Turbulent burning velocity theory

The observation that turbulence can increase the consumption rate of combustible reactants
dates back at least to Mallard and Le Chatelier, who observed the effect of turbulence
in increasing reaction rates in 1883 [73]. However, the modern theoretical grounding for
burning velocity is rooted in the work of Damkohler, who in 1940 proposed two hypotheses
for the evolution of the turbulent burning velocity [36]. In his formulation, there would be
two limiting cases of turbulence-flame interactions: a large scale and a small scale limit.
In the large scale limit, the turbulence can only wrinkle the flame surface, increasing the
area of the exothermic layers as described in 1.4.1. The geometry of this case is given
for a simplified, single flame-vortex interaction in Fig. 1.4. In this case, the total burning
rate of the flame is dependent on the increase of the reaction zone surface area relative the
laminar case, Ar/Ar. Note that in flame-wrinkling nomenclature, a wrinkle is defined as
the wavelength of the wrinkle formed by a vortex, so in Fig. 1.4 the wrinkle size would
be the distance A indicated, which is essentially the wavelength of a sine wave fitted to the
distorted flame surface.

In the large-scale limit depicted in Fig. 1.4, the wrinkling A7 /Ay is independent of
length scale, and is assumed to depend only on the turbulence intensity «’/S ;. Shchelkin
[67,111] derived a geometric relationship between the turbulence intensity and A7 /A by
assuming the wrinkles were conical. This relationship, which is expected to govern the
turbulent burning velocity in the large-scale limit, is:

St _Ar _

2
u
— = — =1 [1+A]— 1.14
sV AL (SL) (1.14)

In Eqn 1.14, S7/S 1 will change from a square-root to a linear dependence on u’/S

as the turbulence is increased. In the small scale limit, finite-rate chemistry is expected to
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Vortex

Figure 1.4: Flame vortex interaction illustrating the wrinkling phenomena. Adapted from
Lewis and von Elbe [36]

impose greater influence. As the smallest turbulent eddies penetrate the flame structure,
they will act to diffuse hot gas from the reaction zone upstream at a rate comparable to
the chemistry time scale. This coincides with the Broadened Preheat - Thin Reaction layer
regime, and suggests the turbulent burning velocity should depend to some degree on the
enhanced diffusivity. Damkohler illustrated this [93,94] by analogy with the laminar case,

as:

S~ (D/te)'? (1.15)
St~ (Dr /1) (1.16)
S D 1/2 'L 1/2
L. (—T) ~ (”——) ~Rell? (1.17)
S3 D SLOFL

In Egns 1.15 and 1.16 7. is the time-scale of combustion, and Dy is the turbulent dif-
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fusivity, which is proportional to the product of the turbulence level and integral scale as
Dy ~ u'L. In Eqn 1.17 it can be further assumed that v = D, and therefore S /S is ex-
pected to follow a square-root Reynolds number dependence in this limit. A turbulent flame
containing distributed reactions would be expected to depend only on the turbulent diffu-
sivity, since there would no longer be a “flame” surface to wrinkle, and Eqn 1.14 would be

undefined.

1.5.2.1 Other theoretical formulations of the burning velocity

The above discussion only considers limiting conditions, as real combustion devices will
contain flamelet wrinkling occurring simultaneous with enhanced turbulent diffusivities,
for example in a flame in the Broadened Preheat - Thin Reaction layer regime. Thus, a cor-
rect formula for the burning velocity must account for contributions from both terms. This
sub-section will briefly look at several theoretical formulations that have been developed.
Kolla et al [64] derived an expression for S 7 using Kolmogorov-Petrovskii-Piskunov

(KPP) analysis. In their analysis, the KPP theory produces:

v (0w
Sr=2 — 1.18
r \/prScc(az)@o (119

Where S ¢, is the Schmidt number of a reaction progress variable, and the relationship

for the turbulent burning velocity is:

' ) \2
ST—J—BC“ [[2K;f—rc4]( vl )+@(”—” (1.19)

59\ @Cu-1)8 SiorL) 3 \Si
Eqn 1.19 incorporates the theoretical formulations outlined above, and assumes an ad-
ditive relation between the enhanced diffusivity and the flame wrinkling. In the limit of

small ' /S 1, the relation becomes proportional to Rer, while in limit of large v’ /S, Sr/u’

scales with V1 + Dar.

In a separate analysis, Peters derived an expression for the turbulent burning velocity in
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large and small-scale turbulence using a level-set approach and the G-equation [93]. Peters
also utilizes a term depending on VRer, however the formulation is different from Kolla as

the integral scale is thought to play a larger role than u' /S :

2
S 39 L 39 L 'L
LR (039 ) +0.78— (1.20)
sY 2 OFL 2 6rL SkL

Abdel-Gayed and Bradley obtained another expression for S 7/S ; which utilized a two
eddy theory, assuming only the largest and smallest eddies need modeling and that the burn-
ing rate for each eddy size is the product of the eddy decay rate and the amount of mixture
chemically reacted during the eddy lifetime [2]. In another work comparing a wide range
of previous burning velocity measurements, Bradley found that the product of the flame
stretch rate and Lewis number provided a good fit for a majority of the data [21]. Likewise,
in a review by Andrews et al [4], a large number of previous experiments (predominantly in
the spherically expanding geometry) were analyzed and S 7/S 1 demonstrated substantial
bending when plotted against u’/S 1, however it was found to follow a near-linear depen-

dence on Rer. They found this to be independent of the chemical composition.

1.5.3 Measurements and simulations of the turbulent burning velocity

An important question is how the turbulent burning velocity S7 /S varies with funda-
mental turbulence parameters, such as u’/S and L/5r . A related question is how much
the surface area of the exothermic layers increases through flamelet wrinkling. In other
words, is there an effective limit for A7 /A, beyond which flame surface destruction effects
(such as flamelet merging) balance out further increases in flame area through wrinkling.
Previously, it was shown that in the laminar flamelet regime the turbulent flame surface
area At /Ar should be equal to the turbulent burning velocity S7/S 1. As the reaction lay-
ers become broadened, turbulent diffusivity is expected to enhance the local burning rate.

Therefore there are two potential contributors to S7/S :
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(1) increased surface area of the exothermic layers (A7 /Ay) due to turbulent wrinkling;
and

(2) enhanced burning rate per unit area, due to increased turbulent diffusivity.

It has not been conclusively proven when S /S will exceed Ar/Ar, i.e., when turbu-
lent diffusivity will contribute to the turbulent burning velocity. This section will provide a

brief review of the relevant computational and experimental results.

1.5.3.1 Variationof S7/S
Envelope flames

In the envelope flame geometry, Filatyev et al. [48] measured the global consumption speed
S 1.6 using planar laser induced fluorescence (PLIF) of the CH radical, a radical which has
been shown to adequately track the reaction layer [39]. Turbulence levels were fairly low,
with flames operating in the corrugated flamelet regime and «’/S; <9, and significant
bending was observed. Bending refers to a decrease in the sensitivity of S /S, on u’'/S
as the turbulence level is increased. The results of Filatyev indicated a decrease in S7/S 1,
at the largest turbulence levels, and the ratio of A7 /A; was found to match the turbulent
burning velocity, indicating the flames were in the laminar flamelet regime.

Gulder has extensively studied burning velocities in round Bunsen flames of various
integral scales. Smallwood et. al. [116], Gulder et. al. [56,57], Yuen et. al. [140-142], and
Tamadonfar [122, 123] have all consistently found that global consumption speeds (mea-
sured variously using Mie scattering and Rayleigh scattering) continue to increase with
turbulence intensity up to u’/S 1 = 24. They also found that the integral of flame surface
density f_ozo 2dn was much less than the consumption speeds, and typically plateaued to
a constant value as turbulence intensity increased. Integral length scale was found to be
important, as burning velocities generally increased with integral scale.

Kobayashi et. al. [63] studied Bunsen flames at atmospheric pressure and at high pres-

sure up to 1 MPa. Consumption speeds were measured with OH-PLIF, and the 0.05, 0.1,
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and 0.5 contours were selected for analysis. Using the 0.1 contour, and in the range of
u' /S up to 4, they found that the atmospheric pressure flames had a consumption speed
StacclS gas high as 10. At 1 MPa, the turbulence intensity was as high as u’/S; =9.5, and
the burning velocities increased to S 7.6¢c/ S‘Z = 27. Bending in the burning velocity curves

was observed for u’/S > 2.

Low-swirl burners

Using a low-swirl burner, Shepherd, Cheng, Bedat, and Talbot [12], [114], [33] found a
nearly linear dependence of S 7.6p/S 1. versus u’/S 1, contrasting with the result of Bradley
[4], Filatyev [48], and others. Turbulence levels were reported as large as u’/S = 27.6. In
these works, Rayleigh scattering or OH PLIF was used to identify the flame surface, and
a displacement speed was obtained by measuring the velocity (using PIV or LDV) in the
reactants just upstream. Flame surface densities were measured using the measured flame

surfaces to evaluate A7 /Ay, and it was found that the displacement speeds exceeded A7 /Af.

Direct numerical simulations

In a DNS study by Savard et al. [107, 108], a flame sheet propagating in a channel was
analyzed. Turbulence levels were as high as u’ /S = 21, and a significant difference was
observed between unity and non-unity Lewis numbers, highlighting the importance of dif-
ferential diffusion effects, suggesting that Le should be incorporated into burning velocity
models. Aspden et. al. [7,9] also studied turbulent flames in a channel, and as mentioned
in Section 1.4.2 some distributed reactions were observed. They observed that as the tran-
sition to distributed burning occurred, the measured local consumption actually decreased.
In related work, Aspden et al. [5] has also found that the Lewis number Le is capable of

explaining large variations in the burning velocity at moderate turbulence.
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Figure 1.5: Nivarti and Cant. This corresponds to Fig. 7 in [85].

1.5.3.2 Variation of the flame surface area A7 /A

Generally, direct numerical simulations have found that the normalized turbulent flame
surface area Ay /Ay is proportional to S7/Sr. Recently, Nivarti and Cant [85] studied
lean methane-air flames under a wide range of turbulence intensities (1.5 < u’/S 1, < 30)
using DNS of a flame element in a channel with forced turbulence and periodic boundary
conditions. They observed that the burning velocity S7/S 1 plateaued to a value slightly
larger than 3.5. Their simulations showed that the flame surface area ratio A7 /A; matched
S /S 1 exactly at all measurement points, as illustrated in Fig. 1.5. Their analysis showed
that the large degree of bending observed in the S7/S 1 curve is not due to local flame
quenching. Rather, in high-intensity turbulence, mechanisms favoring destruction of flame
surface area (such as flamelet merging) are favored. It is interesting that their study extends
to a very large value of u’/S 1 = 30, which is comparable to the most turbulent experimental
measurements of S7 in the Bunsen geometry. The integral scales in this study were 0.99
mm, and when normalized by the laminar flame thickness L/dF, = 2.75.

The research group of Omer Gulder has performed numerous studies with round Bun-
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sen flames. Smallwood et al [116] measured S7,6c by recording Mie scattering images
of oil droplets that evaporated at the reaction front. They measured the fractal parameters
of the flame surface wrinkling (a measurement of Ar/Ar) and found it to be significantly
below the measured value of S7Gc/Sr. This indicates departure from laminar flamelet
theory, and these results were later replicated by Gulder and Smallwood [57] and Yuen
and Gulder [140] who used OH-PLIF and Rayleigh scattering, respectively, to compute the
flame surface density. They found that the integral of flame surface density, which is an-
other measure of A7 /Ay, plateaued at approximately 3 for ' /S > 5— 10, while S76c/S L
continued to increase for turbulence levels up to u’/S 1 = 24. The integral scales for these
flames were all less than L = 1.79 mm, with L/ = 4. It is very interesting to compare
this result with the finding of Nivarti and Cant above, who studied turbulence conditions
that are approximately the same. It may be important that the geometries were very differ-
ent, as an envelope Bunsen flame may not behave the same as a flame sheet in a channel.
In the case of the Bunsen flame, the turbulence will pass obliquely through the reaction
layer at most locations, while the DNS configuration constrains the turbulence to intersect
the flame orthogonally. Note that in both of these studies, the ratio A7 /Ar asymptoted to a
similar value that was less than 4.

Similarly, Chen and Bilger [32] measured the integral of flame surface density in turbu-
lent Bunsen flames for integral scales L/dr, between 12 and 20, and they observed a near
linear increase in the integral of FSD with maximum values of approximately 3, which is
about the same value seen by both Yuen et. al. and Nivarti et. al. Turbulence intensities
u’ /S were varied between 2.5 and 7.

Sankaran et al [106] studied turbulent Bunsen flames using direct numerical simulation,
which should allow a more proper comparison with the experimental work as the geometry
is the same. However, Sankaran et al reported a result that was similar to that of Nivarti and
Cant. Sankaran et al. observed a linear variation of S 7¢c/S 1 with turbulence intensities

for 3 <u’' /S < 10. In their work, the flame surface area ratio Ayr/A; was equal to the
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values of S7.cc/S 1, indicating the flames remained in the laminar flamelet regime. The
integral scale to flame thickness ratio was approximately 1.5.

Therefore, there appear to be some discrepancies in the burning velocity literature.
Essentially, DNS studies suggest that A7 /A can fully explain increases in the turbulent
burning velocity, but at large values of u’/S ; bending occurs as flamelet merging balances
wrinkling, and the ratio Ay /A plateaus at approximately 3.5. The experimental work
agrees that the turbulent flame surface area A7 /A, will saturate at approximately 3-4, how-
ever the results of Yuen and Gulder and others show that the burning velocity continues
to increase beyond this point. Geometry may play a role, as the residence time of the ed-
dies will change whether the flame is a freely propagating segment in a channel (DNS) or a
Bunsen flame. Another distinction is that the turbulence interacts differently throughout the
surface of the Bunsen cone, with little wrinkling near the base (due to large mean shear) and
large wrinkling near the tip, where the flow-flame interaction more closely approximates
the DNS configurations.

However, a more likely explanation may be the role of the integral length scale. Poinsot
et al [79] used DNS to show that the ability of turbulence to stretch a flame surface increases
with the size of the turbulent eddy. Fig. 1.6 is the result from Meneveau and Poinsot,
which plot the total flame stretch acting on a flame (K). Because wrinkling is a two-step
process with flame stretch being the first component, it is probable that larger eddies will
also be better able to wrinkle a turbulent flame surface. For instance, from Meneveau and
Poinsot, the flame surface area present after a certain time 7, (in the absence of quenching)
is A(t4) = Age!K. Therefore, a given turbulence interaction will cause a greater increase
in A7 /AL as the eddy size increases. The literature appears consistent that there is a limit
beyond which the ratio A7 /A cannot increase, although the exact value of this limit has
not yet been quantified. It may be that turbulence conditions with larger integral length
scales, due to their better efficiency in stretching the flame, are able to reach this saturation

limit of A7 /A, while smaller integral scales are not. This may explain the discrepancies
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Figure 1.6: Stretch efficiency function of Poinsot [79]. For large integral scale (L/6F > 1)
the stretch increases approximately logarithmically. Note that the stretch has almost no
dependence on u’/S ; when normalized by the strain of the largest scales of the flow (€) /.

seen between some experiments and the DNS, and suggests that computational work must

continue to work in the direction of simulating larger integral scales.

1.6 Objectives of the thesis

This introductory chapter has attempted to present an overview of the theory describing
premixed flame structure and burning velocities, and how the theory compares to experi-
mental results. Based on this analysis, it is clear that there has been substantial progress
in low to moderate Reynolds number combustion, and even some recent developments in
very large Karlovitz number flames (small length scales but large turbulence intensity).
However, the behavior of turbulent flames subjected to large length scales and turbulence
intensities (and thus large Rer) has been relatively unexplored. This work addresses the
question of what happens to a premixed flame in high Reynolds number turbulence. For
example, does the turbulent burning velocity continue to increase in extreme turbulence,
and if so, is bending observed with increasing turbulence? Do flamelets persist in extreme
turbulence, or do the layers become broken or broadened?

The Hi-Pilot burner, to be described in the next chapter, is capable of turbulence in-
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tensities as large as u’/S 1 = 243 and turbulence Reynolds numbers of Rez = 99,000. This
allows an unprecedented opportunity to explore premixed flame behavior. The first goal
of this work was to test the predicted broken reaction layer boundary of Peters. To this
end, two reaction layer visualizations techniques were employed, namely the overlap of
OH and CH,O PLIF (referred to as the Overlap method) and CH PLIF. Another objective
was to evaluate the turbulent burning velocity in extreme turbulence, which in the Bunsen
geometry has been restricted to u’/S 1 < 25 [140]. Measurements of an average progress
variable were recorded using OH PLIF, and compared with several measurements of A7 /Ay,
to evaluate how much of the increase in the burning velocity is due to flamelet wrinkling.

It will be seen in the following chapters that the preheat layers in the Hi-Pilot are ex-
tremely thick, often exceeding 20 mm. Thus, this work offers a prime opportunity to inves-
tigate the behavior of turbulent features as they progress through the preheat zone. Simul-
taneous planar measurements of velocity (PIV) and preheat zone structure (CH,O PLIF)
will provide conditioned statistics of mean velocity U, turbulence level u’, and mean eddy
rotational velocity Ug. The integral length scale will also be evaluated, in order to quan-
tify the extent of dissipation of the small-scales as well as the evolution of the turbulent
diffusivity (which should scale as Dy ~ «'L).

This research provides the first database of measured flame properties at large Rer uti-
lizing modern laser diagnostics. Measured flame properties include the preheat and reac-
tion layer structure, extinction events in the reaction zone, turbulent burning velocities, and
the extent of flamelet wrinkling. Such a database is essential for constructing an accurate

regime diagram and for the development of better combustion models.
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CHAPTER 2

Experimental Approach

In order to address the questions set out in Chapter 1, very large values of turbulence
were required. To this end, the Hi-Pilot, a high Reynolds number piloted, premixed jet
burner was created. The flow field and turbulence properties were characterized using a
combination of laser Doppler velocimetry (LDV) and particle image velocimetry (PIV).
The former allows temporally resolved measurements of velocity data at a single point just
above the jet exit on centerline. However, obtaining an integral length scale from this data
requires invoking Taylor’s hypothesis, also known as the frozen flow approximation. This
states that for any time series measurement 7, a length scale L can be obtained as L =
7 U, where U is the mean velocity of the flow. This assumes that the turbulent structures
do not change appreciably as they are convected past the measurement point, and that
their convective velocity is equal to the mean velocity of the flow. This is generally a
good approximation only for u’/U < 1, but does not hold in this experiment. A standard
correction to Taylor’s hypothesis was applied to obtain a more accurate convection velocity,
and thus integral length scale. Planer velocity measurements were obtained using particle
image velocimetry (PIV) which provide a direct measurement of the longitudinal and lateral
integral scales and turbulence levels, and allow an evaluation of the performance of Taylor’s
hypothesis.

Measurements of flame structure require high resolution spatial information of some

marker of the flame chemistry. The most popular method is probably planar laser induced
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fluorescence (PLIF), and this thesis applies PLIF of formaldehyde (CH,0), OH, and CH
respectively. The Overlap method consists of simultaneously acquired OH and CH,O PLIF
images, which mark the product region and the preheat region, respectively. The PLIF
signal is proportional to the total quantity of the excited species, and therefore the pixel-by-
pixel product of these images gives a quantity proportional to the forward reaction CH,O +
OH — HCO + H,0, which happens to coincide spatially with the primary heat release
region. This measurement was checked by performing CH PLIF, which is an alternative
marker of the reaction zone that has been shown to adequately trace the heat release region.

Following these general flame structure measurements, the turbulent burning velocity
was measured using OH PLIF, which is formed rapidly at the leading edge, and can there-
fore be used as a marker of the flame location if the reaction layer is thin and unbroken,
which the flame structure measurements will confirm. Lastly, simultaneous PIV and CH,O
PLIF will be performed to measure the evolution of the turbulent features through a broad-
ened preheat layer. This chapter will first provide details of the Hi-Pilot burner, and then

explain the principles and application of each of the diagnostics used.
2.1 The Hi-Pilot Burner

The Hi-Pilot experiment is a piloted, premixed burner capable of reaching very large values
of turbulence Reynolds number Re7. It consists of a long plenum with flow straightening
elements and turbulence generating slotted plates placed upstream of a converging diverg-
ing nozzle. A schematic of the burner with plenum is shown in Fig. 2.1.

The flow straightening elements consist of a honeycomb plate supporting several rows
of marbles, in order to provide uniform flow to the test section. The slotted plates, detailed
in Fig. 2.2, were first used by Marshall et al [76], and are placed just upstream of a strong
contraction section. This produces shed vortices from the slotted plate that are then sub-
jected to a large mean shear as the flow accelerates through the contraction. The presence

of this mean shear produces elongated turbulent eddies, as can be seen by examining the
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Figure 2.1: Schematic of the Hi-Pilot Burner. Note that the coordinates are centered with r
= 0 over the centerline of the jet exit.
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vorticity transport equation:

dwi  dwi ui P w;
—— tuj—=wj—+Vv
ot ax;  ox;  9x;ox;

(2.1)

The left hand side of Eqn 2.1 is the total derivative of the vorticity vector w, which
describes the total rate of change of vorticity for a fluid particle. The first term on the
right hand side is the vortex stretching term, which describes how vortical structures are
stretched or rotated due to gradients in the mean velocity. The last term on the right hand
side is the viscous term. The vortex stretching term demands that eddies are elongated in the
direction of positive mean shear, and contracted in negative mean shear. Thus, with large
positive values of dU,/dx passing through the contraction, the turbulent eddies will become
elongated in the flow direction. Similarly, the vortex stretching mechanism enhances the
longitudinal turbulence level u’ while decreasing the lateral term v'. Thus, although the
turbulence generating system is capable of producing extremely large values of longitudinal
integral scales L, and turbulence levels ', some degree of anisotropy is introduced. The
extent of anisotropy, and how it varies with turbulence level and slot width is the subject of
section 3.2.3.

Varying the turbulence generators among the three slotted plates shown in Fig. 2.2 can
produce very different levels of fluctuation velocities, integral scales, and velocity profiles.
This allows access to a wide range of flow conditions at a single mass flow rate of reactants.
A pair of impinging jets are located at the throat of contraction section, and serve to enhance
the total turbulence level and integral scale. These were operated at 6% the total flow rate
of reactants issuing from the plenum. The effect of the jets will be detailed in section 3.1.
Flow rates were monitored using choked orifices, and pressure was also monitored just
downstream to ensure choked flow. The equation for the mass flow rate through a choked

orifice is:
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Table 2.1: Run Conditions for the Hi-Pilot Burner for ¢ = 0.75

Case | Main Air | Main Fuel | Jet Air | Jet Fuel | Co-Flow Air | Co-Flow Fuel p":;‘
(g/s) (g/s) (g/s) (g/s) (g/s) (g/s) (m/s)
1 2.24 0.098 - - 25.4 1.11 5.2
2 4.60 0.200 - - 25.4 1.11 10.7
3 9.10 0.402 0.61 0.026 25.4 1.11 22.6
4 13.2 0.579 0.87 0.037 25.4 1.11 32.6
5 21.6 0.942 1.37 0.060 254 1.11 53.3
6 29.5 1.300 1.90 0.084 25.4 1.11 73.0
2 \E oA
. Y =1 poA*
m=\-—|— 2.2
Rg(y+1) To 22

In Eqn. 2.2, vy is the specific heat ratio of the gas (methane or air), R, is the gas constant,
A* is the orifice area. The room temperature 7y was approximately 297 K, and the operating
back pressure pg varied between 93.5 psi and 250 psi depending on the orifice and flow
rate desired. The Hi-Pilot mass flow rates are listed in Table 2.1, and the measured run
conditions are given in Table 2.2. Note that the turbulent Reynolds number is defined here
as Rer = u’L/v. The measured values are explained later in Section 3.1.1.

The version of the Hi-Pilot shown in Fig 2.1 is the result of several design iterations.
The first model utilized a narrow ring of hydrogen pilot surrounding a central jet that had a
much more aggressive expansion angle. It was observed that this produced separation for
some of the higher flow rate cases, which was corrected by making the nozzle longer and
slightly narrower. In addition, hot products from the pilot only persisted to approximately
half the average flame heights, due to large amounts of entrainment of cold air by the central
jet. This brought cold air into contact of the downstream edge of the flame, quenching
reactions and producing an open flame tip. A closed flame tip is essential in this work, both
to ensure measured extinction events are due to the turbulence issuing from the Hi-Pilot
(instead of poor back-support downstream of the flame) and to obtain an accurate measure

of the global consumption speed. Measuring S r ¢ requires knowledge of the mass flow
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Table 2.2: LDV turbulence measurements for the Hi-Pilot burner

| Case | Jets? | U (m/s) | u (m/s) | T(ms) | LyTayior | Lrcor | Rer | i (um) |

la No 1.7 1.7 1.13 8.6 9.6 1,000 120
1b No 6.0 1.6 1.05 6.3 7.3 760 120
lc No 8.5 1.2 0.68 5.8 6.1 480 140
2a No 14.1 29 0.48 6.8 7.5 1,400 74
2b No 9.2 3.1 0.68 6.2 7.8 1,600 72
2c No 15.5 2.3 0.47 7.3 7.6 | 1,100 920
3a No 29 54 0.22 6.3 6.9 | 2,400 46
Yes 32 6.0 0.59 19 20 7,900 55
3b No 17 59 0.37 6.3 7.9 | 3,000 44
Yes 21 7.1 0.35 7.3 9.2 | 4,200 40
3c No 30 4.8 0.24 7.1 7.6 | 2,400 51
Yes 32 5.7 0.27 8.6 9.3 | 3,400 48
4a No 39 8.6 0.22 8.6 9.5 | 5,300 35
Yes 44 10 0.51 22 25 | 16,000 40
4b No 23 8.3 0.25 5.6 7.2 | 3,900 34
Yes 28 9.3 0.24 6.7 8.4 | 5,000 32
4c No 40 7.6 0.17 7.1 7.7 | 3,800 37
Yes 44 9.0 0.21 9.3 10 6,000 35
Sa No 56 17 0.23 13 16 1,800 24
Yes 64 24 0.44 28 37 5,800 23
5b No 38 15 0.15 5.6 7.5 | 7,400 21
Yes 45 20 0.17 7.4 10 | 13,000 19
Sc No 64 20 0.17 11 14 | 18,000 20
Yes 64 25 0.22 14 19 | 32,000 19
6a No 80 30 0.15 12 15 | 30,000 15
Yes 78 37 0.36 28 41 | 99,000 17
6b No 48 23 0.10 4.6 7 10,000 15
Yes 72 29 0.12 8.6 12 | 22,000 15
6¢ No 86 30 0.11 9.3 12| 23,000 15
Yes 89 38 0.13 12 17 | 41,000 13
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rate of reactants, which can not be identified if some fraction is escaping through the tip of
the flame unburned. This problem was avoided by building the larger co-flow shown in Fig
2.1, which has a diameter approximately five times that of the central jet.

To illustrate the problem, examples of an insufficient co-flow and a sufficient co-flow
[62] are shown in Fig. 2.3. The left column shows CH-PLIF and the right shows OH-PLIF,
which mark the reaction layer and the products region, respectively. In the top row, OH-
PLIF is seen downstream of all of the reaction surfaces, providing back-support to the flame
by way of hot radicals and elevated temperature throughout the products region. In contrast,
significant gaps are seen in the OH-PLIF signal in the lower row, indicating entrainment
of cold air that is being brought into contact with the reaction surface. This disrupts the
1-D laminar chemistry that would ideally exist in a flame with sufficient back-support. The
result is extensive extinction of the CH-PLIF reaction layers. By using a large co-flow in the
Hi-Pilot experiment, this problem is avoided; the temperature is sufficient downstream of
the reaction layer such that a one-dimensional profile of the flame temperature and species

should be equal to that of the laminar flame.

2.2 Laser Doppler Velocimetry

The axial component of velocity U, turbulence level (R.M.S., or fluctuation, velocity) u’,
and integral scale L, were evaluated using Laser Doppler Velocimetry (LDV). The mea-
surement principle makes use of the fringe pattern that will occur when two laser beams
intersect obliquely. Fig 2.4 illustrates the fringe pattern phenomena. The region where the
beams intersect is called the probe volume, and the measurement is an average over this
domain. The flow is seeded with tracer particles, which are assumed to follow the flow
exactly. As the particles pass through the fringes, they will scatter the light at a frequency
proportional to their velocity. Therefore the particle velocity can be computed as u = f*d,

where d is the fringe spacing.
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Figure 2.3: Example of a co-flow that is (a) insufficient, producing extinction events, and
(b) sufficient, such that the reactions are maintained across the flame surface and there is a
uniform region of OH downstream of the flame. The figure is taken from [62].
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Figure 2.4: LDV fringe pattern. Courtesy of Per Petersson. [95]

In Fig 2.4, note that only the component of velocity normal to the fringe pattern will be
detected; thus, it is possible to underestimate the velocity if the laser beams are misaligned.
It is also important to note that particles with negative velocity cannot be detected in the
standard setup; if the two intersecting beams have the same wavelength, the fringe pattern
will be stationary, and a backwards and forwards moving particle would be indiscernible.
This problem is often avoided by using a Bragg cell, which is an acoustic modulator that
increases the frequency of one of the laser beams, typically by around 40 MHz. This creates
a moving fringe pattern, providing a surplus frequency to the measured signal in addition
to that due to particle motion. Thus, a particle can move counter to the mean flow and still
be detected, so long as the scattered frequency is less than the frequency shift of the Bragg
cell. A Bragg cell was not used in this work; however, due to the very large jet velocities,
it is not expected that negative axial velocities will occur very frequently, and is therefore
unnecessary.

The laser/optic assembly consisted of an Argon-lon laser emitting continuous-wave
514.5 nm at 0.56 W, which was passed through a beamsplitter and focused to a focal vol-
ume over the test section with a 249.5 mm lens. This provided a fringe spacing of 2.58
micrometers. Doppler-shifted Mie scattering from the particles was collected with a photo-
multiplier tube affixed with a 124.5 mm lens. TSI optical lenses and PMT were used, and
the particle bursts were processed with TSI Flowmaster hardware and software. Light was
detected by the PMT in forward scattering mode, in order to maximize the collected signal.

Maximum scattering intensity occurs approximately 180 degrees from the angle of inci-
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dence for small particles, however placing the PMT in the path of the laser beam provided
unwanted measurement noise. Therefore, the PMT was typically placed at about 10-15

degrees off axis, which compromises some signal but greatly reduces the noise.

2.2.1 LDV Tracer Species Considerations

PIV particles must be sufficiently small to track the turbulent fluctuations while being large
enough to provide sufficient light scattering for a strong signal. Melling [78] shows that for
an excitation wavelength A (532 nm in this case), the Mie scattering obtained from parti-
cles of d;, > A is generally adequate. The tracer species chosen were 0.5 um alumina oxide
(Al,O3) particles from Microgrit. Thus the 0.5 um (or 500 nm) particles provided sufficient
scattering. The flow-tracking condition can be evaluated by comparing the characteristic
settling time of a particle to the time scale of the flow. The particle settling time is deter-
mined by assuming the spheres are in a regime of Stokes flow due to their small diameters

(Rep < 1). Under this assumption, the characteristic particle time is the Stokes time [37]:

2

pady
=—. 2.3
Tp 18 L ( )
Using the appropriate particle density and diameter, and evaluating the viscosity of
air at 298 K, the resulting particle time is 7, ~ 3.65 us. The characteristic flow time is

estimated for PIV measurements by Melling [78] as:

=102 (2.4)

In the above, ¢ should be taken as the smallest resolved length scale of the PIV mea-
surements (see Section 2.3), while AU is the largest estimated velocity. The corresponding
values in this experiment are approximately 0.288 mm and 89 m/s, thus providing a flow
time of 77 ~ 32.36 pus. Taking the ratio of the two time scales, and defining the Stokes

Number:
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Clemens and Mungal [34] suggest a criterion for PIV measurements that Stk < 0.5,
which is satisfied for the current conditions. This analysis can be assumed to apply approx-
imately to the LDV measurements as well, and therefore the particles chosen can be trusted
to faithfully track the flow. LDV measurements were performed for all test cases in Table

2.1, and the results will be presented in the following chapter.

2.2.2 Integral scale measurements

A fundamental measure of the structure of a turbulent flow is the integral length scale, and
some background discussion of this topic is required here. The LDV measurements provide
a temporal measurement of the axial velocity at a single point, allowing computation of the
temporal autocorrelation. The autocorrelation is a function that describes the structure of
the turbulence, and is essentially a measure of how correlated a turbulent quantity remains
over a certain interval in time or space A [98]. The temporal autocorrelation is defined here

using the fluctuating velocity u’(z) = U — u(z) and is:

wOu(+Ay W@ (t+Ar)

R(Ar) = (2.6)

[ [

2
N (02w (1 + Ar)? Hrms

In Eqn. 2.6 the denominator is re-written as u,,,s on the right-hand-side, the root-mean-

square of the fluctuating velocity. It is assumed that the turbulence is stationary and there-
fore does not change with the lag time A¢. The autocorrelation describes the correlation
of a point with its surroundings, and therefore decays from unity until it reaches zero. In
weakly turbulent flow, nearby regions will remain relatively strongly correlated, while very
turbulent flow becomes uncorrelated much more quickly. Fig 2.5 illustrates this difference
for small and large turbulent Reynolds numbers, respectively. Note that a spatial autocorre-

lation performed with PIV may appear like the low Rer case at small values of Ar because
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Figure 2.5: Example temporal autocorrelation function for low and high turbulent Reynolds
number cases

the method averages velocities over the size of the interrogation window, therefore impos-
ing correlation on the data. The question of resolution requirements in PIV measurements
will be addressed later in Section 2.3.3.

The temporal integral scale is defined as the integral of the autocorrelation over its full

domain. That is:

T= /00 R(At) dAt (2.7)
0

As can be inferred from the physical meaning of the autocorrelation function, the inte-
gral scale measures the distance required for a turbulent quantity to become uncorrelated. It
has an analog, called the Taylor scale, which measures the maximum distance over which

a turbulent quantity remains correlated. The Taylor scale is defined as:

(2.8)

d*R(Ar) )
|Al=0

A= _2/( dAr?

Fig 2.5 shows that it can be physically inferred from the shape of the autocorrelation
function as a parabola beginning at (0,1) having identical curvature at the origin as R(0).

The Taylor scale is an important quantity for PIV measurements, and will be returned to in
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section 2.3.3.

Eqn 2.7 provides a measure of the temporal integral scale, which is measured directly
from the LDV. However, the quantity of interest in most turbulence and combustion ap-
plications is the integral length scale, Ly. The subscript x denotes the longitudinal (flow)
direction, which in this case provides a longitudinal integral scale. As an aside, a longitu-
dinal integral scale is one in which the velocity component in the autocorrelation function
is identical to the direction of integration. A lateral scale would, using two-dimensional
spatial measurements for example, require integrating the autocorrelation function R, (x,y)
over the radial direction r. Because these LDV measurements only measure a single com-
ponent of velocity, only longitudinal integral scales may be obtained. PIV measurements
to be discussed later will measure longitudinal and lateral scales.

In order to convert temporal scales to spatial scales, it is common to employ Taylor’s
hypothesis, which assumes that the turbulent features are frozen as they convect past the
probe volume. The formal definition begins by considering a fluctuating velocity (in an
arbitrary direction-i) u; in a turbulent field being convected locally in the xi-direction by

mean velocity U;. Using index notation:

U —L 4y —L 2.9
o lax iex (29

If the turbulence level is small relative to the mean velocity, u’ /U < 1, the third term in

Eqn 2.9 becomes insignificant. This is Taylor’s hypothesis, and is written as:

Xi 2 2.10
o lox (2.10)

Eqn 2.10 states that a temporal derivative of u’ is proportional to its spatial derivative
through the mean velocity U. The form that is often used for converting temporal scales to
length scales is L, = TU. However, a turbulent flow will be embedded with a wide range of

eddy sizes, all propagating at a different velocity, with the smallest scales generally moving
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very slowly. The mean velocity U is an average over the entire turbulence spectrum, and
therefore the convection velocity of the largest (integral scale) eddies may be much larger
than the flow’s mean velocity. Using this concept, Heskestad derived [59] a correction to
Taylor’s hypothesis by modifying the mean velocity in Eqn. 2.10. Essentially, this correc-
tion accounts for the difference between the eddy convection velocity and the flow mean
velocity, which should be a function of fundamental turbulence quantities. The analysis
of Heskestad relates mean-square time derivatives with their spatial equivalent, but can be

applied to measured integral scales [52,59, 66,86, 138]:

L,=7U 02 2

”? 2 2

1+ 420 428 ] @2.11)
U

If the flow can be approximated as isotropic, then this can be simplified to:

noon
1+ 4 2.12)

L,=71U U 0z

Eqn. 2.12 was used to transform the measured temporal integral scale 7 into a lon-
gitudinal integral length scale L,. However, it should be noted (and will be discussed in
detail in the following chapter) that although Taylor’s hypothesis will underestimate the
integral length scale, the approximation of Eqn. 2.12 will overestimate Ly if the flow is not

isotropic [136].

2.2.3 Calibration in a turbulent pipe

The LDV system was first tested in a fully developed turbulent pipe flow in order to com-
pare the measurement and processing procedure with a relatively well-understood prob-
lem. A %2” Swagelok tube was used, along with compressed dry air and a previously built
seeder [3]. 5 micrometer alumina-oxide Zerospheres (manufactured by 3M) were used as
the seed particles. As was discussed in Section 2.2.1, these are larger particles than were

used to seed the Hi-Pilot experiment, but were found to adequately track the less turbulent

43



| U(m/s) | u'/U | Ly(mm) | Ly/D |
| 783 [415%| 3 | 27% |

Table 2.3: Measurements

flow in the pipe.

A 0.104” diameter choked orifice from O’Keefe was used to meter the flow, and a
pressure tap taken downstream confirmed the critical pressure ratio across the orifice was
met. Data was collected at 5 flow rates, but only the highest flow rate was selected for
analysis. The measurement consisted of 4 runs, each of which collected 100,000 data
points. At low velocities, the measured velocity matches the mass-average velocity well.
However, the values diverge at higher flow rates. This may imply that the orifice coefficient
is not properly calibrated.

Data was independently sampled with a digital oscilloscope (taken post bandpass fil-
tering), and it was found the frequency of the Doppler bursts matched closely with the
mean Doppler frequency reported by the system. This confirmed proper operation of the
burst correlator device. Integral length scales were calculated using the method outlined
above. Note that for the relatively weak turbulence of this case, the correction to Taylor’s
hypothesis did not change the measured value of L,.

Due to convective-acoustic instability, it was necessary to low-pass filter the data at
4700 Hz to avoid erroneous correlations. The turbulence intensity for the combined data
sets was 4.15%. The integral length scale was computed to be approximately 3 mm, which
is roughly 30% of the pipe exit diameter. This value, along with the measured turbulence

intensity, is in line with the data reported in Hinze [60].

2.3 Particle Image Velocimetry

Planar two-component velocity measurements were computed on centerline using particle

image velocimetry (PIV). This measurement served three purposes: (1) to provide velocity
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data within a broadened preheat layer, which will be the subject of Chapter 6, (2) to measure
the degree of anisotropy in the Hi-Pilot, with a direct measurement of the longitudinal and
lateral integral scales L, and L,, and (3) to estimate the accuracy of the isotropic correction

to Taylor’s hypothesis (Eqn 2.12) in the LDV turbulence measurements.

2.3.1 Principle of PIV

The PIV technique utilizes successive images of flow tracer species, typically oil droplets
or metal particles illuminated by a laser sheet. A sensor array that records the images
(CCD CMOS or, formerly, film) is then divided into smaller regions called interrogation
boxes [99]. The PIV method requires finding the most probable displacement of that in-
terrogation box between the two frames. Fast Fourier Transform-based (FFT) correlation
algorithms compute the probability of each possible particle displacement, and generate
a three-dimensional probability map with the elevation z corresponding to the probability
of the displacement at that x —y location. In a good PIV data set with minimal particle
drop-out (where particles in frame 1 convect out of the plane of the laser sheet and are not
present in frame 2) and an average particle displacement of approximately 7 pixels, the
correct peak (that is, the peak corresponding to the true particle displacement) should be
much larger than the neighboring displacement values. This process is illustrated in Fig.

2.6.

2.3.2 Experimental details

In this experiment, a pair of Nd:YAG lasers were used to provide 532 nm sheets, and a
LaVision Imager Pro 2048x2048 pixel CCD camera recorded the elastically scattered light
from the particles. The seed particles were different from that used by the LDV. After some
trial-and-error, it was found that the 0.03 um Al,Oj3 (activated alumina-oxide to minimize
agglomeration) particles from Electron Microscopy Sciences optimized seed density and

tracking ability while minimizing agglomeration. These particles were smaller than those
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Figure 2.6: Illustrative example of the PIV method. Particles are identified and interroga-
tion regions are selected. A FFT algorithm computes the probability of each displacement.
The highest peak in the resulting elevation map corresponds to the velocity vector, which
is an average over the interrogation box domain. Taken from LaVision Flowmaster man-
ual [68].

used in the LDV measurements, so the critical S tk number analysis applies here as well.

2.3.3 Resolved scales of the PIV

Accurate PIV measurements requires sufficient resolution of the large and small scales in
the flow. However, in a highly turbulent flow fully resolving both the largest and smallest
scales is not a simple task. With increasing turbulence, Table 2.2 shows that the integral
scale generally increases, due to the larger mean velocity. However, the larger Re7 at these
conditions increases the separation between the largest and smallest scales of the flow,
meaning that a field of view capable of capturing the integral scale Ly may not have the
resolution required to capture the Kolmogorov scale 7.

Lavoie et al [69] suggest a domain approximately five integral scales in length is nec-
essary to resolve L. O’Neill et al [87] performed a comparison between integral scales
computed from PIV, with a domain length three times L,, and DNS results in which the
domain from which integral scale computation was performed was reduced progressively

from eight to two times L,. O’Neill found a difference in the shape of the autocorrelation
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computed from the DNS data when changing from a domain that was 4.5L, to 8Ly, sug-
gesting that the smaller domain is not sufficient. In addition, the autocorrelation for the
PIV rolled off faster than the DNS, even when the DNS used the smallest domain of 2L,
suggesting the PIV measurements could not capture the largest scales with a domain of
3L,. However, although the shape of the autocorrelation function was clearly different, the
magnitude of difference of the integral (i.e., Ly) was similar. In this work, it is assumed
that a field of view twice the L, is sufficient to capture the integral scales.

In turbulence theory, the Kolmogorov scale is the smallest scale in the velocity field over
which a gradient may be sustained [128]. However, experiments have shown that resolution
of the Kolmogorov scale is not necessary to accurately measure velocity gradients, and
that the actual scale where dissipation of kinetic energy occurs (and hence the smallest
“real” scales in the flow) is the viscous scale 4, [69, 104]. The viscous scale is computed

using [24,25]:

Ay = ALRe; (2.13)

where A = 11.2 and is determined empirically, and L is the integral scale computed
using the full width of 5% of the maximum of the velocity profile of the jet. The relationship
between the viscous scale and the Kolmogorov scale is given by Friehe et al [50] who
examined kinetic energy dissipation data in a round jet and found A, = 6n;, where 7 is
the Kolmogorov scale [128]. Therefore, it is argued that the turbulence is fully resolved
with a resolution sufficient to capture the viscous scale, even if the Kolmogorov scale is
not resolved, because the viscous scale corresponds to the smallest physical scale in the
flow. In the Hi-Pilot, these range in size from approximately 335 um to 64 um. Thus,
in order to resolve the smallest scales of flow for the most turbulent run conditions, the
Nyquist sampling criteria requires a PIV interrogation window of at most 32 um. Lastly, it
is noted that the requirement for accurately measuring the mean velocity field in PIV is an

interrogation box size of one-half the Taylor scale A, [51].
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Thus, we can outline the resolution requirements for a PIV experiment under two cases.
In the case that the measurement must capture all scales of turbulence (in order to measure
velocity gradients such as dissipation), the largest and smallest scales must both be re-
solved. This means that the field of view must be at least 2 L in length, combined with an
array size and interrogation box combination suitable to resolve the viscous scale A,. In
the case that the experiment only needs to measure the mean velocity, the turbulence level
u’ and the integral scale, then only the Taylor scale A, need be resolved. In a turbulent flow
with a wide separation of scales this is a significantly relaxed requirement [51].

Due to the very large separation of scales in this experiment, several of the run condi-
tions could not be fully resolved by the PIV. For example, a representative integral scale for
Case 5 will be shown to be at least L, > 10 mm with a turbulence level «’ around 25 m/s
(see the following chapter). Thus, the smallest possible acceptable field of view would be
20 mm, and if the interrogation window is 16x16 pixels, the smallest resolved scale would
be approximately 300 um (the camera CCD array consists of 2048x2048 pixels). This is
sufficient to capture the Taylor scale, which would be about 425 um. However, this is much

larger than the viscous scale A,which is less than 80 um.

2.3.3.1 Integral scale measurements in PIV

The autocorrelation function was previously defined for temporal measurements as R(AT).

The spatial autocorrelation is defined similarly, and is written as:

Ry (AxAF) = w(x,r)u' (x+Ax,r+Ar) _ u'(x,r) u'(x2+ Ax,r+Ar) 2.14)
w (x,r)? \/ W (x+Ax,r+Ar)? Urms

The spatial autocorrelation function R, is presently defined in the axial direction, as it
contains only velocities in the x — direction. It can also be defined using velocity fluctua-

tions in the r — direction, and would then be called R,. The longitudinal integral scale is
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defined as the integral of the spatial autocorrelation function in the same direction as the
component for which it was defined. The lateral (or transverse) integral scale is defined
by integrating in the orthogonal direction to the component for which R is defined. For
an autocorrelation function R,,, the integral in the x — direction is the longitudinal integral
scale, and integrating in the r — direction provides the lateral integral scale. Using this
nomenclature, the longitudinal integral scales L, and lateral integral scales L, are defined

as:

Ly= / R(Ax,Ar = 0)dAx (2.15)
Ax=0

L, = / R(Ax =0,Ar)dAr (2.16)
Ar=0

2.4 Planar Laser Induced Fluorescence

Modern laser diagnostics are capable of high resolution measurement of combustion radi-
cals, and the most popular technique is currently Planar Laser-Induced Fluorescence (pla-
nar LIF or PLIF). Fluorescence is the spontaneous emission of radiation from an upper
energy level of an atom or molecule after it has been excited in some way [45]. This is
most often applied in combustion diagnostics through laser-induced excitation (almost al-
ways in the ultra-violet) of an electronic energy state. Typically the wavelength of the
emitted light is shifted from that of the excitation source, but this is not required.

If the laser irradiance is much less than what will saturate the fluorescence, then the
measurement is in the linear regime and the LIF signal is proportional to the amount of the
species present in the probed sample. The governing LIF equation in this regime [45] is
given in Eqn 2.17

o

F EZAN?BHIV (2.17)

21
c A1+ Q21
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where F is the fluorescence signal power, /i is Planck’s constant, v is the frequency
of the emitted signal, Q is the collection solid angle, and ¢ is the distance along the laser
propagation axis over which fluorescence is collected. A is the focal area of the laser beam,
N? is the species population in the electronic ground state prior to excitation, By> is the
Einstein coefficient for absorption, I, is the irradiance of the laser beam, A7 is the Einstein
coefficient for spontaneous emission, and @ is the collisional quenching rate constant.

If all of these can be accurately measured, than it is possible to precisely measure the
quantity of the LIF species. However, the goal of this work is to identify the flame struc-
ture, and how it evolves in extreme turbulence. Although quantitative PLIF measurements
would provide a measure of the heat release rate (of a given reaction), it would not change
the qualitative observed trends of whether a layer is broken or the thickness that exists.
Therefore, the PLIF measurements in this work will accurately report if a species (or re-
action) is occurring, and the PLIF intensity provides a qualitative sense of the relative
concentration. However, no quantitative species concentration or reaction rate data can be

extracted from this measurement.

2.4.1 Simultaneous OH and CH,O PLIF
2.4.1.1 Overlap Chemistry

The flame structure was visualized using simultaneous OH and formaldehyde (CH,O)
PLIF. The reaction zone thickness is defined to be the width of the CH,O-OH overlap
layer at 50% of its maximum value (FWHM). Previous studies [10, 11, 16,47,61, 82, 83,
90,101, 102, 130, 139] have also used the overlap of OH and CH,>O or HCO to define the
reaction layer. This is because the primary pathway for HCO production (and subsequently
heat release) involves reactions with CH,O and OH. Specifically, OH + CH,O => HCO +
H20, and thus the rate of production of HCO is proportional to [OH]x[CH,O]. Figure 2.7
shows CHEMKIN profiles calculated for a freely propagating, laminar, premixed methane-

air flame (¢ = 0.75). The simulations show that the heat release profile nearly coincides
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with the Overlap profile. However, it should be noted that the PLIF signals are uncorrected
for electronic quenching or Boltzmann population fraction. The thickness of the reaction
layer (6%2’ ;) was found to be 0.18 mm in the CHEMKIN simulations of a premixed laminar
flame.

Li et al. [71] showed that CH,O can also be used as a marker of the preheat zone. The
leading edge of the preheat zone is defined to be where CH,O concentration is 35% of
its maximum, and CHEMKIN simulations indicated that the gas temperature here is 550
K. This temperature establishes the upstream boundary of the preheat zone. The preheat
zone thickness is then defined as the width of the CH;O signal from the leading edge on
the reactant side to the start of the reaction zone (defined above as the local half-maximum
value on the reactant side). The un-stretched, laminar value of the preheat zone thickness

(69,) computed by CHEMKIN was 0.36 mm.

2.4.1.2 Overlap Diagnostics

Simultaneous planar laser induced florescence (PLIF) images of the formaldehyde molecule
(CH;0) and the hydroxyl radical (OH) were acquired using two Andor iStar intensified
CCD cameras binned (2 x 2) to 512 x 512 pixels and firing at 2.5 Hz. The formaldehyde
(CH,0) was excited by the third harmonic of a Spectra-Physics Nd: YAG laser operating at
355 nm and approximately 135 ml/pulse, through a series of pQ transitions in the 4(1) vibra-
tional band. The returning CH,O fluorescence was filtered using a high and low pass filter
(Semrok BLLPO1-364R and FFO1-533/SP, respectively) transmitting wavelengths between
364 and 533 nm.

The OH beam was excited using a second Spectra-Physics Nd:YAG laser pumping a
Sirah dye laser. The dye was tuned to output 568 nm and then doubled using a BBO crystal
to 284 nm, to excite the P;(5) transition of OH in the A2Z* — X?T1(1,0). Typical laser
power for the OH excitation was 4.5 mJ/pulse. The camera capturing OH fluorescence

was equipped with an Asahi Spectra bandpass filter centered at 310 +/- 5 nm. Gate times
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Figure 2.7: CHEMKIN simulation for a laminar methane-air flame (¢ = 0.75). Note that
the Overlap profile coincides with the heat release region, formaldehyde marks the preheat
layer very well, and the preheat zone is only approximatley two or three times the reaction
zone thickness.
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for both cameras were limited to 100 ns to minimize flame chemiluminescence, and the
laser pulses were separated by 200 ns to avoid cross-talk [100]. A diagram depicting the
simultaneous PLIF imaging setup is provided below in Figure 2.8. Note that for the sake
of clarity only one set of sheet forming optics is shown; however, the OH and CH;O laser
sheets were formed with two separate sets of sheet-forming optics, and were overlapped
before being focused over the burner centerline.

In order to obtain accurate Overlap measurements, a small FOV providing high reso-
lution was required. The FOV for these measurements was 30 x 30 mm?, and the spatial
resolution (derived from the binned pixel size and laser sheet thickness) was 59 x 59 x
200 pm3. The resolving power of the camera is different from the binned pixel size, and
was measured using the scanning knife edge technique [35]. The resolving power of the
formaldehyde and OH cameras was approximately 150 um. Recall that the CHEMKIN
simulations showed a reaction zone thickness for the lean methane-air flame of approxi-

mately 69

RZL = 180 um. Thus, the resolving power of the system should be adequate to

capture the thin layers. However, as will be shown below, the actual reaction layer thick-
ness in most experiments (including this one) is much larger than predicted by CHEMKIN.

This means that the estimate of the system resolution is relatively conservative.

2.4.1.3 Background corrections

PLIF images were first processed with a series of background corrections. The sources of
noise in a recorded PLIF image are discussed by Clemens [35] and are (1) the “dark” noise
in the CCD circuit, which is reduced by water-cooling the intensified cameras; (2) scat-
tered light from the laser (either Rayleigh signal or reflections) that is captured during the
recording; and (3) luminosity from the flame. The noise signal generated by laser scatter-
ing and flame luminosity are measured by taking a set of images with the laser present and
no flame, and with the flame present with no laser, respectively. These are called the laser

background By, and flame background B j4y.. The dark noise is measured by taking a
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Figure 2.8: Schematic of the Michigan OHxCH»O Overlap diagnostic system
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set of images with the room lights off and the lens cap covering the camera lens, and is
called the dark background Bj,«. However, the dark noise B, is present any time the
CCD is active, which means that it is superimposed on both By, and B jgpe. Therefore,

if the measured intensity of the CCD is I, the corrected signal S can be obtained as [109]:

. I = (Biaser + Bflame) + Biark
- LW

S (2.18)

In Eqn. 2.18, L is the laser sheet profile, which was recorded using a dye cell following
each data campaign, and W is the white background. W is measured by imaging a uniform
surface (such as a panel of frosted glass or a back-lit display) and represents how much
variation is produced on the image from a non-varying source. This can be particularly

significant in the corners of the image due to the vignetting effect of the optical system.

2.4.1.4 Image Processing

The reaction layer thickness is defined using the full-width at half-maximum of the pixel-
by-pixel product of the OH and CH;O images. However, due to noise present in the raw
PLIF images as well as large spatial variation in signal intensity, the raw Overlap signal is
not of a desirable quality. Fig. 2.9 below illustrates the issue. In (a) and (b) are the raw
OH and CH,O PLIF images, respectively, after application of the background corrections
of Eqn. 2.18. The raw Overlap signal is given in (c), and in this case a global threshold
(50% of the maximum Overlap signal in the image) is used. It would be very difficult to
extract any useful measurements from this reaction layer. There is Overlap signal far way
from the flame surface, for instance in the right-hand region of the image where the OH
PLIF signal is clearly at zero. Additionally, the large pocket region (approximately three
quarters of the way up in the center) is entirely filled with signal, and it is difficult to tell
by inspection if this is accurate. Part of the problem is understood by referring back to the
one-dimensional flame chemistry, given in Fig. 2.7, which shows that the OH concentration

is at a maximum where the formaldehyde signal should be zero (fully consumed in the
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Figure 2.9: Example of image processing problems. (a) raw OH and (b) raw CH,O PLIF
images, after background subtraction. (c) raw Overlap signal.

products), and vice versa. However, if there is a noise “floor” below which the signal
cannot drop, then this noise will be greatly amplified in regions even very far way from the
flame. This is particularly challenging in pocket/cusp regions, where this error can produce
a flamelet-like reaction layer that appears like a distributed region.

In order to overcome these inherent difficulties to the Overlap method, a novel image
processing algorithm was developed. To eliminate salt-and-pepper noise in the raw OH and
CH;O PLIF images, the background correction of Eqn. 2.18 was followed by a 5 pixel X
5 pixel median filter. Level-set filtering was then applied in order to enhance the signal-
to-noise of the PLIF images. Level-set filtering is a non-linear filtering technique similar
to anisotropic diffusion filtering, which was used by Bockle [16] to produce high quality
Overlap images. The effect of the level-set filtering on the measured layer thicknesses will
be addressed below in Section 2.4.1.6. It is found that the filtering causes a net change of
approximately 1% to the Overlap layers.

At this point, the OH images were transformed onto the reference frame of the CH,O
image, so that the pixel-by-pixel product could be obtained. To do so, an imaging target
consisting of a series of crosses was imaged with each camera. The corresponding cross

was identified in each target image, and a transformation matrix was generated that prop-
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erly registered the OH image onto the CH,O image. The precision of the transform was
evaluated by comparing the transformed OH target-image with the CH,O target-image, and
it was found that the method produced sub-pixel accuracy (> 59 um).

The Overlap layers are then obtained from the pixel-by-pixel product of the background-
corrected, filtered, and transformed OH and CH,O images. A local thresholding technique
was developed, and this consisted of three steps. First, a watershed algorithm [80] was
applied to the Overlap signal in order to produce a series of ridge points. The watershed
algorithm essentially considers the Overlap signal as an elevation map, and finds the locus
of points from which water would drain if the surface were covered with water. These ridge
points form a skeleton along which the Overlap signal is a local maximum. Next, the signal
of each point in the Overlap image is compared with the signal at the nearest ridge point;
if it is less than 50% of this local maximum, the signal at the point is set to zero. Lastly,
these steps are iterated two additional times, with the updated (thresholded) image from
the previous iteration as the input for the next cycle. The result is a locally-thresholded
image that accurately captures the full-width at half-maximum of the Overlap layers. This
technique is illustrated in Fig. 2.10.

In Fig. 2.10(a), the raw Overlap signal is used in the first iteration of the local-thresholding
method. In (b), a skeleton of ridge points is obtained from (a). Finally, the Overlap im-
age (a) is thresholded using the skeleton of (b), in order to produce the locally-thresholded
Overlap layer of (c).

Once the Overlap images were properly thresholded an average reaction layer thickness
was calculated for each image as follows. First, the distance between each pixel on the
skeleton and the nearest pixel on an edge of the reaction zone was determined (i.e., the
distance is half the thickness). Then, these distances where multiplied by a factor of two
to account for the fact that the skeleton lies along the center of the reaction zones. Finally,
summing these distances over the whole skeleton in a particular image and subsequently

dividing this summation by the length of that skeleton produced an average thickness value
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Figure 2.10: The solution to the obtaining an accurate Overlap signal entails local thresh-
olding using a skeleton containing local maximas. (a) is the raw Overlap signal, (b) is the
skeleton for the raw Overlap signal, and (c) is the resulting processed Overlap signal using
the skeleton of (b) to provide local thresholding.

for that image.

2.4.1.5 Obtaining the preheat layers from the Overlap PLIF measurements

The preheat zone region corresponds to the CH,O PLIF signal, as discussed in Sec. 2.4.1.1.
In order to obtain the preheat layers from the Overlap PLIF measurements, the CH,O im-
ages are processed following the steps outlined in Sec. 2.4.1.4, that is they are background-
corrected and filtered. The preheat zone is defined as beginning at 35% of the local max-
imum of CH,O signal, and continues up to the leading edge of the reaction zone. There-
fore, the local-thresholding algorithm described in Sec. 2.4.1.4 was applied to the CH,O
PLIF images, except they were thresholded at 35% of the local maximum. The processed
Overlap images were then subtracted from the resulting thresholded CH,O PLIF signal,
producing an image of the preheat zone. The average preheat zone thickness for a specific

image was computed in a similar fashion as to the reaction layers.
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| | | ¢=1.05] ¢=0.65|
Orz | Measured 0.36 0.52
CHEMKIN 0.15 0.22
oprz | Measured 0.39 0.45
CHEMKIN 0.24 0.49

Table 2.4: Measured and simulated laminar layer thicknesses in millimeters

2.4.1.6 Laminar flame calibration of the Overlap PLIF diagnostics

To assess the accuracy of the Overlap diagnostic, a calibration study was conducted with
a laminar conical Bunsen flame. The laminar calibration flame data showed that in the
Overlap region the product of the OH and CH;O PLIF signals was a Gaussian profile that
had a peak value that was constant and continuous along the flame. Example laminar
flames for ¢ = 0.75 and 1.05 are given in Fig. 2.11. However, as was noted in the previous
section, the turbulent flame displayed significantly more spatial variation in Overlap signal
intensity, which necessitated the local thresholding. The typical signal-to-noise ratio in the
laminar flame was 130 for the CH,O and 250 for the OH after median and level-set filtering,
and 33 for the processed Overlap images. Here “noise” is defined to be the R.M.S. signal
fluctuations in a region of the the laminar flame where the OH and CH;O concentrations are
uniform. Table 2.4 lists the measured layer thicknesses from the Bunsen flame compared to
the CHEMKIN simulations. All turbulent measurements of Overlap thickness and preheat
layer thickness are normalized by the measured value of the laminar flame given in Table
2.4.

The effect of the spatial filtering on the resulting layer thicknesses was also tested.
Because median filtering is an edge-preserving technique, it did not significantly change
the measured layer thickness. Likewise, the level-set filtering was found to change the

measured layer thicknesses by only approximately 1%.
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Figure 2.11: Laminar methane-air flame for equivalence ratio (a,c) ¢ = 0.75 and (b,d) ¢ =
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which the profiles in (c) and (d) are taken.
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2.4.1.7 Uncertainty in the Overlap PLIF diagnostics

As was discussed in Sec. 2.4.1.4, the PLIF images were corrected for background noise
arising from ambient light, laser scattering, and flame chemiluminescence. It was observed
that considerable variation in the laser pulses could occur from one shot to the next, how-
ever shot-to-shot variations in the laser sheet were not measured in this work. Although
they would be desirable, they were inhibited by facility limitations. The question of quan-
tifying the uncertainty in the Overlap layers is an important one, but also somewhat chal-
lenging.

First and foremost, the Overlap images are expected to track the heat release region of
the primary reactions, and so we would like to know how well it performs. Section 2.4.1.6
showed that in the laminar flame the Overlap signal corresponds with the heat release region
nearly exactly. Likewise, the work of Nikolaou [84] compared the Overlap and heat release
profiles in the DNS databases of freely propagating methane-air flames, and found that
the Overlap reaction rates generally showed good spatial agreement with the global heat
release. However, when global heat release was at zero, the Overlap reaction rate was still
positive (approximately 10% of the maximum). Therefore, extinction may be present even
if the Overlap reaction is still occurring. However, the threshold for determining extinction
in this work is 50% of the local maximum; the low level reaction rate seen in the DNS is
not detectable with current diagnostics. This means that even if the Overlap reaction rate is
proceeding at 10% of the maximum rate, the measurement will not be able to detect it, and
the layer will appear extinguished. Therefore, global extinction can be assessed from the
Overlap signal. However, [84] also showed that there are several other reaction pathways
through which heat release can occur. In particular, reactions can proceed through the
alternative pathway of CH>O + H. This means that if there is no Overlap signal, it does not
necessarily imply that there are is no heat release, it only proves that one particular reaction
has ceased. Therefore, the presence of Overlap signal is both a necessary and sufficient

condition for establishing that a reaction layer is present; however, absence of Overlap
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signal is a necessary but insufficient condition for determining that the flame is quenched.

There are two forms of uncertainty present in any measurement: statistical (or random)
error, and bias error. The statistical error will approach zero as the number of measure-
ment samples increases, but the bias error will always be present. The statistical error of
the reported thicknesses can be addressed by considering the histograms of layer measure-
ments. Each data set consists of approximately 400 images, each providing a single layer
thickness (averaged over the instantaneous image). The standard deviation of these layer
measurements provides an adequate measure of the statistical uncertainty of the average
thickness. Note that because the reaction layer varies spatially (depending on local strain,
roll-up, etc.), there is not a single universal thickness for any given case. Rather, a distribu-
tion will always exist even if an infinite number of samples are collected. But the statistical
error around the true distribution will approach zero in that case. For the measured layer
thicknesses reported in Chapter 4, the thickness profiles follow a Gaussian distribution. For
a Gaussian profile, approximately 67% of the data falls within one standard deviation, and
approximately 95% falls within 2 standard deviations. For all measured values, error bars
representing 2 standard deviation around the mean value will be shown, corresponding to
95% confidence in the mean value.

The bias error in the measurements consists of two parts: resolution (after account-
ing for image blur through the optical collection system) and flame misalignment with the
laser sheet. For the laminar flame, the reaction layer is measured to be anywhere from 0.36
mm to 0.52 mm, depending on the equivalence ratio (Table 2.4). This is approximately
two times the laser sheet thickness and resolving power of the optical system, both ap-
proximately 200 um. Therefore, the layers are said to be adequately resolved in this case
(uncertainty in the resolution will be further addressed in Section 5.4).

However, it is noted that three-dimensional effects will always be present in a planar
scalar measurement, particularly at higher turbulence levels, therefore some bias error is

inherent to the measurement. The effect of flame-sheet misalignment is illustrated in Fig.
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Figure 2.12: Effect of flame mis-alignment with the laser sheet.

2.12. If the instantaneous flame surface is not aligned orthogonal to the laser sheet, the
measured thickness 6%, will be larger than the true thickness of the layer ogz. This effect
can be corrected for if the probability of the intersection angle « is known. The angle
was measured by Chen and Bilger [32] using dual plane PLIF measurements in a turbulent
Bunsen flame. Their result for the probability of the magnitude of § is given in Fig. 2.13.
The function is P(B) = %cosz(,B), for —n/2 < B < x/2, and was derived theoretically for a
turbulent planar flame brush.

The result of Chen and Bilger shows that the turbulent flames all follow approximately
the same distribution for 5. Therefore, this result will be used to estimate the uncertainty
in the misalignment angle in the PLIF measurements. Although this error will introduce
an additional uncertainty in the value of the measured thicknesses, the effect should be
relatively constant across all run conditions. Therefore, the technique is still capable of

answering the question posed, which only requires measuring the change in the layer struc-

tures as the turbulence is increased.
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Figure 2.13: Probability distribution for the flame misalignment angle P(|8]) as a function
of |B|. Taken from Chen and Bilger [32].

Srz = 65,cos((Bl) (2.19)

The integral f0°° IBIP(|B])d|B| was computed and found to be 26.7 degrees, which is the
average misalignment angle for a turbulent flame, 8. The uncertainty due to this mis-
alignment can be calculated as cos(26.7deg) = 0.893. Therefore, the expected bias error in

the flame thickness measurements is estimated to be approximately 10.7%.

2.4.2 OH-PLIF for turbulent burning velocity measurements

Turbulent burning velocities were computed using OH-PLIF to record the location of the
instantaneous flame surface. If the reaction layers consist of thin flamelets, with rapid
production of the OH radical at the flame-front, then the leading edge of the OH-PLIF
signal will correspond approximately to the location of the reaction layer. Note that if

the reaction layers are broadened or broken, then the location of the heat release zones
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will not necessarily correspond to the measured OH distribution. As will be shown in
Chapter 4, reaction zones in the Hi-Pilot are thin (they do not exceed two times the laminar
layer thickness) and continuous for all run conditions. Therefore, OH is an adequate flame
surface marker in this experiment.

The time-averaged flame boundary was determined from 400 simultaneous hydroxyl
(OH) PLIF images. OH was excited with a Nd:YAG laser emitting 300 mJ at 532 nm,
which pumped a dye laser operating on Rhodamine 6G dye. The dye output at 568.14 nm
was doubled to generate ~ 4 mJ at 284.07 nm. The sheet was 220 mm tall and 0.200 mm
thick. A square field of view (FOV) between 150 and 200 mm per side (depending on the
height of the flame) was imaged using an intensified CCD camera with a gate time of 100
ns and a spatial resolution of 250-350 um/pixel depending on the field of view. Background
light was rejected using a bandpass filter centered at 310 nm. Formaldehyde (CH,O) was
also recorded in order to ensure that all reactants were consumed within the measurement
domain. Formaldehyde was excited by the 355 nm output of a second Nd: YAG laser. The
CH,O fluorescence was collected with a second intensified CCD camera admitting light
between 364 and 533 nm, with similar FOV and resolution.

With the location of the instantaneous flame surface suitably identified, an average
progress variable can be computed by taking the ensemble average of all binarized OH-
PLIF images in a data set. Binarization of the OH-PLIF followed the same algorithm as
discussed in 2.4.1.4, and a threshold of 25% was used. The local thresholding was neces-
sary due to the numerous pockets and cusps present in the turbulent surfaces. Although the
selection of 25% was arbitrary, results do not change with different thresholds due to the
sharp gradient in OH concentration near the flame front. The progress variable thus defined

is the mean progress variable of OH, which is:

— 1 .
Con = NZnNzlzmg(n) (2.20)
Fig. 2.14 shows the coy = 0.5 contour superimposed on an instantaneous OH PLIF
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Figure 2.14: Example of an instantaneous flame surface for Case 3b (reactants in gray,
products in white). The contour of average flame position is shown in black. This line
indicates A used in evaluating S 7.6c.1.

image, showing that the diagnostic is successful in capturing the pockets and cusps present
in the flame surface. In Eqn. 2.20, N is the total number of images required and img is
the binarized OH-PLIF image. It is important to note that the progress variable of OH is
not identical to the mean progress variable as defined, for instance, in the Bray-Libby-Moss
(BML) model [94]. Typically, the mean progress variable refers to the progress of tempera-
ture from the unburnt reactants to the products. In this case, the reaction layers remain thin,
and therefore the flame can be approximated as a step function with the instantaneous cogy
rising from O to 1 where the OH-PLIF signal is present. Thus, for the flames in this work
the progress variable of OH is approximately equivalent to the mean progress variable of
temperature. An example mean progress variable of OH is given in Fig. 2.15.

The turbulent burning velocity can be computed using the concepts of Section 1.5. The

following forms of S 7 were measured in this work:

1. S7.6c.1: Global consumption speed based on the average flame surface position. This
is defined using the cog = 0.5 contour. In order to obtain the flame area A 7> the 2-D

contour was convoluted about the x—axis using a standard formula [115] producing
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Figure 2.15: Mean progress variable for Case 3b. Note the smoothly varying contours
separating the reactants at coy = 0 and products at coy = 1.

a three-dimensional surface.

2. Stco: Global consumption speed based on the leading edge flame surface position.

This is defined using the cog = 0.2 contour.

3. StFr = S%Io f_ozo Ydndé: The integral of flame surface density X. 7 is the flame-
normal direction, and ¢ is the flame tangent. This integral is a measure of the extent
of flamelet wrinkling, A7 /A;. The quantity is averaged over the entire average flame
surface because it is a local quantity that varies from near unity at the base to quite
large (~5-10) at the tip [106, 125]. The flame surface density X is computed from
Eqn 1.11. The flame segments are obtained by applying Canny edge detection to
the binarized OH-PLIF images, resulting in a line tracing the heat release layers.
Variation of the size of the interrogation box Ax between 1 mm and 4 mm produced
changes in the measured flame surface density X of less than 10%, indicating the
flame surface density did not depend on box size. This is shown in Fig. 2.16, and
was previously demonstrated by Filatyev [48]. This is because the length of the flame

segment within a region increases in proportion with the size of the interrogation box,
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Figure 2.16: Variation of X for Case 6b for two downstream distances, demonstrating that
the flame surface density does not change significantly with box size.

such that the resulting X is insensitive to the box size. Ax was approximately 4-5 mm
(16 pixels), depending on the requisite field of view, for the measurements reported in
this work. The normal direction was computed at each point along the skeleton of the
con = 0.5 contour, and integration was performed in each direction. The integration
was computed until the edge of the domain on the downstream side of the flame, and
was computed until either the edge of the domain or the centerline, whichever came
first, on the reactant side. The measurement was performed at each point along the
skeleton, and the ensemble average was taken for S 7 r. Note that the stretch factor
Iy is assumed to be unity and constant in this work. For lean methane-air flames at
high turbulence, this is a good approximation [114]. As a corollary, because Ip = 1,

S 2 and S 7 will be used interchangeably.

4. Ar /AL, an alternative measurement of the extent of flame surface wrinkling was also
computed. This was evaluated directly from the OH-PLIF images. A7 is computed
as the ensemble average of all of the heat release layers (obtained as described in 3,

above), and Ay, is defined as the average flame position cog = 0.5.
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243 CHPLIF

An alternative measure of the reaction zone, and a technique that is somewhat more com-
mon in the literature, is imaging of the CH radical. The most common technique was
outlined by Carter et al [27] and consists of tuning an Nd: YAG-pumped dye laser system
to the Qy(7.5) transition of the B*X™ — X*I1(v' = 0,v”” = 0) band near 390.3 nm. This tech-
nique is useful for its ease of access with commonly available laser diagnostics as well as
its application for simultaneous particle image velocimetry; however, it is often hampered
by relatively poor signal to noise. With this in mind, a novel method of probing the CH rad-
ical was developed [28] which instead excites the overlapping 0>(2) and Q»(6) transitions
from the C2X* — X?I1(0,0) band near 314 nm. The significant advantage of this technique
is the excellent signal-to-noise that can be achieved, illustrated in Fig. 2.17. The image is a
raw PLIF image - that is, no background or laser sheet correction has been applied. Even in
this preliminary state, the quality of the PLIF image is outstanding. For high-repetition rate
PLIF imaging, the laser intensity per pulse is limited; therefore, the resonant PLIF transi-
tion at 314 nm provides a unique opportunity to image temporally resolved CH reaction
layers.

CH-PLIF was acquired at 10 kHz in coordination with Drs. Cam Carter and Steven
Hamack, Prof. Tonghun Lee, and Aaron Skiba. Measurements were made at the Air Force
Research Laboratory at Wright-Patterson Air Force Base in Dayton, Ohio. The CH-PLIF
was used to provide an alternative reaction layer measurement to compare with the Overlap
method. To generate the laser sheet at 314.415, the second harmonic from an EdgeWave
Innoslab Nd:YAG laser pumped a Sirah Credo dye laser. Then, an integrated second har-
monic generator doubled the output from the dye laser to produce the 0.2 mJ CH excitation
beam. Finally, this beam was directed through a series of optics that produce a 50 mm x
0.23 mm sheet, which covered the 47 mm x 47 mm FOV. Fluorescence resulting from the
incident laser-light was captured with a Photron SA-Z CMOS camera with an array size

of 1024 x1024 pixels. This provided a spatial resolution of 91 x 91 wm? in the imaging
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Figure 2.17: Example image of CH-PLIF from Carter [28].

plane. The laser sheet thickness was 230 um, and provided the resolution in the direction
normal to the imaging plane. The camera was equipped with a LaVision HS-IRO intensifier
fitted with a Cerco 100-mm f/2.8 lens. Additionally, a Schott UG-5 filter and a 1-m focal
length UV close-up lens were attached to the Cerco lens to suppress flame luminosity and
eliminate the need for extension rings, respectively.

The CH-PLIF images underwent a processing scheme similar to the Overlap PLIF.
The raw CH-PLIF images were binned to a 512 x512 pixel array size, giving a nominal
pixel size of 91 um x91 um. These images are then flat-field corrected and divided by an
average CH-PLIF profile, which corrects the images for non-uniformities in the laser sheet.
Following these operations a 5-pixel-radius median filter was applied to the CH-images
resulting in signal-to-noise ratios (SNRs) of ~14. Here, SNR is computed by dividing the
average by the standard deviation of the signal within a region of relatively uniform signal.

Note that a laser and flame background subtraction was found unnecessary given the very
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Figure 2.18: Schematic of the measurement locations for the CH PLIF, in comparison to
the Overlap field of view.

high signal-to-noise inherent to the resonant PLIF transition; rather, a median image was
composed for each data set, and found to adequately bring the background noise to near

Z€ro.

2.4.3.1 “Two-tone”’ Combined CH-OH PLIF

During the CH-PLIF measurements, a related measurement was performed. The technique
is outlined in [29], and makes use of the nearby OH excitation band A — X (1, 1) band Q1(6)
transition. By tuning the laser wavelength to 314.425 nm, both the CH Q1(7) and the OH
01(6) transitions can be excited, so that OH and CH are both present in the PLIF image.
This technique is valuable for probing flame-extinction events, as it allows investigation
of the product region downstream of the reaction layer. An example of this technique is
given in Fig. 2.19 for a turbulent Bunsen flame. In this work, the combined CH-OH PLIF
technique will be used to examine the degree of back-support in the turbulent Hi-Pilot

flames, and explore the effect of cold air entrainment into the product gases downstream of
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Figure 2.19: Two-tone combined CH-OH PLIF in a rich (¢ = 1.07) Bunsen flame. Taken
from [29].

the flame. Because all of the diagnostics in this measurement were identical to that of the

CH-PLIF, the resolutions and sheet thickness given in Section 2.4.3 apply here as well.

2.5 Simultaneous PIV and CH,O PLIF

Two planar velocity measurements (PIV) will be presented in this work: a turbulence char-
acterization study over a range of test cases, and simultaneous PIV and CH,O-PLIF to ob-
tain turbulence statistics conditioned on the distance from the reaction zone. The formalde-
hyde PLIF arrangement and detection system was identical to that described in Section
2.4.1.2. Velocity measurements are made using a pair of Spectra Physics Nd:YAG lasers
operating at approximately 120 mJ at 532 nm. Laser light is elastically scattered off of 0.3
micron Al,O3 particles, and captured by a LaVision ImagerPro 4M camera. Laser sheets

were carefully aligned prior to each data campaign, and sheet thicknesses were approxi-
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mately 1 mm and 0.2 mm for the PIV and PLIF sheets, respectively. Velocity vectors were
obtained throughout the entire field of view, including the products region. It was necessary
to seed the co-flow to accomplish this, as rapid mixing downstream of the reaction zone,
combined with the drop in seed density in the products due to thermal expansion, made
vector computation impossible if only the reactants were seeded. The PIV field of view for
the turbulence characterization measurements was 20x20 mm and the CCD array size was
2048x2048 pixels. For the simultaneous PIVXPLIF measurement, the field of view was ap-
proximately 9.3 mm, and two run conditions (Case 3b and 4b at equivalence ratio ¢ = 0.75)
were extracted for analysis. These cases were chosen due to the ability to resolve most of
the important scales of turbulence, while maximizing the values of u’/S . For Case 4b,
the smallest interrogation box size that produced less than 5% missing vectors was 32x32
pixels. Vector errors mainly arose in the products region for this case.

Using a window size of 32x32 pixels, the physical size of the window was A = 144 um,
meaning that only scales larger than approximately 144 um were resolved. This is because
any scale smaller than the interrogation box is inherently filtered, as PIV gives the average
velocity within the interrogation region. Buch and Dahm have shown [24, 25] that the
smallest scales that must be captured to fully resolve the flow turbulence are A, = C(SR@E” 4,
where 0 is the integral length scale and C is an empirical constant equal to 11.2, although
the specific number is open to some debate [128]. In a detailed study of the ability of
PIV measurement to resolve all relevant scales, Lavoi et al. [69] showed that for a spatial
resolution of A = 3, velocity gradients are accurately captured. Additionally, they found
that the dissipation associated with small-scale structures is within 5% of the true value.

For the two cases studied, the relevant viscous scales are approximately A, = 116 um
and A, = 75 um, respectively, and the Kolmogorov scales are n; = 24 um and n; = 16 um.
Using a 32x32 pixel window, the relative size of the interrogation region was A = 67 and
A = 9.3n; for Case 3b and 4b, respectively. Thus, the smallest scales of the flow were not

completely resolved for the conditioned velocity measurements. However, it is expected
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that most of the turbulence is governed by the larger eddies, as the smallest scales of the
flow are relatively weak. Additionally, for Case 3b the particle images were sufficient to
produce 16x16 pixel interrogation regions. This improves the resolution to A = 3n; for
this condition, which is the upper limit proposed by Lavoi et al. This higher resolution
measurement was utilized as a check on the results obtained using the lower resolution

vectors.
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CHAPTER 3

Turbulence Characterization

This chapter will describe the characterization of the flow field and turbulence of the
Hi-Pilot burner. The discussion will be broken into two sections. The LDV measurements
will be presented first, which provided mean and fluctuating velocities for all cases, as well
as integral time scales which were transformed to length scales using Taylor’s hypothesis
(see section 2.2.2). Then the results of the PIV measurements will be introduced, in order
to quantify the anisotropy suggested from the previous LDV results, as well as to evaluate

the accuracy of the time-length scale transform employed in the LDV.
3.1 Laser Doppler Velocimetry

LDV measurements were performed for the run conditions in Table 2.1 in Chapter 2. Mea-
surements were taken approximately 5 mm above the jet exit on centerline, with just the
oxidizer lines flowing (that is, non-reacting conditions with no fuel flow). The angle of
the crossing beams limited how close the focal volume could be placed to the exit plane.
Mean velocities were corrected for gate-time bias. This was necessary because LDV is a
flux-weighted measurement that inherently over-samples faster moving structures [58,127].
For instance, consider an imaginary flow that contains, in equal parts, particles moving at
x units/sec and 2x units/sec. In this case, roughly twice as many of the faster moving parti-
cles would pass through the probe volume during any given recording duration. Gate-time

weighting corrects for this as:
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Where 7 is the gate-time of the instantaneous measurement (that is, the duration of the
particle burst, provided by the TSI hardware), u is the measured velocity of the burst, and U
is the corrected mean velocity. Between 750,000 and 1,000,000 data points were collected
at each measurement condition. Due to the random arrival time of a tracer particle at
the LDV focal volume, the sampling frequency is highly variable. This poses problems for
deriving a temporal autocorrelation; the problem is well summarized by Benedict et al [14].
Autocorrelations were computed using the fuzzy slot technique described by Marshall et
al [76,77,129,131], which circumvented the problem.

A sample autocorrelation for Case S5a is given in Fig. 3.1. The y-axis is the auto-
correlation function R(t) and the x-axis is the lag time 7. Note that the function decays
exponentially to zero, but some residual noise remains in the data. The noise increases at
large lag times, and asymptotes to a slightly positive value for the most turbulent cases.
This poses some difficulty in extracting integral length scales, as there are a number of
options regarding how to integrate such an autocorrelation. For instance, a least-squares
fit can be applied to the data, and the integral could be performed either up to the point
where the autocorrelation function plateaus slightly above zero, or integrated to the end of
the domain. However, in this measurement, the autocorrelation function should go to zero,
and only high-frequency noise prevents it from decaying completely. Therefore, a fitting
function that follows this high frequency region is not desired. Instead, a two-term expo-
nential function is used that fits the majority of the data during the roll-off, but does decay
to zero at large separation Az. The exponential fit is given as the solid black line in Fig. 3.1

and is of the form:

f(x) =aexp(—bx)+ (1 —a)exp(—cx) (3.2)
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Case 5a/ With Jets
Lx =28.1102 mm

Autocorrelation Function

Lag time (sec) %1073

Figure 3.1: A sample autocorrelation for Case 5a. Note that the function decays exponen-
tially to zero, but there is some noise in the data. The noise increases at large lag times, and
asymptotes to a slightly positive value. The two-term exponential function fits the majority
of the data and does decay to zero.
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Figure 3.2: Illustration of the autocorrelation for all 18 Hi-Pilot test cases and a laminar
pipe calibration case. Flow is non-reacting.

3.1.1 LDV measurements in the Hi-Pilot

LDV measurements were made for the 18 nominal Hi-Pilot run conditions, and the com-
puted autocorrelations for each case are given in Fig. 3.2, along with the autocorrelation
for the calibration measurement performed in a round pipe (indicated as NO). The x-axis
is normalized by the mean velocity as TU/D. While the autocorrelations for the medium
and small slot collapse nearly to a single profile, the functions for the large slots (given in
black) do not. For the large slot, the autocorrelation increases with increasing flow rate.
The mean velocity U, fluctuation velocity u’, and integral time scale 7 are given in Table
2.2 (Chapter 2). The integral length scales are computed using both Taylor’s hypothesis

(Lx,Tayior) as well as the correction described in Chapter 2 (Ly,¢,-). Turbulence Reynolds
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number Rer and Kolmogorov scales are derived from L, and #’ and are included as the
final two columns. Note that for the calculation of Rer and 7, the integral scale Ly ., was
used. For the Case title, the number refers to the flow rate (given in Table 2.1) and the letter
corresponds to the turbulence generator plate. The largest slotted plate is assigned ’a’, and
the smallest is denoted ’c’.

Note that for most conditions, Ly 74yi0r and Ly .., are approximately equal; for example,
Case 4c (with jets) shows an integral scale between 9.3 mm and 10 mm depending on the
method. However, for the higher turbulence cases, generally above Case 5, the differences
can become significant. The accuracy of the correction for Taylor’s hypothesis will be
explored in detail in section 3.2.3, where two-dimensional velocity measurements will be
used to assess the assumptions used to compute Ly raiyior and Ly cop.

It is observed that the integral length scales generally increase with mean velocity, pre-
sumably due to the stretching mechanism discussed in Section 2.1. The turbulence levels
reach extremely large values of «’ > 30 m/s, and the turbulence intensity «’ /U approaches
40% for several cases. The integral length scales generally are increased with the impinging
jets running, which may be due to the increased flow rate. The turbulence Reynolds num-
bers are very large for the most turbulent cases, with six run conditions of Rer > 20,000,
and the most turbulent case of Rer = 99,000. To the author’s knowledge, this is the most

turbulent Bunsen-flame experiment reported in the literature.

3.1.2 Uncertainty in the LDV measurements

The uncertainty in the LDV measurements was determined using the 95% confidence inter-
val around the mean combined with the uncertainty in the mass flow rates. At least 500,000
samples were taken for all run conditions, so the 95% confidence interval in the mean is

determined as

(3.3)



Due to the very large sample sizes, the magnitude of o was less than 2% of the mean
value U for all run conditions. The uncertainty in the flow rates is given by the uncertainty

in the sonically choked orifices, which is:

AN [(APG\ (AA*\P 1 (AT,\
R ‘\/( Po) *(A*) +1(r—o) G4

The resolution of the pressure gauges was approximately 1 psi with nominal back-

pressures of around 150 psi, the assumed error in the orifice diameters was 2%, and the
variation in room temperature is assumed to be 3%. Eqn. 3.4 then gives a combined
uncertainty in the flow monitoring of approximately 3.7%. The total uncertainty in the
mean velocities is then the root-sum-of-squares of the above: % =, /(T:Uﬁ + AW”” =4.2%.
There was an additional uncertainty in the integral length scale arising from uncertainty
in the fit of the autocorrelation function. This is primarily due to the non-zero asymptotes
present in the most turbulent run conditions that was discussed earlier. The R-square value
of the exponential fits were typically greater than 0.95, indicating that the fit explains more
than 95% of the total variation of the data about the mean. As can be seen from the sample
autocorrelation in Fig. 3.3, the scatter is typically relatively small during the decay of
R4, and it is only in the roll-off region and beyond (R, < 0.3) that the scatter increases
significantly. In order to evaluate the uncertainty of the exponential fit, the 95% confidence
interval for the coefficient fit was determined, and the lower bound was integrated until the
first zero crossing (the lower dotted curve in Fig.3.3). This produced an estimated lower
bound for the integral length scale produced by the fitting function, and was compared with
the measured value of L, reported in Table 2.2. The change in L, using the 95% confidence
band was approximately 35%, which is the estimated uncertainty in the integral length scale

measurements.
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Figure 3.3: 95% confidence bands in the autocorrelation measurements. The lower band
was extracted and integrated to the first zero crossing in order to estimate the uncertainty
in the measured value of L,.

3.2 Particle Image Velocimetry

Particle image velocimetry (PIV) was performed using the diagnostics described in Section
2.5. This section presents PIV measurements of the Hi-Pilot co-flow and several run con-
ditions of the non-reacting central jet. The goal of these measurements was to characterize
the velocity field and turbulence attributes and to provide a comparison with some of the

previous LDV measurements.

3.2.1 Characterization of the co-flow

The co-flow of a turbulent Bunsen flame is important for maintaining reactions globally,
and has been modified several times for this experiment. If the co-flow is too weak, cold
air will be entrained by the central jet and brought into contact with the reaction surface,
quenching the flame. The purpose of the co-flow in this experiment is to produce a region
of uniform products downstream of the thin reaction zones, such that a one-dimensional

temperature or species profile should resemble the laminar case. However, it is important

81



40 T T T T T 16

(@) ® f*\‘
35 14

30 12

0 0

E20 E s
= S

15 6

10 4

5 2

0 0

-50 -40 =30 -20 -10 -50 -40 =30 -20 -10
r (mm) r (mm)

Figure 3.4: Radial profiles of (a) mean velocity U and (b) fluctuation component u for the
co-flow for Case 3b.

to characterize the strength of the shear layer between this stronger co-flow and the central
jet. In Bunsen geometries, it is typically assumed that all of the turbulence acting on the
flame surface is generated within the reactants, often measured on centerline at the jet exit.
Because the flame surface resides within the jet core, it is expected that the effects of the
shear layer will be much less than what may be seen in a free turbulent jet measured in the
fully developed region far downstream. However, at high jet velocities this shear layer may
still be substantial, and if the average flame surface is located within the shear layer then
it could increase the effective turbulence acting on the flame to a level above that which is
generated within the reactants. Figure 3.4 shows radial profiles at 1 diameter (21.6 mm)
downstream for average velocity U and the fluctuating velocity component u’ for Case 3b.

Figure 3.4 shows velocity measurements for Case 3b with the main flame reacting.
Velocity measurements are not conditionally sampled on the reactants or products; i.e.,
velocity measurements are made throughout the flame zone. The data is a composite of
measurements taken from the downstream location (where the simultaneous PIVXPLIF
was taken, Chapter 6) and from a much larger FOV taken to characterize the full width of
the co-flow velocity. The two data sets agree well, with the mean velocity increasing at an
approximately constant velocity gradient of dU,/dx = 2,850 1/s, and is constant at about 4

m/s in the co-flow. The turbulence intensity does not drop to zero in the co-flow due to tur-
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bulence from the shear layer, but decays to less than 1 m/s. It is also interesting to note that
the turbulence intensity reaches a sharp maximum in the shear layer between the co-flow
and central jet. The effective turbulence intensity u’ appears to be a superposition of that
deriving from the turbulence generating plates in the central jet (which would resemble an
error function) and that arising from the shear layer (which would have a Gaussian func-
tion). The resulting profile of u’ therefore a combination of these two profiles, explaining

the shape of the curve.

3.2.2 Characterization of the velocity field for non-reacting conditions

PIV measurements were performed for a number of the run conditions listed in Table 2.2,
however resolution limits were imposed due to the very large separation of scales. The
field of view for these measurements was approximately 20 mm x 20 mm, and was cen-
tered evenly over the jet exit. Velocity measurements were made with just the main air
running; i.e., non-reacting conditions. The co-flow was not run for these measurements as
the variation of the turbulent quantities on centerline was the primary concern. Also note
that the impinging jets were not run for any of the PIV measurements. This was because
the impinging jets were not seeded, and thus when they were run they disrupted the seed
density of the flow producing pockets of unseeded fluid.

Figs. 3.5 and 3.6 present axial and radial profiles of the mean and fluctuating compo-
nents of velocity for Case 3b and 4b. Note that these two run conditions will be selected for
study in Chapter 6. It is seen that Case 3b is very symmetric, with the maximum velocity
centered over the jet exit, and little variation of either «’ or U, over the central 80% of
the burner. There is a slight increase in u’ in this case as the shear layer of the co-flow is
approached, as discussed in Section 3.2.1.

However, Case 4b exhibits significant asymmetry, with the maximum velocity occur-
ring around » = —7 mm, and substantial radial variation of mean velocity. This asymmetry

is present in most of the highest velocity run conditions (generally above Case 4 for all
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Figure 3.6: Fluctuating velocity profiles for Case 3b (left) and Case 4b (right)

slotted plates), and intensifies worse with increasing integral length scales. Despite a num-
ber of attempts to straighten the flow, perfect symmetry in the jet was never achieved. It is
likely that a slight manufacturing defect in the converging section or the nozzle produces a
flow asymmetry, and the very strong contraction accentuates the problem.

However, despite the significant asymmetry in the mean velocity, the fluctuating ve-
locity u’ does not vary nearly as significantly. Although there is asymmetry in the radial
profiles in Fig. 3.6(b) (decreasing u’ with r), the gradient is very small. Also, the fluctuating
velocity in Case 4b has approximately the same slope for du’/dx downstream as for Case
3b. Note that these measurements are all taken well within the jet core (5—-6D ~ 108 — 130
mm), and therefore far-field scaling relations for free turbulent jets do not apply here.

Together, these measurements show that despite asymmetry in the mean velocities, the
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turbulence levels are approximately homogeneous and isotropic over a small region (less
than ~ 10 mm). With this in mind, the simultaneous PIV and formaldehyde PLIF measure-
ments are performed at a relatively small field of view (less than 9.5 mm) in order to ensure

relative homogeneous turbulence.

3.2.3 Integral length scales

The LDV measurements described in Section 3.1 produced very large integral length scales
and indicated significant anisotropy at the jet exit. This is suspected to be a product of the
strong contraction (and thus high mean shear) used in this configuration. An analysis of
the vorticity transport equation reveals that this effect allows the vortex stretching term to
significantly elongate eddies in the flow direction [133]. PIV measurements were used to
evaluate the degree of isotropy in the turbulence (" and v’) and the integral length scales (Ly
and L,). Details regarding the definitions and computation of the autocorrelation function
and the corresponding integral length scales were described in Section 2.3.3.1. An example
spatial autocorrelation R, (Ax,Ar) for Case 4a is shown in Figure 3.7. The relative size of
integral scales Ly and L, is given in the shape of the spatial autocorrelation function, and the
ellipsoidal structure of the contours given in Fig. 3.7 illustrates that the flow is anisotropic
and that L, is several times larger than L,.

The measurement domain extended from —10mm < r < 10mm and Omm < x < 20mm,
and each test case was evaluated at 1 mm above the jet exit on centerline. Not all spatial au-
tocorrelations decay to zero within the measurement domain. In these cases, an exponential
function was fit to the data points to extrapolate the trend to zero.

The PIV measurements were able to resolve 11 of the 18 nominal Hi-Pilot run condi-
tions, and the results are given in Table 3.1. Cases a, b, and ¢ correspond to decreasing
slot size in the turbulence generating slotted plates. For the more turbulent run conditions,
the optical system was unable to resolve both the Taylor and integral scales within a single

measurement domain, and therefore measurements at those conditions were not possible.
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Figure 3.7: Spatial autocorrelation for Case 4a. Darker contours correspond to decreasing
Ruo

87



| Case | Ucr (m/s) | uf, (w/s) | v, (m/s) [ u//v' | Ly (mm) | L, (mm) | L,/L, | Lgp (mm) |

la 16.1 3.1 23 1.3 8.2 1.8 4.5 2.7
1b 11.0 3.6 2.5 1.4 7.8 22 3.5 3.2
lc 16.7 2.5 2.0 1.3 5.3 1.6 3.3 2.3
2a 34.2 6.4 4.8 1.3 9.9 1.9 5.1 29
2b 22.7 7.7 5.5 1.4 10.0 2.3 4.4 3.4
2c 34.5 54 4.2 1.3 6.5 1.8 3.7 2.6
3a 58.5 16.6 11.4 1.5 11.8 29 4.1 4.3
3b 44.2 15.5 11.2 1.4 12.6 3.2 4.0 4.7
3c 61.5 12.3 11.0 1.1 6.1 2.0 3.0 29
4b 52.0 28.6 19.6 1.5 13.3 3.3 4.0 4.8
4c 93.8 26.8 17.5 1.5 6.2 2.1 3.0 29

Table 3.1: Run conditions and results of the integral length scale measurements

For Case 3b, the longitudinal scale is approximately 12.6 mm, and the lateral scale is 3.2

mm. These results can be combined using a hydraulic diameter:

_ 4L,L.(64-16E?)

_ 35
HD = (L, + L) (64— 3E% (3-5)
Lx - Lr
E=—2"1r .
L.+L, (3.6)

For Case 3b we can then obtain a hydraulic diameter of the integral scale of approx-
imately Lyp = 4.7 mm. The hydraulic diameter of the integral scale describes the effec-
tive size of the eddys that interact with the flame. Because the reactants pass tangentially
through the flame over most of the surface, Lyp may be more representative of the scale of
turbulence which actually interacts with the reaction layer.

From Table 3.1, it is seen that u, /v, is approximately 1.4 for all conditions. The
anisotropy of integral scales is measured by L,/L, and illustrated in Fig. 3.8, and the
quantity is between 3 and 5 at all conditions. This indicates that the turbulence is not
isotropic and the deviation from isotropy is approximately the same for all cases. The
hydraulic diameter is plotted against " in Fig. 3.9. The hydraulic diameter increases non-

linearly with ’ for all cases, but for Cases 1-4c¢ the change is much smaller than for Cases
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Figure 3.8: Variation of the anisotropy of integral length scales L, /L, versus axial velocity
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3.2.4 Assessment of the validity of Taylor’s hypothesis in extreme tur-
bulence

It was discussed previously that the LDV measurements require a temporal-spatial correla-
tion in order to compute an integral length scale. Typically, almost all turbulence measure-
ments are made in the time domain (using LDV or a hotwire anemometer, for example)
and converted into the spatial domain assuming that the turbulence is frozen; i.e., L = 7U.
Taylor’s hypothesis assumes that the convective velocity of the energy-containing (integral
scale) eddies is approximately equal to the mean velocity of the flow. However, this can
be an inaccurate approximation in highly turbulent flows with a wide range of scales. In a
highly turbulent flow, the mean velocity averaged over all scales in the flow can be consid-
erably smaller than the convective velocity of the energy-containing eddies. The criterion
generally used to apply Taylor’s hypothesis is #’ /U < 1, but the LDV measurements show

that the turbulence intensity exceeds 35% for some run conditions in this work. Therefore,
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Figure 3.9: Variation of hydraulic diameter Lyp versus u’.

applying Taylor’s hypothesis in these conditions can result in significantly underestimated
integral length scales. The correction for Taylor’s hypothesis was discussed in Section

2.2.2, as well as the reduced correction assuming isotropic flow:

u'? v'2

L,=1U 1+ﬁ+4m 3.7)
u'? V2

Ly=1tU 1+ﬁ+4ﬁ (3.8)

The LDV measurements of L, in Table 2.2 used the isotropic correction to Taylor’s
hypothesis, Eqn. 3.8. However, although Taylor’s hypothesis can underestimate the length
scales in a highly turbulent flow, the presence of mean shear often implies substantial an-
isotropy. This means that the isotropic correction to Taylor’s hypothesis can overestimate
the length scales [136]. Using the planar velocity data from the PIV measurements, we can
visualize the error associated with obtaining L, from 7 in extreme turbulence for these two
methods. The error associated with Taylor’s hypothesis and with the isotropic correction to

Taylor’s hypothesis are given in Fig. 3.10.
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Figure 3.10: The performance of Taylor’s hypothesis and the isotropic correction versus
turbulence intensity u’/U. The error associated with both of these temporal-spatial trans-
formation increase linearly with turbulence intensity, however the error in the isotropic
correction is approximately one-third less than Taylor’s hypothesis.

In Fig 3.10, it is observed that Taylor’s hypothesis can underestimate the integral length
scale by nearly 50%, while the isotropic correction to Taylor’s hypothesis can overestimate
the length scale by about 35%. The error associated with both Taylor’s hypothesis and the
isotropic correction increases linearly with turbulence intensity u’/U, however the magni-
tude is about a third less using Taylor’s hypothesis. From the results, it appears that the
isotropic correction is reasonable for u’/U < 0.3 (about 10% error), however it becomes
significant for larger turbulence. This highlights the importance of multi-component veloc-

ity measurements in extreme turbulence.
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CHAPTER 4

Regimes of Premixed Flames in Extreme

Turbulence

This chapter contains measurement results of premixed flame structure in extreme tur-
bulence, and the implications for a regime diagram. As described in the introduction, sev-
eral theories have been developed describing the interaction of turbulent structures with a
premixed flame surface. Laminar premixed flames (and flames in weak-to-moderate turbu-
lence) have chemical time and length scales that are very short, with all of the heat release
occurring in a region of space less than half a millimeter for atmospheric flames. In this
case, the flame chemistry is ’frozen’ relative to the much larger time scales of the incoming
turbulence. Theory typically predicts finite-chemistry effects (i.e. broadening or extinction
of the chemical reactions due to turbulent transport or strain) when the time or length scale
of the turbulence becomes comparable to that of the flame.

The regime diagram predicted by Peters assumes that these effects will become sig-
nificant for the preheat layer and reaction zone at Karlovitz numbers of approximately 1
and 100, respectively. This corresponds to the Kolmogorov scale of turbulence penetrating
the preheat or reaction layer structure, utilizing several assumptions regarding the scale of
the laminar flame structure as outlined in Chapter 1. Although several previous works de-
scribed in the introduction have explored regimes of Kar > 100 and observed evidence of

broken or distributed burning, none of these studies have studied flames subjected to any
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appreciable integral length scales. For instance, the distributed reactions seen by Zhou et al
were obtained on extremely small jet burners with an exit diameter less than 2 mm, and the
exit velocity exceeded 400 m/s. Although this was capable of producing non-flamelet-like
behavior, it is not representative of any practical combustion operating conditions. Rather,
most devices use moderate-to-large integral length scales. For instance, the integral length
scale in a gas turbine combustion chamber may be approximately 20 mm. In this case, it is
the turbulent Reynolds number Rer = u’L/v that is large, rather than the Karlovitz number
Kar. As described in Chapter 3, the Hi-Pilot is capable of producing turbulent Reynolds
numbers up to 99,000, which is 5-6 times the largest value previously obtained, and several
of these test conditions fall well into the predicted regime of broken/distributed reactions.
This chapter will examine the variation of flame structure across all operating conditions,
and compare the measured values to the predictions made by Peters. Conclusions regarding

the regime diagram, and potential improvements or modifications, will be discussed.
4.1 Run conditions and regime diagram locations

Chapter 3 documented the run conditions and turbulence levels attainable in the Hi-Pilot
burner. There are six possible flow rates and three possible turbulence generating plates,
producing eighteen nominal run conditions. Equivalence ratio for flame structure measure-
ments was either ¢ = 0.65 or ¢ = 1.05. Figure 4.1 shows the resulting thirty-six possible
run conditions and their position on the Peters regime diagram. Note that there are sev-
eral conditions well beyond the predicted boundary for broken reactions. Therefore, the
measurements will allow a strong conclusion regarding the validity of Peters broken reac-
tion zone boundary. Additionally, another set of cases are just above the Klimov-Williams
boundary. Because the Hi-Pilot cannot sustain flames below the Klimov-Williams line this
boundary cannot be evaluated directly. However the preheat structure measurements will
provide a check of the Klimov-Williams prediction.

The reaction and preheat zones were imaged using the Overlap PLIF technique as well
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Table 4.1: Run conditions and parameters for the flame structure measurements

Case ¢ U()(m/S) u (II]/S) Lx(mm) Re‘T D(,lT KaT u’/SL Lx/éPHZ,L

2a  1.05 14 29 1.5 1,440 25 47 1.5 31
3a  1.05 32 6.0 20 7900 33 85 15 84
4a 105 44 10 25 16,500 25 16 26 105
5a  1.05 64 24 37 58,200 15 50 62 154
S5a  0.65 64 24 37 58,200 23 275 157 75
6a  0.65 78 37 41 99,000 1.7 503 243 83

as CH PLIF described in Chapter 2. Results from two separate measurement domains
will be presented. First, results from a preliminary, relatively large field of view (FOV) of
approximately 150 x 150 mm? will be discussed, as these provide a qualitative sense of the
global flame structure. Then the flame structure results from the smaller, high resolution

measurements will be presented.

Experiment and Run Conditions

Six run conditions were extracted from Table 2.2 that covered a range of 7.5 <u’/S | < 243
and 4.7 < Kar < 503. The largest slotted turbulence generating plate, plate “a”, was used to
generate the turbulence, and impinging jets were used above Case 3. Equivalence ratio was
slightly rich (¢ = 1.05) for Case 2a-5a, and the flame was run very lean (¢ = 0.65) for an
additional two cases (Case 5a-6a). This was done in order to maximize the value of u’/S,
for these most turbulent cases. Note also that the integral scale varies over a wide range
from 31 < Ly/dppz < 154. Both the normalized turbulence intensities «’/S ; and integral
scales were significantly larger in this study than previous works. Conditions for all of the

methane-air flames described in this chapter are given in Table 4.1.

4.2 Images of flame structure

It is illustrative to begin by presenting the large FOV PLIF results, which provide a qual-
itative sense of the flame structure. Figure 4.2 shows instantaneous preheat zones (blue)

in the Hi-Pilot burner for Cases 2-5a (¢ = 1.05), together with OH images (red) and the
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Overlap (yellow) signal. Preheat layers for Case 2a are continuous and in regions near the
burner exit have a thickness that is close to the measured laminar value (0pyz 1) of 0.39
mm. For Cases 3-5a it is surprising to see the extremely thick preheat zones in Figures
4.2c and 4.2d. To the author’s knowledge, preheat zones this thick have not been measured
before. Case 4a, for example, shows a preheat thickness dpgz 7 (indicated by the white
arrow in frame c) of 20 mm, which is more than ten times the laminar value. Figure 4.2
shows that 6pyz 7 tends to increase with «’/S 1 and with height (x) above the burner. Zhou
et al. [143, 144] found similar trends. This suggests that residence time (which scales as
x/U) is an important parameter, since dpgzr increases with (x/U) even though all loca-
tions experience about the same turbulence level and integral scales. This implies that some

non-dimensional residence time should be considered when constructing a regime diagram.

4.3 Evolution of the preheat zone in extreme turbulence

Average preheat thicknesses were evaluated using the smaller (30 x 30 mm?) FOV, and
the measurement utilized local thresholding and the skeletonization described in Chapter
2. The distance between inner and outer boundaries is measured as twice the distance from
each skeleton point to the nearest CH,O edge (defined as the point where formaldehyde
signal drops below 35% of the local maximum). Because the trailing edge of the preheat
zone is defined as the start of the reaction layer, binarized Overlap images were used to set
all CH,O signal within the Overlap region to zero. Representative CH,O PLIF images for
a range of turbulence intensities u’ /S ; are shown in Fig. 4.3.

For the laminar flame, the preheat layer is very thin and approximately one-third or
one-half of the total flame thickness, depending on equivalence ratio, pressure, etc. As the
turbulence is initially increased in 4.3(b), the scales of turbulence remain large relative to
the flame, and the effect is only to wrinkle and distort the surface. Eventually, the turbu-

lence is increased sufficiently such that the smallest scales of the flow are comparable to
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Case 2a

u'/Sy,=7.5 Case 3a

u'/Sy, =15

“——_Reaction

Figure 4.2: Simultaneous preheat zone (CH,O, blue), reaction zone (yellow), and OH (red)
instantaneous images for u’ /S from 7.5 to 62 (¢ = 1.05). White arrow in (c) indicates a
preheat zone that is 50 times thicker than the laminar value (6przz) of 0.39 mm. FOV in
(a) is 69 mm (height)x 79 mm, in (b)-(c) it is 90 mm X 105 mm, and in (d) it is 115 mm X
130 mm

97



(@) u'lS. <1 (b) u'/S;, =4.3

s5=-9 5.3":'}“

-y »
P ok B R
bt I“/‘

Figure 4.3: Evolution of the preheat structure with increasing turbulence intensity u’/S .
(a) Laminar calibration flame, (b)-(f) Hi-Pilot flames
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that of the preheat layer, and the low temperature chemistry is disrupted. This is mani-
fested by substantial broadening of the preheat layer as turbulent transport is able to move
hot gas near the reaction layer upstream. However, as the example in Fig. 4.3(c) shows,
this is only a local phenomena at first, as regions with broadened preheat structures are
juxtaposed with preheat structures that are approximately the laminar thickness. Increas-
ing turbulence intensity u’/S 1 causes the broadening effect to become more substantial
throughout the flame, and eventually this thickening causes the preheat structures on either
side of the Bunsen cone to merge (4.3(e)). If the turbulence continues to increase beyond
this point, the location where the two sides of the preheat layer merge will move upstream,
as seen in 4.3(f) where the location of preheat structure merging has moved nearly to the
exit plane. At this point the preheat layer can be considered fully broadened, because it
has expanded to occupy all available space within the flame cone. From the CH,O PLIF,
it is unknown what effect increasing the turbulence beyond this point will have; it may be
that further increases in turbulence are still more effective in distributing hot gas near the
flame upstream, and would allow the entire preheat region to attain a higher (and more uni-
form) temperature. Because the PLIF measurements of CH,O concentration in this work
are qualitative, this question cannot be directly answered at present, and will require either
temperature field measurements through Rayleigh scattering or quantitative CH,O PLIF.

The measured preheat zone thicknesses are shown in Figure 4.4. The thickness dpgz 7
reaches nearly thirty times the laminar value (6pnzr). There is, of course, a limit to how
much broadening can occur once the two sides of the Bunsen cone merge, as in Fig. 4.3(¢e)
and 4.3(f). This limit is the width of the jet, which can be approximated as one-half the
burner exit diameter, which gives a theoretical maximum 6ppz7/0pHzL ~ (21.6/2)/0.322 =
33.5, which is approximately the maximum layer thicknesses measured in Fig. 4.4

All cases fall within the “broadened” preheat zone regime, defined as dppz1/dPHZL >
2. The Klimov-Williams criterion has often been cited as the boundary separating corru-

gated flamelets from Broadened Preheat - Thin Reaction layers (BP-TR) [94]. This cri-
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Figure 4.4: Average preheat zone and thicknesses normalized by the measured laminar
thickness as computed as a function of u’/S .

terion is based on the assumption that the preheat layer will broaden as the Kolmogorov
scale of turbulence becomes small enough to penetrate the flame (nx < dpgzr). In this
regime, it is thought that the reaction layer will remain unaffected by the turbulence, and
retain laminar flame properties. The present study does not consider conditions below the
Klimov-Williams criterion (corrugated flamelets), and therefore cannot evaluate the bound-
ary conclusively. However, it is observed that all four of the flames which fall in the pre-
dicted BP-TR regime agree with the predictions of Peters. Thus, the present data supports
(but does not validate) the Klimov-Williams criterion.

Fig. 4.4 shows that the preheat zone increases approximately linearly with the log-
arithm of u’/S 1, and is generally larger with increasing integral scale, particular in the
extreme range of turbulence. It is useful to develop a correlation for the preheat layer
thickness as a function of the turbulence conditions, as the works in Chapter 5 will mea-

sure turbulent burning velocities which depend in part on 6pnz7/0pHz. To this end, the
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Figure 4.5: Performance of the correlation for the preheat layer thickness, Eqn. 4.1.

following correlation was found to approximate the measured preheat layers:

SprzT SN0 o \024
’ :1+2.2(—) ( ¢ ) 4.1)
SpHZL SL OPHZL

The value for L, was determined from the LDV measurements described in Chapter 3,

and the performance of the fit is shown in Fig. 4.5.

4.4 Evolution of the reaction layer

4.4.1 Typical reaction layer images

Full-FOV Overlap reaction zones are shown as yellow regions in Figure 4.2 for Cases 2-5a
(¢ = 1.05). For Case 2a there is significant large-scale wrinkling but no evidence of broken
or distributed reactions. Case 5a also shows continuous and thin reaction layers despite
a significant increase in u’/S . Reaction zone thicknesses were obtained by imaging the
smaller FOV (30 x 30 mm?), permitting the high resolution required for an accurate Overlap

measurement. Typical reaction layers for Cases 2a, 4a, and 6a are given in Figures 4.6-
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4.11. The turbulence intensities in the three run conditions are u’/S =7.5, 26, and 243,
respectively. For each case, six representative reaction zones are presented in two separate
figures. The first provides just the reaction layer against a white background and the second
provides the OH and CH,O signals on either side. In the second set of images, OH is in
red, formaldehyde is blue, and the reaction layer is in yellow.

It is striking that there does not appear to be any significant change to the reaction layer
structure across the span of run conditions, even at the extreme turbulence conditions of
u' /S =243. Figs. 4.7 and 4.11 show that formaldehyde and OH PLIF signals form a
smooth, continuous interface, and the reaction layers (seen most clearly in Figs. 4.6 and
4.10) do not appear to be undergoing any significant change in either thickness or structure.
The reaction layers in Case 6a appear to be approximately the same size as those in Case
2a, although there is more spatial variation at higher turbulence. Case 6a does exhibit some
regions of extensive roll-up, where the reaction layers appear very thick. However, there
are also regions where the layers appear much thinner than the lower turbulence levels con-
ditions. This may be an illustration of the competing effects of flame strain: as large scales
of turbulence stretch the flame tangentially (the preliminary step to wrinkle formation), the
reaction layer is expected to become thinner. This effect was seen by Dinkelacker [38] in
turbulent swirl flames. However, turbulence from small scale eddies is expected to broaden
the flame, provided it is sufficiently small relative to the reaction zone structure. This work
suggests that both actions are present in extreme turbulence.

A direct comparison between the reaction layers of Case 2a (u'/St = 7.5) and Case
6a (u' /S = 243) is provided in Fig. 4.12. The side-by-side comparison re-reinforces the
remarkable consistency in reaction layer structure at two extremes of turbulence. For Case
6a there are occasional instances of broken reaction layers, this is evidenced by panel (c)
in Figs. 4.10 and 4.11, and panel (f) in Fig. 4.12. The occurrence of extinction events
is relatively rare, and will be quantified in section 4.4.4. It should be noted that local

extinction of the Overlap signal does not necessarily imply that all reactions have ceased;
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Figure 4.6: Example reaction layers for Case 2a. v’ /S =7.5.
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Figure 4.7: Example reaction layers for Case 2a. u’/S; =7.5. Red region is OH signal,
blue region is formaldehyde signal, and yellow is the reaction layer.

104



Figure 4.8: Example reaction layers for Case 4a. u’/S | = 26.
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Figure 4.9: Example reaction layers for Case 4a. u’/S 1 = 26. Red region is OH signal,
blue region is formaldehyde signal, and yellow is the reaction layer.

106



-10 -5
r (mm)

-15

Figure 4.10: Example reaction layers for Case 6a. u’/S | = 243.
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Figure 4.11: Example reaction layers for Case 6a. u’ /S = 243. Red region is OH signal,
blue region is formaldehyde signal, and yellow is the reaction layer.
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rather the signal has simply dropped below the threshold used here (equaling 50% of the
local maximum). See Section 2.4.1.7 for a discussion of how to interpret extinction events

from the Overlap signal.

4.4.2 Average thickness of the reaction zones

The time-averaged reaction layer thicknesses were computed using the technique described
in Section 2.4.1.4. Reaction layers are called “thickened” if their average thickness exceeds
twice the laminar value. Figure 4.13 confirms the conclusions provided by the qualitative
reaction layer images presented above, and shows that the normalized reaction zone thick-
ness (Orzr1/0rz1) does not exceed two, indicating no significant broadening. As the tur-
bulence intensity is increased, the normalized reaction layer thickens gradually, however it
remains less than two at all conditions, even at extreme turbulence levels of u’ /S = 243
(Ret =99,000). There appears to be a decrease in dgz71/0rz 1 in the last two measurement
points, and this may be due to the different fuel chemistry in these flames. In order to
obtain the highest possible value of u’/S 1, these two points were run at equivalence ratio
¢ = 0.65, while the previous four data points were collected at ¢ = 1.05 (see Table 4.1).
Thus, it is possible that fuel chemistry parameters besides S 1 and dgz 7 may be important;
for instance, the Lewis number may important in these flames. Exploring these effects is

an avenue for future work, and will be discussed in Chapter 7.

4.4.3 Percent of distributed regions

Although the Overlap signals are typically layer-like, there were occasions where non-
flamelet like structures were observed. The percentage of flamelet-like reaction zones was
calculated using a parameter that identified partially-distributed regions. We define a struc-

ture to be partially-distributed using Eqn 4.2.
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Figure 4.12: Reactions zones for the Case 2a (¢ = 1.05, panels a-c) and Case 6a (¢ = 0.65,
panels d-f), at three random times.
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thickness as computed as a function of u’/S .
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In order to determine the aspect ratio AR, the length of a reaction layer (determined
from the skeleton) was compared to the average thickness of the layer. See Fig. 4.14 for an
example of how this method is implemented in a typical reaction layer image. The percent-
age of partially distributed layers ranged from O to 3%, indicating that distributed regions
were not significant in any of the cases studied. Partially-distributed regions occurred pre-
dominantly in two situations: flame roll-up/merging events, where thin wrinkled flamelets
come together and temporarily form a broad combustion zone; and pockets of combustion
that occur far away from the primary flame sheet. Examples of both of these can be seen
in the sample images provided in Figs. 4.6-4.11. It is noted that the observed pockets are
likely to be a three-dimensional effect at least some of the time. Here, three-dimensional
effect refers to a thin flame sheet that exists parallel to the laser sheet and is convected into
the measurement plane during the acquisition time. This manifests itself as a blob of Over-
lap signal as the flame sheet is at first parallel with the laser sheet, and becomes a ring as
the flame sheet continues to convect through (normal to) the laser sheet. This is seen most

clearly in the CH-PLIF images, presented in Section 4.4.6

4.4.4 Measurement of the Burning Fraction to Quantify Local Extinc-
tion

An important quantity for turbulent flames is the likelihood of local extinction. The regime
diagram given in Figure 4.1 predicts that at sufficient turbulence the reaction zones can no
longer resist the strain of the flow and will either fully thicken into distributed reactions
or break apart (broken reactions). The percentage of broken zones was quantified in the
present data using the burning fraction, defined to be the amount of CH,O on or near a

reaction zone, divided by the total amount of CH>O in the field of view:
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Figure 4.14: Example of locally distributed reaction zone parameter marking. Reaction
layer is in blue. White skeleton lines indicate the region is locally a flamelet. The remaining
regions are designated as locally distributed reactions.
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Figure 4.15: Illustration of how the burning fraction is determined.

_ CH,Oburning

4.3
Total CH,O (4.3)

Of course, a large fraction of the CH,O in any given PLIF image will consist of the
“cold edge” boundary, marking the reactant side and the start of the preheat zone. Including
this quantity in the denominator of Eqn. 4.3 would lead to an artificially low burning
fraction, and a distorted view of the amount of extinction. The best solution was found to
be breaking the image into multiple distinct objects and eliminating any objects not very
near a reaction zone at some point along the surface. This procedure is illustrated in Fig.
4.15. On the left is the full CH,O edge including the cold-side boundary, and in the middle
is the reaction layer edge. Clearly, not every pixel in the CH,O frame should be considered
when evaluating the burning fraction. The right frame illustrates the processed CH;O edge,
refereed to as the “hot edge”. It is clear that the procedure works as desired as it eliminates
the “cold edges” from the image.

Once the CH>O images have been processed as described above, the burning fraction
is evaluated by taking the ratio of pixels on or near a reaction zone to the total number of
pixels in the “hot edge” of the processed CH,O image. The quantity is ensemble-averaged

over all frames to derive a representative amount of local extinction for each run condition.
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The burning fraction was found to be nearly constant at all conditions, with no cases
falling below 0.98 (indicating less than 2% extinction). Therefore, all of the cases studied
can be said to have nearly continuous reaction zones. Although some instantaneous flame
segments were extinguished (panel (c) of Figs. 4.10 and 4.11, and panel (f) of Fig. 4.12),
these events were rare.

Large-scale extinction in the Hi-Pilot was only possible when using a less robust co-
flow. This allowed cold, ambient, room air to be entrained into the turbulent jet, quenching
chemical reactions. All test cases in the present study used a sufficiently large co-flow
to sheathe the flame with hot products, and the burning fraction was not computed for a
condition with a weaker co-flow that produced global extinction (i.e., an open flame tip).
However, large FOV formaldehyde and OH-PLIF images were recorded with a reduced
co-flow and showed an open flame tip, indicated by the formaldehyde signal persisting
downstream far beyond the trailing edge of OH-PLIF signal. Kiefer et al. [62] used simul-
taneous CH and OH-PLIF and observed identical results. This highlights the importance

of co-flow geometry and temperature in maintaining combustion in extreme turbulence.

4.4.5 Broken reaction layers in the Hi-Pilot

The work above shows that reaction layers in the Hi-Pilot remain continuous and thin
everywhere on the flame surface. However, there are two exceptions to this finding which
merit discussion. The first is the observation that as the equivalence ratio is lowered to near
the lean blow-off limit, the flame tip does not remain closed. In this, chemical reaction near
the flame tip cannot keep up with the intense strain at the tip, as differential diffusivity in a
lean Methane-air flame draws heat out of the region disproportionately [121].

The other instance where broken reactions were widely observed in the present work
was described above in Section 4.4.4, and occurs in situations where the co-flow is not suf-
ficiently strong. Here co-flow strength (sometimes called the back-support of a premixed

flame) is defined using the concepts outlined in Sections 2.1 and 3.2.1. Much early work
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performed in a previous version of the Hi-Pilot, with a much smaller co-flow, exhibited bro-
ken reaction zones. In this case, cold air was entrained near the reaction surface, disrupting
the chemistry and quenching reactions. This would then lead to mixing of reactants and
room air through the extinction region, producing reactants of unknown composition and
temperature. The effect of co-flow strength on the global flame structure was illustrated in
Section 2.1.

The process of reaction layer quenching due to entrainment is illustrated in Fig. 4.16
for a typical extinction event. Although extinction events were rare (less than 2% of the av-
erage flame surface), it was observed that quenching can occur in instances where there is
an absence of OH-PLIF signal downstream of the reaction layer. The absence of OH-PLIF
signal implies entrainment of cold air into the region downstream of the flame. Fig. 4.16 il-
lustrates this using the two-tone PLIF method which was described in Section 2.4.3.1. This
technique excites CH and OH radicals simultaneously with a single laser pulse, allowing
imaging of the reactants and products in a single image. Thus, the variation of the products
region near the flame prior to extinction events can be monitored. The figure shows a broad
region of OH (and thus hot gases) downstream of the reaction layer at t = 0 ms. Att =
0.1 ms, the OH region downstream of the flame has thinned significantly, and cold ambient
air is nearly in contact with the downstream surface of the reaction layer. This means that
there is very little back-support downstream of the flame, which ideally would provide a
uniform high temperature with plenty of combustion radicals. By the final frame t = 0.2
ms, the cold air has made contact with the reaction layer and quenched reactions at that

point. Nearly all extinction events in the Hi-Pilot can be traced to this mechanism.

4.4.6 CH PLIF measurements of the reaction layer structure

The CH PLIF measurements were conducted at the Air Force Research Lab at Wright-
Patterson Air Force Base, in coordination with Drs. Cam Carter and Stephen Hammack.

The CH PLIF utilized a resonant transition at 314 nm, as described in Chapter 2. There
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Figure 4.16: Example sequence of extinction in the Hi-Pilot burner. Case 5b (¢ = 1.05),
u' /S =63.7.
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are several major advantages to this technique. First, the signal to noise is outstanding;
with an excitation power on the order of 5-10 mJ/pulse, a signal-to-noise ratio exceeding
100 is common. Additionally, because the region where CH radical exists has been shown
to coincide well with the heat release region, very little image post-processing is required;
for the CH-PLIF, application of a straightforward thresholding algorithm will produce high
quality reaction layer images. Because CH PLIF is a relatively more common tracer of
the reaction zone, the high signal-to-noise, and the minimal need for post-processing en-
hancements as compared to the Overlap method, this was an ideal alternative marker of the
reaction zones in the Hi-Pilot flames, and was used to validate the Overlap measurement.

Measurements for CH-PLIF were performed at Cases 2-5a in the Hi-Pilot burner. The
CH-PLIF were generally found to remain thin and continuous at all measurement points,
and exhibited an extremely densely packed structure. See Fig. 4.17 for an illustration of
the CH-PLIF in a typical Hi-Pilot flame for Case 4a. The wrinkling is quite substantial and
it is difficult to imagine that the flame surface area could increase much beyond this level,
as flamelet merging is clearly occurring in the most densely populated regions. This is an
important point, and it will be returned to in Section 5.3, where the maximum measured
extent of flamelet wrinkling is discussed.

The CH thicknesses were measured using an identical processing algorithm as for the
Overlap method, described in Section 2.4.1.4. The reaction layer thicknesses from the
CH-PLIF are given in Fig. 4.18. Comparing the results with the measured Overlap layer
thicknesses from Fig. 4.13, there is good agreement with the CH-PLIF. Both measurements
indicated thin heat release zones, less than two times the measured laminar value. There
does not appear to be a significant change in the reaction zone structure as the turbulence
is increased, and a plateau is observed for both measurement techniques for u’/S > 40.
Quantifying the degree of extinction is a more difficult task than in the Overlap PLIF,
because there is not a layer edge to compare the reaction zones with (for instance, the

burning fraction measurement described in 4.4.4 uses the formaldehyde edge as a reference;

118



08 04 00 04 08
r/'D

Figure 4.17: Typical image of CH radical for Case 4a. Note the ’distributed flamelets’ (see
text).

if a reaction zone is absent downstream of the preheat layer, it indicates an extinction
event). Therefore, the burning fraction was not computed for the CH-PLIF. However, a
visual inspection of the images (illustrated by the example in Fig. 4.17) shows very little
extinction of the CH layers.

Taking the Overlap and CH-PLIF measurements together, we see a consistent story
in the data. Despite substantial broadening of the preheat zones, no significant change is
detected in the reaction layer structure. This is inconsistent with previous regime diagram
predictions (ex, Peters), and is surprising given the extremely large turbulence intensities
of u’/S 1 = 243. The remainder of this chapter will discuss implications of these results on

designing and interpreting regime diagrams.
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Figure 4.18: Average reaction zone thicknesses from the CH PLIF. The agreement with
the Overlap thicknesses from Fig. 4.13 is very good, with all thicknesses less than twice
the measured laminar value. Error bars represent two standard deviation of the thickness
measurements, or 95% confidence in the mean.
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4.5 Evaluation of regime diagram predictions and pro-
posed modifications

The present work indicates some limited broken reaction zones (see Figure 4.12(f)), how-
ever these instances occur on average in less than 2% of the flame surface. Peters has pre-
dicted [93,94] that as the turbulence intensity is increased beyond a critical value (see BR
boundary in Figure 4.1), broken reactions will occur. However, the present work suggests
this theory requires reconsideration, as several run conditions fell well above the predicted
BR boundary, yet no significant change in flame structure was observed. There are sev-
eral possible explanations for this discrepancy. The regime boundaries as drawn by Peters
contain assumptions regarding both the turbulence and flame structure, which simplify the
analysis but may not be valid. For instance, asymptotic analyses [106] predict the reaction
layer should be about an order of magnitude thinner than the total flame thickness. How-
ever, CHEMKIN simulations and laminar flame measurements both show that the reaction
layer is typically closer to one-half to one-third of the total flame thickness.

Additionally, the criterion for broken or distributed reactions (0gz = ng) does not ac-
count for the attenuation of turbulence that will occur through a broadened preheat zone.
Preheat zones greater than 20 mm in thickness (as observed in the Hi-Pilot) will present
a large region of elevated temperature and viscosity across which turbulence will decay.
The ratio of turbulence conditions («” and L,) measured upstream of the preheat layer and
measured at the reaction front is the subject of the simultaneous PIV and formaldehyde
PLIF measurements of Chapter 6. In the regime diagram of Peters, flame properties are
evaluated at an elevated temperature when drawing the BR boundary, which will account
for the increase in 7, through the preheat layer. However any attenuation of the turbulence
beyond this preheating effect must be accounted for when constructing a regime diagram.

Based on the present results, it appears that this phenomenon makes it much more

difficult to achieve fully broken or distributed reaction layers than previously believed. The
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question of turbulence attenuation through the broadened preheat layer is the subject of
Chapter 6, and discussion of that question is reserved for that section. However, the results
indicate that the threshold for broken reactions is greater than the line of Kar = 100 that
was predicted by Peters. We know that broken and distributed regions can occur, as the high
Karlovitz number jet flames of Zhou et al [143, 144] and the DNS of Savard et al [107, 108]
and Aspden et al [7, 8] demonstrated evidence of non-flamelet like combustion. However,
the Karlovitz numbers in these flames was very large, exceeding Kar = 1,000 in the works
of Zhou et. al. and Aspden et. al., which is well beyond the previously predicted limit.
Thus, the present work shows that flamelet-like reaction layers exist for Kar up to 503.
However, at larger Karlovitz numbers, broken and distributed layers have been obtained.
Therefore, the results to date suggest that a new boundary should be used: Kar = Kar crir,
where Kar .ri; might be somewhat larger than 503. Chapter 6 will utilize the results of the
simultaneous PIV and formaldehyde to address this question, and make a more quantitative
prediction for the critical value of Kar.

Another important point that must be considered when comparing results is that differ-
ing geometries may not necessarily have the same values of Kar iy or Rer ri; to produce
broken or thickened reaction zones. For example, Zhou et al performed measurements in
a jet burner, where the turbulence is generated almost entirely from the shear layer devel-
oping between the very high velocity jet and the ambient air. In this case, the turbulence
takes the form of a strong mixing layer that interacts with the flame downstream of the
reaction zone. This is quite different from the canonical description of Peters, as well as
the Bunsen-type flames such as the Hi-Pilot, where the turbulence is generated within the
reactants and propagates into the reaction layer. There is no reason to expect that a Bunsen
flame and a shear layer dominated jet flame will transition to broken or distributed zones a
the same value of Rer or Kar.

One objection that could be raised is that the turbulence at the jet exit is decaying

downstream, and therefore the turbulence conditions at the flame front may in fact be in the
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predicted BP-TR regime, and thus agree with the measurements. Therefore, it is an open
question what value of turbulence should be used when considering a regime diagram. The
measurement most consistent with Peters’ theory would be to measure the local turbulence
level at the reaction front, averaged over the entire flame surface. The regime diagram was
conceived assuming turbulent eddies interacting normally with the flame, which would
require the true turbulence statistics at the flame front. This would account for turbulent
decay, as well as attenuation through the preheat zone which has been discussed previously.
However, this has little use for practical applications. Instead, boundary conditions such as
bulk flow velocity, inlet centerline velocity and turbulence intensity, and turbulence length
scales should be used. Regime boundaries should be modified to account for any real-
world effects (such as decay and attenuation), but use of a local (instead of global) variable
defeats the purpose of a regime diagram, which is to predict combustion characteristics
given a reduced set of boundary variables and initial conditions. Furthermore, the results
of Section 3.2.2 showed that the turbulence levels in the Hi-Pilot are essentially constant
over most of the flow field. Therefore even if this were accounted for, it would be unlikely
to produce a significant change in the estimated location on the regime diagram.

The results of this work have significant implications for the modeling community, as it
suggests that laminar flamelet concepts may be used in simulation tools such as LES mod-
els. For example, LES grids are typically much coarser than the reaction zone thickness,
and are unable to resolve the details of the flame structure. A flamelet-like sub-model will
assume a distribution for the flame surface density, burning velocity, and brush thickness
for the unresolved reaction layers. The present results suggest that flamelet models can be
used for extremely large turbulence intensities, over a much wider range than previously
expected. However, it is emphasized that a “standard” flamelet model is not appropriate,
because they do not account for the broadening of the preheat layers. Therefore, flamelet
models can be used in extreme turbulence, however they must be capable of reproducing

the physical results observed here, where the thin reaction zones are preceded by fully
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broadened preheat layers.
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CHAPTER 5

Turbulent Burning Velocity Measurements in

Extreme Turbulence

This chapter will report on the turbulent burning velocity measurements performed
in the Hi-Pilot burner. Turbulent burning velocities S7 have been reported for a wide
range of burner geometries, however the integral scales and turbulence intensities have been
restricted to u’ /S < 25 and L < 6 mm (see Section 1.5.3 for an overview of the burning
velocity literature). Four measurements of S 7 will be reported in this chapter: the global
consumption speeds S7.6c.1 and S7,Gc2, the integral of flame surface density f Xdn, and
the flame surface area ratio A7 /A. The definitions of these terms were provided in sections
1.5 and 2.4.2.

For low-to-moderate intensity turbulence (generally assumed to be for Kar < 1), com-
bustion will occur in thin sheets, and the reaction layers will retain their laminar properties
for 0gz and S ;. As the turbulence increases, the total area of exothermic layers will increase
due to the wrinkling mechanism. This will lead to an increase in the global consumption
speed S 7.Gc/S 1 that is proportional to A7 /Ar. Eventually, it is expected that the local con-
sumption rate per unit area will also begin to increase, due to enhanced turbulent diffusivity
of the preheat reactants. In this case, S7.6¢/S 1 will exceed Ar/Ar. The relevant questions

this chapter will address are as:
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1. Over what conditions is S 7,G¢/S 1 proportional to A7 /Ar; that is, under what condi-

tions do laminar flamelets persist?

2. Does the flame surface area A7 /A, continue to increase, or does it saturate at some

point? This saturation could be due to flamelet merging, residence time effects, etc.

3. When does the turbulent diffusivity begin to contribute to S 7,G¢; that is, when do the
curves for S7cc/S 1 and Ar /Ay begin to diverge? A parallel question is: does the
global consumption speed S 7.g¢/S 1, exhibit bending, as has been observed by others

at large turbulence levels?

The Hi-Pilot burner affords measurement of Bunsen burning velocities at unprecedented
turbulence levels. OH PLIF was used to identify the instantaneous flame surface and the
mean progress variable of OH, cpoy. The experimental setup and methodology was de-
scribed in Section 2.4.2. The run conditions for the burning velocity measurements will
be discussed in the next section. The global consumption speed measurements S r.Gc,1/S L
and S7.6¢c2/S 1 will be presented first, and they will be compared with several alternative
measures of the flamelet wrinkling factor A7 /Ay. After discussion, an attempt will be made
to develop a correlation for the measured burning velocities and compare it with previous

results in the literature.

5.1 Run conditions for burning velocity measurements

Burning velocity measurements were performed for all 18 nominal Hi-Pilot run conditions.
These consisted of six different mass flow rates and three different slotted turbulence-
generating plates, and impinging jets were used above Case 3. Recall that for the Case
title, the number refers to the flow rate and the letter corresponds to the turbulence gener-
ator plate. The largest slotted plate is labeled ’a’, and the smallest is denoted ’c’. Equiva-

lence ratio for the measurements was chosen to be ¢ = 0.75. The reason for this number is
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Table 5.1: Run conditions and parameters for the turbulent burning velocity measurements

Case U() (III/S) u’ (II]/S) Lx(mm) ReT DaT KCIT u’/SL Lx/dez,L

la 7.7 1.7 10 1,050 20 46 7.21 27
2a 14 29 1.5 1,440 9.0 12 126 21
3a 32 6.0 20 7,900 12 22 259 56
4a 44 10 25 16,500 8.8 42 434 70
Sa 64 24 37 58,200 54 128 104 103
6a 78 37 41 99,000 3.9 232 160 114
1b 6.0 1.6 7.3 761 16 49 6.86 20
2b 9.2 3.1 7.8 1,580 88 13 13.4 22
3b 21 7.1 9.2 4,240 4.6 41 30.5 25
4b 28 9.3 8.4 5050 32 64 398 23
5b 45 20 10 13,300 1.9 176 842 29
6b 72 29 12 22,300 1.4 304 126 32
lc 8.5 1.2 6.1 475 18 35 5.16 17
2¢ 16 2.3 7.6 1,140 12 82 9.83 21
3¢ 32 5.7 9.3 3420 5.8 29 244 26
4c 44 9.0 10 5980 4.0 55 386 28
5c 64 25 19 31,700 2.6 192 109 53
6¢ 89 38 17 40,900 1.5 377 163 46

that it maximized the values of ’/S; while still maintaining a closed flame tip, which is
essential to accurately determine S 7,Gc. Run conditions are listed in Table 5.1. For these
measurements, extreme levels of turbulence are generated, with u’/S ; reaching 163 and
L,/6puz1 exceeding 100. To normalize the data, values of laminar flame speed (S ;) and
preheat thickness (6prz 1) were determined from CHEMKIN to be 23.2 cm/s and 0.36 mm,

respectively.

5.2 Global consumption speed

Measurements of the global consumption speed S7.Gc,1/S L using the coy = 0.5 contour
are plotted in Figure 5.1. The measurement points are shown as open squares, triangles,
and diamonds, corresponding to turbulence generating plates a, b, and c in Table 5.1. Two
measurement points are shown for the three largest run conditions where a second set of

data was collected, and good repeatability is shown. Because S7cc,1 uses the average
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flame position in its definition, it is the most conventional form of the global consumption
speed, and is therefore a useful comparison between different experiment results. Included
in the plot are data points from Yuen et al. [140], which had reported burning velocities
at the largest turbulence intensities in the Bunsen geometry at the time. Their data points
are shown as inverted blue triangles, and it is clear that they agree well with the current
measurements for 10 < u’/S 1 < 25.

The current work measures the burning velocities at turbulence intensities u’/S ;. that
are more than six times larger than previous studies. It has been suggested that at large
turbulence levels the burning velocity curve will flatten out and no longer increase with
turbulence intensity. The proposed mechanisms include flamelet merging, residence time
effects, and the onset of local quenching and extinction. The current work shows that for
the Bunsen flame this is not the case. The global consumption speed is always increasing
in Figure 5.1, and exceeds 25 times the laminar value at the largest turbulence levels. The
burning velocity appears nearly linear in the range 0 < u’/S < 40, however significant
bending occurs as the turbulence intensity u’/S | exceeds 40. The bending of the burning
velocity curve will be discussed further later in this section.

The global consumption speed measured at the leading edge, S7.Gc2/S L, uses the
con = 0.2 contour and is plotted in Fig. 5.2. It is seen that the global consumption speeds
are much larger using the leading edge, and the largest measurements are approximately 70
times the laminar value. This is because the selected iso-contour of the mean progress vari-
able of OH is closer to the jet exit, producing a smaller flame surface area which increases
Stcce. It should be clear that the selection of an iso-contour of cog is entirely arbitrary,
and therefore no definition of the global consumption speed is more correct than another.
The selection of these two particular definitions was primarily motivated by the physical
significance of using the average flame position and the leading edge of the flame, as well
as the ability to compare with other studies that used similar definitions.

Comparing the two global consumption speeds, it is seen that S7.cc2 in Fig. 5.2 in-
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Figure 5.1: Global consumption speed Srgc,1 for the comg = 0.5 contour. Extreme levels
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Figure 5.2: Global consumption speed S 7 .Gc2 for con = 0.2 contour.
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creases with increasing integral scales, while values of S 7 Gc,1 do not (recall from Table
5.1 that the square symbols represent the largest integral scales, and the diamond symbols
represent the smallest integral scales). The differences due to integral scale are primarily
observed at large turbulence intensity, while in the range of ©’/S 1 < 20 all measurements
appear to collapse to a single curve.

The cases with the smallest slotted turbulence-generating plate (condition ‘c’, indicated
by diamonds) produced the smallest global consumption speeds. This is believed to be
due to the different velocity profile this slot produces; Table 4.1 shows that the centerline
velocity Uy for Case 6¢ is 14% larger than 6a. This is seen to produce a much taller
flame, and thus lowers the global consumption speed. Additionally, the PIV measurements
of section 3.2.3 showed that the hydraulic diameter of the integral scales for slot ¢ was
smaller than that of the other two turbulence generating plates. Fig. 5.3 plots the hydraulic
diameter versus u’, and it is seen that Lgp for the two larger slots collapse to a single curve,
while the curve for the smaller slots is much lower. As will be shown later in this chapter,
turbulent diffusivity is likely playing a significant role in the range of extreme turbulence
u' /S > 25. Because the turbulent diffusivity is proportional to the square root of integral
scale, it follows that the smaller integral scales produced by slot ¢ will be unable to increase
the burning velocity as substantially as the other slotted plates.

Figures 5.1 and 5.2 showed that the consumption speed evaluated at leading edge in-
creased with integral length scale, but when conditioned on the average flame position there
was no effect. To explain this result, a first hypothesis is that larger eddies might be better
able to displace the instantaneous flame surface from its mean location, and therefore pro-
duce a broader turbulent flame brush. This would lead to a smaller area of the leading edge
and cause the global consumption speed to be larger for larger integral scales. However, it
was found that the normalized centerline brush thickness (6g/D, where 6p is the distance
between the 0.5 and 0.2 contours of coy on centerline) collapsed to a linear function (see

Figure 5.4) of the normalized characteristic flame height (H/D). This indicates that the
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Figure 5.3: Variation of the hydraulic diameter Lyp of the integral scales with axial fluc-
tuations u’. The largest two slots (Cases 1-3a and Cases 1-4b) produce integral scales that
are approximately the same size. However, the smallest slots (Cases 1-4c) produce much
smaller integral scales.

centerline brush thickness is not strongly dependent on integral scale.

This result surprising at first, because it conflicts with the geometric observation that the
brush thickness must be increasing with L, if the area of the average flame is independent
of Lybut the leading edge surface area decreases with L,. The resolution of this question
arises from the observation that larger integral scales were observed to cause very large
but relatively infrequent side-to-side displacements of the flame. This lateral displacement
causes products to be located upstream of where the flame brush is normally positioned,
thus reducing the effective flame area and increasing the measured burning velocity. Fig.
5.5 gives an example of this effect. An instantaneous flame image and the flame brush
between the 0.2 and 0.5 contours of cop are shown for both a small and large integral scale.
It is clear that for the smaller integral scale, the flame is highly wrinkled and contorted, but
is generally present in the same location as the mean flame brush. However, at larger
integral scales the flame brush is able to be moved much further from the mean brush

location. Lateral motions are not found to alter the cog = 0.5 contour as much as the coy =
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0.2 contour, which explains the differences between Figs. 5.1 and 5.2. The ¢oy = 0.05
contour also was analyzed (but not shown) and it was found that the trend continues as
expected; an even greater integral scale effect was observed. However, these displacements
predominately effect the edges (large distance from centerline) of the flame surface, while
the brush thickness on centerline does not vary integral scale. This effect is seen clearly
by the shape of the leading edge of frame (c) and (d) in Fig. 5.5, where the curvature for
large radial distances is reversed for the small and large integral scale conditions due to
these side-to-side motions. This example reinforces the necessity of planar measurements
of the flame surface, as a measurement of the flame height alone would mask some of these
details.

The bending of the curves in Figure 5.1 is found to occur when the preheat zone thick-
ness becomes very large (typically greater than 20 mm, see Figure 5.6) [124]. The gray
region in Fig. 5.6 is the preheat zone, which is identified by the presence of formaldehyde
PLIF signal but no OH signal. CHEMKIN computations show that formaldehyde diffuses
throughout the preheat zone in a laminar flame. The preheat zone in Fig. 5.6 begins where
formaldehyde is 35% of its maximum value (corresponding to approximately 500 K) and
ends where the reaction zone (marked by OH signal) begins. Based on this observation,
it may be hypothesized that one factor that affects the bending is the ratio of the integral
scale to the preheat thickness. If the preheat thickness is 20 mm and the largest eddies are 6
mm, it may be that the smallest eddies will not survive passage through the hot viscous pre-
heat gases, and therefore cannot act on the flame surface. Furthermore, the response of the
largest eddies in the flow is not known. Thus if the eddies do not survive, that may be a rea-
son why increasing the turbulence level does not linearly increase the burning velocity and
bending is observed. Moreover, cases with a larger integral scale see less ‘bending’ in Fig.
5.1b, while smaller integral scales begin to exhibit a plateau in flame speed more rapidly,
suggesting larger integral scales are more resistant to preheat-turbulence attenuation. Our

observed result was predicted by Lipatnikov, who estimated that only eddies larger than the
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Figure 5.5: (a),(b): Instantaneous flame images for a small and large integral scale. Note
that the flame with the large integral scale is displaced further from the average location.
(c),(d): Mean flame brush, the distance between the 0.2 and 0.5 contours of cppy, for the
small and large integral scale case. Note that the shape of the leading edge is very different
for the two cases.
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preheat zone thickness can survive the dissipative effects of the preheat region and modify
the reaction layer and local burning rate [72].

This concept of eddy decay in the preheat zone can be stated in another way. Where the
curves in Fig. 5.1 are linear, the preheat zone is thin so the turbulence level approaching the
flame is nearly the same as the turbulence that traverses the thin preheat layer and reaches
the reaction layer. Where the curves in Figure 5.1 are bending, the turbulence level (u’) that
survives and reaches the reaction layer is less than the upstream value of u’ that is plotted on
the horizontal axis. The effective turbulence acting on the reaction layer has been reduced
by the preheat layer. This would shift the data points for large u’ to the left in Figure
5.1, resulting in less bending. The work suggests that a new type of turbulence might be
considered, called the effective turbulence, that differs from the upstream turbulence which
is measured ahead of the preheat region. This observation, coupled with the observations
discussed in Chapter 4, is the motivation for the simultaneous PIV and formaldehyde-PLIF
measurements, to be described in Chapter 6. To foreshadow the results of that chapter, it
does not appear that the turbulence level ©” changes significantly during its passage through
the preheat layer; however, the integral scale does appear to grow, implying that the smallest

eddies are attenuated through either thermal expansion or viscous attenuation.

5.2.1 Effect of co-flow on the measured burning velocities

At this point, a critical observer may question how well the turbulence conditions that are
actually impinging on the flame are described by the measurements of the cold flow issuing
from the central jet. There is a shear layer between the co-flow and the central jet, and this
will generate turbulence to some degree. This may mean that the value of «’/S ; indicated
in Figs. 5.1 and 5.2 is significantly different from the true turbulence levels acting on the
flame.

To evaluate the effect of the shear layer with the co-flow and its interaction with the

central jet, Cases 1-3b were measured with a co-flow velocity twice that of the standard
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Figure 5.6: Illustration of broadening of the preheat zone for a representative flame (case
4a). Black indicates unburnt reactants, gray is preheated reactants (formaldehyde signal),
and white is products.
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Figure 5.7: Effect of co-flow on the measured global consumption speeds.

conditions (accounting for thermal expansion, the mass-average velocity was increased
from 9 m/s to 19 m/s). The results are given in Fig. 5.7, with red symbols corresponding to
the doubled co-flow condition. The results show little change from the nominal condition,
with Case 1 burning velocities reduced 10-15% and Cases 2-3 changing by less than 5%.
The burning velocities decrease because the larger co-flow velocity is closer to the very
large jet velocity, and therefore any shear-generated turbulence arising from the co-flow is
reduced. This result indicates that the burning velocity S 7.g¢ is not highly sensitive to the
co-flow conditions, and suggests that the flame is positioned inside the shear layer. The
contribution of the shear layer to the turbulence levels seen by the flame will be revisited in

Chapter 6.

5.3 Contribution due to flamelet wrinkling

The contribution due to flamelet wrinkling (S 7 r) is defined as the integral of flame surface
density f 2dn, and is a measure of the increase in flame surface area from the laminar

value. The stretch factor Ip, which accounts for deviations in the laminar burning rate due
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Figure 5.8: Two measures of the extent of flamelet wrinkling. Red data points correspond
to Str=Srl f 2dn. Blue data points correspond to the direct computation of Ay /Aj.
Symbol notation is identical to Figure 5.1.

to kinematic stretch, is assumed to be unity. The increase in flame surface area can also
be evaluated by directly computing the quantity A7 /Ay, by taking the ensemble average of
measured reaction layer surface area and dividing by the area coy = 0.5 contour. Further
details regarding the methodology are described in Section 2.4.2. These two measurements
are plotted in Fig. 5.8; the red symbols correspond to the S7 /S = f 2dn, and the blue
symbols are the direct computation of A7 /Ar.

Fig. 5.8 shows that the flame surface area rapidly increases with u’/S ., until it reaches
approximately 3.5-5 times the laminar value. However, as the turbulence intensity is made
larger, no further increase in the flame surface area is observed. The two measurements of
flamelet wrinkling agree well, however the integral of flame surface density does produce
slightly larger magnitudes at most values of #’/S ;. This may be because some amount of
the flame surface density £ on the reactant-side of the flame cone is double-counted , as the
integration path of two separate measurement points may intersect. Alternatively, the value
for Ay used to compute A7/Ap in Fig. 5.8 was assumed to be the coy = 0.5 contour, and

this may underestimate A7 /Ar.
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Figure 5.9: Distribution of the integral of flame surface density [Zdn. The distribution
was similar for most cases, so the data was collected to a single set to show the number of
occurrences per bin as [ Zdn is increased. The average is slightly greater than 4, and the
frequency of occurrence for [ dn > 6 is very small.

The value for [Edn was generally larger at the flame tip, where tangential strain is
reduced and more wrinkling is possible. The histogram for the measurement [ Zdp is
given in Fig. 5.9; the profile was approximately the same for all run conditions, so the
entire data set was compiled to increase the population field in Fig. 5.9. The function has a
tall and narrow peak, with a mean around 4-5. However, a long tail in the profile is visible,
with some measurements producing values of 8 < [ Zdn < 14. These large values occurred
exclusively in the tip region, where wrinkling was more extensive. This reinforces the
notion that Bunsen flames are highly geometry dependent, as the burning rate (evidenced
by [ Zdn) will increase as the measurement domain moves from regions of high strain near
the base to the freer propagation occurring near the tip [106].

An important result is that the flamelet wrinkling parameters do not continue to increase
indefinitely in the extreme range of turbulence. Returning to the results of Section 5.2, it
is clear that the measurements of S 7G¢c/S 1 do not follow the same trend. The two mea-

sures of flamelet wrinkling are reproduced in Fig. 5.10, along with the global consumption
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Figure 5.10: Mean flamelet velocity (S 7.r, lower curve), compared to global consumption
speed (S 7.6c,1, upper curve). Symbol notation is same as Fig 5.1.

speed StGc,1/S1. It is seen that the flamelet wrinkling factor is much smaller than the
consumption speed S 7Gc,1, and the lower curves are flat, indicating that it is independent
of u’/S . This trend was previously seen by Giilder et al. [57] and Yuen et al. [140] for
lower turbulence levels. This implies that the increases in the global consumption speed
are not due to increases in flame surface area. Recall that there are two contributions to the
burning rate: (1) the surface area of the exothermic layers, and (2) the local consumption
rate per unit area of the layers. Therefore, because the flame surface area has plateaued yet
reactants continue to be consumed more rapidly, the local consumption rate per unit area
must be increasing.

The observed plateau of Ar/A can be explained by the transition from thin to broad-
ened (or distributed) flamelets. Broadened here refers to the width of the flame brush,
not the instantaneous reaction zone thickness which remains approximately constant (see
Chapter 4). Despite the flame continuing to consume reactants at a greater rate, the total
wrinkled flame area remains unchanged. That is, the peak flame surface density decreases,
but the width of the flame brush increases. Expressed another way, the flame occupies

a larger region of space, but the probability of a flame existing at any given location de-
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creases; this leads to an integrated flame-surface density that is constant. The contribution
due to flamelet wrinkling (S 7 r) is only useful as a burning velocity in the thin flamelet
regime when it nearly equals the consumption speed.

In previous work, the formula S7 /S, = I f_ozo 2dn has been used to express the con-
sumption speed, with the implicit assumption that S7cc/St = Ar/AL [125]. When the
measured consumption did not match the flame surface area Ar/Ar = [ Zdp, the stretch
factor was assumed to be the difference, Ip = (S7,r/S1)/ [ Zdn. In the cases of laminar
flamelets this approach is valid, as the stretch factor is intended to incorporate changes
in the local propagation speed due to mechanical stretch; i.e. the stretched laminar flame
speed Ip = S1/S 1. Laminar flames measuring stretched burning velocities have shown
that Ip can be as large as 2, i.e. stretch can change the local propagation rate by a factor
of 2 [21,54]. However, in cases where the turbulent diffusivity (D7 ~ (u’L)'/?) is increas-
ing the local consumption rate, the burning velocity will exceed the stretched laminar flame
speed, and this concept becomes less useful. As shown in Fig. 5.10, the global consumption
speed greatly exceeds the flamelet wrinkling parameters in the present work, and therefore
it is argued that S 7  is not useful for extreme turbulence.

At this point, it is useful to make a comparison with a recent experimental result from
Osborne et al [88], who performed simultaneous PIV and OH and formaldehyde PLIF
measurements in a version of the Hi-Pilot burner. They performed Lagrangian tracking of
individual particles through the preheat zone (indicated by formaldehyde PLIF), and used
the OH-PLIF boundary to mark the reaction layer. The transit time 7. of these particles was
measured, and by taking the ratio 7./dpmzr from their measurements, they obtain a direct
measurement of a velocity scale. They argue that this is essentially a measure of the local
consumption rate, since it includes the time scale of the gas to pass through the measured
thickness of the flame. Therefore, this is be denoted as S;, and is a measure of the local
consumption speed. Their result is shown in Fig. 5.11.

Fig. 5.11 shows the joint-PDF of S;/S versus the measured normalized preheat zone
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Figure 5.11: Experimental result of Osborne et al. Taken from [88]. Joint probability
distribution for S;/S;, versus dro/0p.

thickness dyo/d;. Their Case 1 and Case 2 have u’/S; =5 and 20, respectively. The param-
eter S; increases with the preheat layer thickness (the slope of the JPDF is positive), which
indicates that the consumption rate increases with the local flame thickness. Furthermore
the most probable value of S;/S 1 increased between Case 1 and 2, indicated by the increas-
ing slop of the JPDF, which indicates that the average consumption rate is increasing with
' /S . This result supports the measured values of S 7.g¢,1/S rand A7 /A in Fig. 5.10, as it
indicates that the consumption speed is increasing in regions of thick preheat zones and that
the flames are not laminar flamelets. This provides an additional check on the measured
burning velocities, because it was performed in the same burner and supports many of the

conclusions mentioned previously.

5.3.1 Alternative measure of flamelet wrinkling from the CH-PLIF

Thus far, we have shown that the local consumption rates appear to be enhanced in extreme
turbulence, presumably due to the increased turbulent diffusivity present in broadened pre-
heat layers of the Hi-Pilot flames (section 4.3). The reasoning for this conclusion is that
the measured global consumption speeds greatly exceed the increase in the measured flame

surface area. However, a reader may question the resolution capabilities of the large FOV
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PLIF images, from which the results of Fig. 5.8 were obtained.

In order to address this, the CH PLIF and Overlap PLIF measurements of Chapter 4
(described in Sections 2.4.1.2 and 2.4.3) were used to compute an alternative measure of
the flame surface wrinkling. Both CH and Overlap PLIF were performed at high resolution
capable of accurately resolving the reaction layer thickness. Therefore, these measurements
provide an ideal check of the results of Section 5.3.

The flame surface densities were computed using a 0.91 mm and 1 mm box in the
Overlap and CH-PLIF images, respectively. The integral of flame surface density was
computed, but the integral was performed slightly differently. The integral of flame surface

density is called € in these measurements, and is defined as

Q= %/00 X(x,r)dr (5.1

The reason for the change in definition is that the smaller field of views used in these
measurements did not permit the use of the mean flame brush as used in the definition of
S r.r. Additionally, because these measurements were taken near the middle of the flame,
the average flame brush was approximately vertical, so the results would not be expected
to change significantly. This method is identical to the measurement of Qcy performed
by Filatyev et al in a weakly turbulent slot burner. The parameters Qo7 and Qcy were
computed and are plotted in Fig. 5.12.

The results appear consistent with the conclusions of Section 5.3. The wrinkling in-
creases approximately linearly in weak turbulence for u’/S 1 < 25, but the results plateau
and no increases in flame surface area are observed for at u’/S | = 62. There appears to
be a slight decrease in both Qcy and Qpy, at the largest turbulence levels, which was also
seen in Fig. 5.8 for S 7 r. These results suggest that lack of resolution of the smallest scales
in the large field of view (used in the OH-PLIF) does not inhibit an accurate measure of
the total flame surface wrinkling. This is because most of the area of the wrinkled surfaces

is embedded in large scale wrinkles, with smaller scales contributing subsequently smaller
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Figure 5.12: Wrinkling parameters Qcy and Qqy, for the CH-PLIF and Overlap, respec-
tively. Symbols correspond to cases 2a, 3a, 4a, and 5a described in Table 4.1 in Chapter
4.

amounts. This will be addressed in further detail in Section 5.4.1.

5.3.2 An aside on the maximum extent of flamelet wrinkling

Based on the current data here and in recent work by Steinberg and Gulder, it appears that
there is a maximum extent of flame surface wrinkling. No work has been reported where
the turbulent flame surface area exceeds three to five times the laminar value. This limiting
value has been observed in DNS studies of [7,97,106], the turbulent swirl flames of Allison
et al [3], and the Bunsen flames reported here and in [56, 88, 116, 140]. This suggests that
after the point A7 /Ar ~ 5, flame surface destruction balances out continual increases in
area, possibly due to flamelet merging. After the surface area of the exothermic layers
has been maximized, the results here show that the burning velocity continues to increase,
which must be due to enhanced burning rates per unit area (i.e., turbulent diffusivity).
However, some DNS work has shown that even at very large turbulence intensities (u’/S 1 >
30), the flame surface area continues to determine the burning velocity, thatis S7.6c/SL =

AT /AL.
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It is a hypothesis of this work that larger scales of turbulence are more effective at
wrinkling the flame surface. Examining the DNS data, it appears that even though the
burning velocity depends only on A7 /Ay even at very large turbulence levels, the magni-
tude of Ar /Ay remains small, less than 5 [97, 106]. Therefore, the small integral scales
of DNS studies are not capable of wrinkling the flame sufficiently to saturate the flame
surface area. As the integral scale is increased, more and more wrinkling will become
possible, until eventually the saturation point will be reached. At this point, A7 /A can no
longer increase, and any further enhancement of the burning rate must come from enhanced

turbulent diffusivity.

5.4 Uncertainty in the measured burning velocities

The uncertainty in the measurement of S7,G¢c will derive from two factors. Recall that
the global consumption speed is defined as S7c = m/(pA), and therefore any error in
the determination of the mass flow rate of reactants or the average flame surface area will
contribute to error in S 7,g¢. The uncertainty in the mass flow rate is equal to the uncertainty

in the choked orifice, which is:

A |(APG\ (AA*\P 1 (AT,\
z ‘\/( ) *(A*) +1(r—o) 62

which was discussed in Chapter 2 and was shown to be approximately 3%. The un-

certainty in the flame surface area Ar derives from two sources: pixelization of the flame
surface area, and out of plane leaning effects. The coy = 0.5 contour is an infinitely thin
boundary that is represented in an image as a line one pixel in width. Therefore, the possi-
bility for errors to arise does exist, especially when the surface is angled diagonally across
the image, as pixelization will render a horizontal line that appears like a staircase. Addi-
tionally, wrinkles smaller than the resolution cannot be resolved, and therefore any increase

in flame surface area beyond this point cannot be captured. The effect of pixelization has
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been examined by Filatyev [110] and was shown to be approximately 3%. It is not expected
that unresolved wrinkles will have any significant effect for two reasons: first, they do not
change the mean position of the flame, they will only distort the local surface about a mean
location; and second, due to the fractal nature of flamelet wrinkling, each successive scale
will contain less of the total ’energy’ of the flame surface. Therefore, the smallest wrinkles
will not contribute significantly to the flame surface area, as most of the wrinkling comes
from scales larger than the Taylor scale (see Section 5.4.1).

The last source of error is the most difficult to deal with, and cannot be adequately
treated from the planar scalar measurements. If the flame is leaning significantly out of
the plane of the laser sheet this can lead to a significant overestimate of S 7,G¢, since you
would essentially be measuring a contour of coy that has a much smaller area. However,
two remarks will lend confidence to the measurement. First, the measure of Srgc has
shown to be repeatable, whereas the dynamics of the flow exit angle (relative to centerline)
varies randomly each time the burner is re-configured (for example, changing out turbu-
lence generator plates). This suggests that the average flame cone is not significantly off-
center of the measurement plane. Additionally, only Cases 5a and 6a saw any noticeable
amount of asymmetry about the centerline, therefore only these Cases have the possibil-
ity of significant out-of-plane effects. In order to ensure that these effects are accounted
for, three-dimensional measurements would be required; either through multi-plane PLIF
measurements or tomographic chemiluminescence.

To estimate the uncertainty arising from this effect, consider an average flame cone that
is 70 mm tall and is displaced 2 mm from the centerline plane due to flow asymmetry.
Note that the base diameter of the cone is given by the burner exit of 21.6 mm. For a
circular cone, the surface area A is given by A = nirs, where r is half the base diameter,
s = Vr2 +h2is the slant height, and 7 is the height of the cone. In this case, the surface area
A of the 70 mm tall cone is 2403 mm?>. If the cone is shifted by 2 mm out of plane (due to

asymmetric leaning), the measured height would be 57 mm. The measured area of this cone
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would then would be 1968 mm?, which is 18% less. Therefore, a conservative estimate in
the uncertainty in the measured flame surfaces is 18%. Note however that this corresponds
only to a lower uncertainty limit. This is because any asymmetries in the flame surface will
produce a smaller flame surface and therefore a larger consumption speed. There is also
the question of the accuracy of the measured flame surface in the measurement plane, as it
may be questioned whether the finest scales of wrinkles are fully resolved. This question

is addressed in the following section 5.4.1.

5.4.1 Uncertainty in the flame surface wrinkling A7 /A

An important question is how accurate are the measures of flamelet wrinkling if the smallest
scale wrinkles are not captured in the measurement. Conceivably, there may be lots of
surface area generated at higher turbulence that is unresolved by the measurement, which
would mean that the flame surface area may continue to increase with turbulence intensity,
counter to the findings presented in 5.3. In this work four alternative measures have been
provided for the extent of flame surface wrinkling: [=dn and Ar/A; computed from the
large field of view OH-PLIF, and Qcy, and Qg from higher resolution measurements. All
four measurements agree both qualitatively and quantitatively: the flame surface wrinkling
does not change significantly over the range of conditions studied, and no flames indicate
an increase in flame surface area Ay /A, > 5. Thus, because the measured value does not
change significantly as the resolution is varied, it would appear that the inability to resolve
the very finest scales of turbulence does not affect the result.

However, it is important to quantify what fraction of the turbulent scales must be re-
solved in order to accurately capture the flame surface area, and how would the measure-
ment change with full resolution. This can be addressed by considering the distribution of
flame surface area caused by each scale, which has been extensively studied in the field
of fractals [53]. To borrow an old statement of the problem, “how long is the coastline of

Great Britain?”. Of course, this will vary depending on the scale you use, as a map with
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a resolution of a few meters will smooth over some of the surfaces (wrinkles). A surface
can be measured using a polygon of N sides, with each side having a length of €. The total
length of the surface is then Ne, and the interest in fractals arises from the fact that the
quantity Ne tends to increase as € is made smaller. Of course if the scale € is larger than
the scale of the smallest wrinkles, the reason for this behavior is clear, since the scale € is
simply filtering the surface.

A fundamental finding of fractal mathematics is as follows: the measured area of a
fractal surface is proportional to the measurement scale according to €2, where D is
called the fractal dimension [53]. From the work of Mandelbrot [74], if the measurement
domain has a volume of L3, then the area associated with a wrinkled surface is measured

as:

A~ PP (5.3)

Again, the measured value of A depends on the measurement scale e. For turbulent
flames, the fractal dimension D is almost always between 2.35 and 2.6. Of course, if a
scale € is taken that is smaller than the reaction layer thickness, then A would not change
further as € is decreased. Therefore, a lower limit to € is dgz, and A is approximately
constant below this point. When plotted on a log-log plot, the measured area is related to
the measurement scale € as given in Fig. 5.13.

Fractals have been measured experimentally by Gulder et al [56], who performed both
OH PLIF and Mie scattering to measure the instantaneous Propane-air flame surfaces, and
extracted fractal length scales. The resolution in their experiment was 350 um in the OH
PLIF and 150 um in the Mie scattering, and the measured inner cutoff was found to vary
with the size of the burner diameter. For a 22.4 mm Bunsen diameter, the inner cutoff
was greater than 1.1 mm for all flames, and the outer cutoff was approximately 12-16 mm,
depending on the measurement technique. For the smaller diameter burner, the inner cutoff

was reduced but no less than 0.71 mm. Previous work by the [116] showed that the inner
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Figure 5.13: Variation of the measured flame surface area A in a box of volume L3, using a
measurement scale €. The lower cutoff ¢; corresponds to the reaction layer thickness, and
the outer cutoff €, corresponds to the integral scale.

cutoff ¢ for methane-air flames was approximately 1.5 mm, which is consistent with that
of [56].

Assuming that the value for ¢ is approximately the same in the Hi-Pilot, then a con-
servative estimate of the resolution required to accurately measure the flame surface area
i1s € = 1 mm. For all measurement cases the resolution was much smaller than this limit;
the worst resolution in the present measurements corresponds to the largest field of view in
the OH measurements, which had a nominal pixel size of 0.3 mm. Therefore, the wrinkled
flame surface should be adequately resolved. If the resolution were only half as accurate,
and the scale € is taken to be 2 mm, Fig. 5.14 shows that the error in the measured flame
surface is approximately 15%.

Lastly, as an aside, it is sensible that scales smaller than approximately 1 mm should not
contribute significantly to the flame surface area. The minimum measured laminar flame
thickness occurred at ¢ = 1.05 and was dr 7 = 0.76 mm. The scale of the reaction zone
imposes a firm lower bound of € ~ 0.4 mm, however any wrinkle less than ~ 1.5 mm is

expected to be unstable. This is because a wrinkle of the size A = 26F;, will experience
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Figure 5.14: Experimental result from Gulder et al [56]

merging of the preheat layers and accelerated combustion. Likewise, any wrinkle smaller
than A = 26z = 0.8 mm will produce merged reaction layers, and the wrinkle will disap-

pear.

5.5 Measured turbulent burning velocity correlations

As discussed previously, there are thought to be two general contributions to the turbulent
burning velocity: (1) flamelet wrinkling which increases the surface area of the exothermic
layers, and (2) increases in the local consumption rate per unit area of the layers, due to
enhanced turbulent diffusivity. The conventional idea is that flamelet wrinkling and the
resulting increase in flame surface area is the primary contribution to burning velocities
at lower turbulence intensities. Kuo examines a geometric relation for burning velocity
originally derived by Shchelkin [67], who assumed the wrinkling process can be viewed as

flame surfaces becoming distorted into cones. The result is of the form:
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ST _ u 2
St _ 1+A(S—) (5.4)

SL L

In Eqn. (5.4) A is an experimentally determined constant. Bending (nonlinear behavior)
has usually been observed in experiments [21,41,48, 140], and is not accounted for in this
analysis. Possible causes for this effect are flame surface destruction by merging or local
extinction, residence time effects (associated with increasing the overall turbulence level «’
by increasing the bulk velocity Uy), or turbulence attenuation through a broadened preheat
zone. The geometric analysis of Shchelkin predicts a linear relationship between burning
velocity and turbulence intensity at large values of u’ /S [.

Section 5.3 provides evidence that increases in burning velocity at large turbulence lev-
els are not due to increases in flamelet wrinkling. References [67,94] discuss Damkdohler’s
prediction that the turbulent burning velocity in the Broadened Preheat - Thin Reaction lay-
ers (BP-TR) regime is proportional to the square root of turbulent diffusivity Dy ~ (i’ Ly)'/?

multiplied by a reaction rate, based on analogy with the laminar case:

St _ \/(a+u’Lx)*RRT /uL |RRT (5.5)
St Va*RRy RRy .

Eq. (5.5) predicts that integral scale is a governing parameter. However the ratio of

reaction rates in Eq. (5.5) can depend on flame stretch and the residence time during which
the stretch rate is applied. This can introduce Karlovitz and Lewis numbers, as discussed
by Andrews et al. [4], as well as the residence time (x/Uj) of eddies in the flame brush that
is based on the mean velocity. Empirical correlations were designed to incorporate these

physical models, and the suggested form is given in Eqn 5.6.
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Table 5.2: Experimentally determined constants for Eqns. (5.6),(5.7)

Parameter S7cc1/St St6c2/SL OpHZT/OPHZL

) 0.9 5.7
e 25 20

3 1.0x107>  2.0x107
C4 - -

n - -

m - -

S \?
St St +(u’)
e+ —
St

2.2
0.30
0.24

(5.6)

i o
1+c3 —_—
( \/ S1)\0pPHZL/\OPHZL

OPHZT ( u )n( Ly
=1+cy
OPHZL

OPHZL St

OPHZT _ 1)
OPHZL

(5.7)

Parameters c| —c4, n, and m for the present data are given in Table 5.2. Note that values

are listed that yield good curve fits for measured values of both consumption speeds S 7.Gc.1

and S 7 c2. The square root factor that contains ¢ in Eqn. 5.6 is identical to Eqn. 5.4, and

this factor dominates at low turbulence levels. The factor that contains c; is a bending term

that is unity at low turbulence levels and becomes important at elevated turbulence levels.

This factor is suggested by the analysis of Duclos et al. [42]; it arises due to the destruction

term associated with flamelet merging in their flame surface density balance. The term that

includes c3 in Eqn. 5.6 is seen to be negligible when the preheat zone thickness (0pmnz7) is

not much larger than its laminar value. For thick preheat zones, this term accounts for the

enhanced diffusivity of heat (and thus the enhanced reaction rate) due to turbulence within

the preheat zone, as was suggested by Damkohler.

It is observed that both the longitudinal and transverse integral scales are relevant to
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determining the burning velocity, as they both contribute to the effective size of the tur-
bulence. However, it was not possible to perform PIV measurements over all Hi-Pilot run
conditions, due to the extremely large separation of scales. Therefore, the slot width of the
turbulence-generating plates is used in Eqn. 5.6 as a proxy variable for the lateral integral
scale.

In general, the quantities in Table 5.2 will be functions that depend on the composition
of the reactants. Since composition was not varied in this work, these parameters are con-
stants. The effect of Le and ¢ on the measured burning velocities are important questions
that should be addressed in future work. The performance of Eqn. 5.6 for the two mea-
sured consumption speeds S rGc,1 and S 7,6c2 is given in Fig. 5.15, and good agreement is
observed for all conditions.

The present results suggest that the turbulence level and integral scale at the reaction
layer differ from those in the upstream reactants. This has been predicted by the very
high Ka DNS flames of Savard et al. [107, 108]. It is observed that our extreme levels of
turbulence (’ /S up to 163) broaden the preheat layer dramatically to a thickness that is
regularly greater than 20 mm. Additionally, the work of Osborne et al [88] shows that the
local consumption speed is proportional to the preheat thickness. The elevated viscosity
could reduce u’ and modify L,. This is a dynamic system, as the preheat thickness depends
on the same variables as burning velocity; as the preheat layer broadens with increasing
turbulence, it may attenuate some of the eddies acting on the reaction layer downstream.
This possibility was discussed previously in Chapter 4. Thus it is suggested that the preheat
zone thickness is a variable that indirectly modifies the burning velocity by modifying the
incoming turbulence. The work points out the need to measure the variation of turbulence
level and integral scale as a function of distance through a thickened preheat zone, which is

the subject of the simultaneous PIV and formaldehyde PLIF measurements of Chapter 6.
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Figure 5.15: Correlations for burning velocity
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5.6 Conclusions of the burning velocity measurements and
implications for modeling

Three types of turbulent burning velocity were measured in the new range of extreme tur-
bulence (defined as u’ /S 1 > 25), and turbulence levels exceeded six times that of previous
work. The conventional consumption speed S7,6c,1 (based on the area of the coy = 0.5
contour) and the leading edge consumption speed S r7cc2 (based on the ¢oy = 0.2 con-
tour) increase with increasing turbulence levels. Both consumption speed curves displayed
bending, and values of S 7c,1/S 1 exceeded 25.

Several measurements of flamelet wrinkling were performed, and it was observed that
increasing u’/S 1 in the extreme range of turbulence does not cause further increase in
Ar/Ar, indicating flame surface destruction balances further increases in wrinkling in this
regime. This is consistent with data of Giilder [116, 140] who considered lower turbulence
levels. Thus S and A7 /A are not good metrics of the burning velocity in the extreme
turbulence range, because S r is based on thin flamelet assumptions that are no longer
valid.

The results of this work should be useful to the modeling community, for whom ac-
curately capturing the turbulent flame speed is an essential component of any model. The
results show that despite the reaction zone maintaining a flamelet-like structure (Chapter
4), the flames are not laminar flamelets. This is because the burning velocity is enhanced
due to the actions of turbulent diffusivity, and therefore the local propagation rate exceeds
the value of S7 that can be expected using stretched flame concepts. The work shows that
any modeler who wishes to accurately capture the turbulent flame speed must have both
a flamelet wrinkling (flame surface density) sub-model, as well as a turbulent diffusivity

sub-model, as both terms are significant in extreme turbulence.
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CHAPTER 6

Simultaneous Measurements of Velocity and

Preheat Structure

The work of this thesis thus far has shown that the flames in the Hi-Pilot have a structure
consisting of wrinkled, thin flamelets, but the preheat layer is fully broadened (meaning it
has thickened sufficiently to extend to all reactants within the flame cone). The turbulent
burning velocities are increasing due to mechanisms of turbulent diffusivity, and flamelet
wrinkling is saturated for u’/S >~ 20, where further increases of u’/S do not increase
A7 /Ar. However, these results conflict with the analysis of Peters [92-94] which would
predict that a number of our flames should be in the broken reaction layers regime. One
possible explanation for this discrepancy is that the turbulence is weakened during passage
through the preheat layer, which may be due to attenuation of #’ or dissipation of the small
scales (and therefore growth of the 7;). Or, it may be that disruption of the reaction layer
requires very strong, small eddies. Peters’s criterion only requires that eddies are small
enough to fit inside the reaction layer, but does not state how strong the eddies must be
to broaden or break it. A corollary to this is that the reaction layers may be much more
resilient to turbulence than previously expected, possibly due to the enhanced diffusivity
that will occur when the preheat layers are broadened.

The fact that broadened or broken reaction zones are not observed at the very large tur-

bulence levels of u’/S | = 243, as well as the simultaneous broadening of the preheat layers
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that corresponds with large-scale bending of the S 7 ¢ curves, suggests that the broadened
preheat layers are interacting with and modifying the incoming turbulence impinging on the
reaction surface. If turbulence levels «’ /S | are attenuated or fine-scale structures are dissi-
pated during passage through the broad preheat layers, that would provide an explanation
for the results observed in Chapters 4 and 5.

The works of Dunn et al [43,44], Zhou et al [143-145], Savard et al [107, 108], and
Aspden et al [7, 8] are among the only studies that have shown evidence of non-flamelet
like behavior. Thus, although they show that it is possible to produce broken or distributed
zones, all of them utilized relatively small scale experiments and the results have yet to
be observed in larger configurations. The DNS of Savard et al observed some dissipation
of fine-scale structures as the preheat layer broadened, but the effect of this mechanism at
larger scales has not been tested. Therefore, there is a gap in turbulent combustion theory,
which this chapter will address.

This work marks the first experimental study to test whether turbulence decays and inte-
gral scales increase within the preheat layer due to viscous decay and/or thermal expansion,
which was predicted by the analysis of Lipatnikov and observed in the DNS results of As-
pden et al and Savard et. al. Simultaneous PIV and formaldehyde PLIF measurements
were performed in order to obtain conditioned statistics of the turbulence as a function of
the distance from the reaction surface. There are few previous attempts to measure condi-
tioned turbulence statistics in this way. Frank et al [49] performed simultaneous OH-PLIF
and PIV measurements in weakly turbulent (2 < «’/S 1 < 9) methane-air flames stabilized
on a 36 mm piloted Bunsen burner. Their results showed a transition from counter-gradient
to gradient diffusion occurred as u’/S 1 increased. Bohm et al [17, 18] applied simultane-
ous particle image velocimetry (PIV), particle tracking velocimetry (PTV), and OH-PLIF
to obtain conditional flow field statistics in partially premixed opposed jet flames. Their
results were used to obtain profiles for turbulence statistics such as turbulent kinetic energy

and vorticity through the reaction layer.
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The goals of the conditional velocity measurements are to show how the turbulence
level u’ and integral scales vary across the broadened preheat zones in order to determine
the turbulence level that finally reaches the reaction layer. This should help us better under-
stand why the reaction layers are not broadened or extinguished in extreme turbulence, and

may also help explain the observed bending of the measured consumption speeds S 7.Gc.
6.1 Definition of Conditioned Velocity

Conditioned velocities in the present study are defined to be velocities that are conditioned
on 1, the distance from the reaction layer boundary. Thus 77 = 0 is the upstream boundary of
the reaction layer and positive values of 1 represent locations in the preheat layer. Negative
values of n occur in the products. For each pixel in each recorded image, the value of n
is determined. An ensemble is created of velocities associated with a certain value of n
(plus or minus An) and the average of this ensemble is computed. The value of «’ where
n is positive represents turbulence in the reactants. The value of u’ for negative values of
n represents turbulence in the products. The reaction layer is idealized to be an infinitely
thin sheet, which was shown by the flame structure measurements of Chapter 4 to be a
reasonable approximation.

Bray et al. [23], Gulati and Driscoll [40, 55], and Shepherd et al. [112] have demon-
strated the need to know conditioned velocities in premixed turbulent flames. Velocity
fluctuations (") at a point P have three contributions: one is due to u’ recorded at times
when reactants are present at P (positive values of 1), and a second is recorded at times
when only products are present at P (negative values of 7). A third contribution to the
unconditioned value of u’ is due to flamelet crossing, but this third contribution to v’ is
not turbulence. Consider a laminar flame that oscillates over point P (see Fig. 6.1). The
measured value of u’ will be large because the velocity oscillates between the velocity of
the reactants and the larger velocity of the products, but the measured value of ” in this

case does not represent turbulence. Thus, the unconditioned value of «’ in a premixed tur-
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Figure 6.1: Illustration of the contributions to velocity fluctuations «’ at a point P that is
near the flame surface. Fluctuations of the flame surface about the point P will produce
measured values of #’ that are very large, but are not physical. Conditional sampling of
velocity in the reactants and products eliminates this source of error.

bulent flame is not a measure of the turbulence in either reactants or products. In this work,
the conditioned velocity measurements prevent this fictitious turbulence due to flamelet

crossing from contributing to u’.

6.1.1 Identification of the local distance from the reaction layer

Obtaining turbulence measurements conditioned on the local distance from the reaction
layer required generating a map for each image that assigned every velocity vector a dis-
tance from the flame front. This required first marking the products in each simultaneous
PIV-CH;O image. The products are distinguished from cold reactants by the combination
of absence of formaldehyde signal, a sharp gradient in formaldehyde, and a drop in seed
particle density due to gas expansion. A computer code was written to identify these re-
gions, and each image was verified (and if necessary, corrected) by hand in post-processing.

Data sets consisted of 1,000 raw images, and approximately 750 were used for data anal-
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Figure 6.2: Example of contours of local distance from the reaction zone. Change colormap
to white in products

ysis. The remainder were discarded due to either ambiguity distinguishing products from
reactants, or difficulty identifying the leading edge of the formaldehyde structure (i.e., the
edge was outside of the field of view). At this point, the formaldehyde edge is separated
into two segments - one which faces the reactants (the preheat zone edge) and one which
faces the products (the reaction zone). For each pixel in an image, the distance to the near-
est reaction zone edge is identified, and this value is assigned to the corresponding velocity
vector or turbulence statistic at that location. An example of a resulting distance map is
provided in Figure 6.2. The white region is the product region, and the contours show
increasing distance from the reaction zone.

At this point, all velocity vectors have been associated with a local distance from the re-

action layer. The velocity measurements are then conditionally sampled in order to obtain
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profiles through the flame. To do so, the distance from the reaction surface is discretized
into bins of 0.05 mm (50 um). That is, all velocity vectors within 0.05 mm of the reaction
layer are collected into one group, all vectors between 0.05 mm and 0.10 mm are collected
into another group, and so on. Typical bin sizes exceed 100,000 vectors, and the minimum
bin size for computation was 10,000 vectors. From these conditionally sampled vectors, a

mean velocity U is computed for each bin, with the tilde indicating the conditional mean.

. oo~ ~\2 )
Next, fluctuation velocities u’ = (u -U ) are defined, producing the turbulence level con-

ditioned on the local distance from the reaction layer.

6.2 Run conditions and measurement location

The Hi-Pilot burner was used for the simultaneous PIV and formaldehyde PLIF measure-
ments. The run conditions studied in this measurement are Case 3b and 4b, with equiva-
lence ratio set to ¢ = 0.75. Fig. 6.3 displays the progress variable of OH (measured from
the OH-PLIF described in Chapter 5) for Cases 3b and 4b, and the measurement location is
superimposed in red. The field of view is positioned to capture approximately the middle of
the flame brush, with the cog = 0.5 contour passing through the middle of the black box in
Fig. 6.3. This corresponded to positions in the lab coordinates relative to centerline above
the jet exit plane of —15.7mm < r < —6.5mm and 20.0mm < x < 29.2mm.

Note that the flame heights for the measured test cases are approximately 60-70 mm,
while the jet core should extend to approximately 5*D = 125 mm. Therefore, the flames
studied are well within the jet core. The co-flow flame sits below the exit plane of the
central jet, and is run at a flow rate sufficient to produce a region of uniform hot prod-
ucts downstream of the main flame. The laser diagnostics and experimental setup for the

simultaneous measurements are detailed in section 2.5.
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Figure 6.3: Contours of the mean progress variable of OH (cog) for the two test cases
studied. Contour lines are levels of constant coy from 0.1 to 0.9 in increments of 0.1.
The thick black box corresponds to the measurement location of the simultaneous PIV and
formaldehyde PLIF.
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6.3 Conditioned velocity measurements through the flame

Conditioned velocity measurements are conditioned on the distance to the reaction layer
(1), as explained in Section 6.3. Positive values of eta correspond to the preheat layer while
negative values of eta correspond to the products. Figure 6.4 presents conditioned veloc-
ity and turbulence statistics for Cases 3b and 4b relative to the distance from the reaction

2

o : 1 . :
zone. The turbulent kinetic energy k is computed as k = —u’> + 1’2, with the assumption

2
that the unmeasured out-of-plane component of velocity w’ is approximately equal to the
radial fluctuation v'. The reaction coordinate is positive in the reactants and negative in the
products. The reaction zone boundary is indicated by the solid vertical line, and the aver-
age preheat zone boundary is indicated by the dashed vertical line. The preheat thicknesses
were measured from the instantaneous formaldehyde PLIF following the procedure of Sec-
tion 2.4.1.4. The average thicknesses of the preheat layers was found to be 1.37 mm for
Case 3b and 1.59 mm for Case 4b. Note that this measurement is conditioned on the field
of view; because the field of view is fairly small, the magnitude of the measured preheat
thickness is biased toward smaller values. It is important to note that the preheat layer thick-
ness varies dramatically both from image to image and in different regions within a frame;
therefore, although the average preheat zone extends only approximately 1.5 - 1.75 mm,
some fraction of the measurements at 7 = 6 mm will exist in the preheat layer. Likewise, a
small fraction of measurement samples at 7 < 1 mm will be upstream of the instantaneous
preheat layer.

Figure 6.4 shows that the mean velocity U and turbulence level u’ are approximately
constant upstream of the average preheat layer, but there is a substantial drop in the mean
velocity U as the reaction zone is approached. It appears that U begins to decrease at ap-
proximately the location of the average preheat layer edge, although the gradient 0U,/dn
is maximum at 7 ~ 0 for both flames. In contrast to the mean velocities, the turbulence
intensity remains fairly constant throughout the preheat region. It is observed that there is

a slight decrease in the longitudinal rms velocity u’ as it enters the preheat layer, but this
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Figure 6.4: Turbulence statistics conditioned on distance from the reaction zone. a,d: Con-
ditioned mean velocity, b,e: conditioned r.m.s. velocity fluctuations, c,f: conditioned tur-
bulent kinetic energy k.

164



effect is very small. The decrease is countered by the large increase in turbulence intensity
that begins approximately 1 mm before the flame. For Case 3b, the turbulent kinetic energy
k returns to approximately its pre-flame values downstream of the reaction layer. However,
for Case 4b k continues to decrease after the flame. This effect is much stronger in the lon-
gitudinal velocity fluctuation u’, while the lateral fluctuation V' is approximately constant

forn < —1.

6.3.1 Change in mean velocity through the flame

Figure 6.5 shows an instantaneous image of the velocity and preheat zone structure for Case
3b. Figure 6.5(a) shows every 10th velocity vector in red superimposed on the formalde-
hyde signal in white. Figure 6.5(b) shows contours of velocity magnitude for the same
image, with the preheat zone outlined in white. The regions containing reactants and prod-
ucts are labeled accordingly in (b). What is striking in the image is that the kinetic energy
(u? +v*)1/2 is significantly larger in the reactants, and drops progressively through the flame
region. This is indicated by the regions in (b) corresponding to velocity magnitudes of ~ 60
m/s, while the average velocity magnitude in the preheat layer is approximately ~ 30 m/s.
The significant drop in velocity near the leading edge of the formaldehyde PLIF signal was
suggested by the mean velocity profiles in Fig. 6.4 (a) and (d), and is seen consistently
across the data sets. That is, high velocity gases are almost exclusively contained in the
reactants, and the preheat boundary typically exists in the region where the velocity begins
to decrease.

Figure 6.6 gives PDFs of axial velocity u measured in the preheat layer and in the cold
flow upstream. The mean in the cold flow is approximately 45 m/s, and decreases to 35.7
m/s in the preheat layer, and is in agreement with the profiles given in Fig. 6.4. This result
may be somewhat surprising, since the elevated temperature of the preheat layer would be
expected to produce gas expansion. This drop in velocity as flow enters the preheat zone

suggests that the flame may be located near the shear layer separating the co-flow from the
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Figure 6.5: Instantaneous images of velocity (left) and kinetic energy (right). On the left,
formaldehyde signal is in white, with every 10 velocity vectors in red. It is clear that the
flame region is associated with reduced values of all measured quantities.

central jet. Given the extremely large turbulence intensities produced in the Hi-Pilot burner,
it is not unreasonable to expect the flame would position itself relative to the incoming flow

to be in regions of lower strain.

6.3.2 Conditional measurements of velocity through the preheat layer

An effort was also made to measure the conditioned turbulence values as a function of
distance through the preheat layer. For this measurement, identical processing steps were
performed for the conditioned velocity statistics. However 1 was instead defined as npgz,
which is zero on the preheat zone edge and is increasing in the direction of the flame. Note
that npyz is undefined in the cold reactants (upstream of the preheat layer), i.e., it is only
positive.

The results are given in Fig. 6.7 and generally agree with the profiles through the
reaction layer from Fig. 6.4. Mean velocity progressively decreases through the preheat
zone, but the turbulent fluctuations #’ and V' are approximately constant. It is interesting
that there appears to be a rapid increase in the lateral fluctuation velocity v, within the first

1 mm of entering the preheat zone, but it remains relatively constant for larger values of

NPHZ-
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Figure 6.6: PDF of streamwise velocity u, in the preheat layer and in the cold flow upstream
for Case 3b. The velocity is larger upstream of the preheat layer.

Note, however, that making direct comparisons between the measured values at specific
locations, for example at the average preheat layer boundary npyz =dppzr and n =dpuzr,
do not give identical values. This is because the conditional sampling is defined differently
depending on whether measurements are desired as a function from the reaction layer or as
a function of distance through the preheat layer. This is because an instantaneous velocity
vector may be located on the leading edge of the preheat layer, corresponding to npgz = 0,
but the instantaneous preheat thickness varies significantly, meaning  may take any value

and is unlikely to be exactly opnz7.

6.3.3 Evolution of Strain and Enstrophy through the flame

The variation of the strain rate and enstrophy as a function of  were also evaluated for
Case 3b. Because these quantities depend on velocity gradients, higher resolution was
required than the 32x32 pixel interrogation box could provide. Therefore, a 16x16 pixel
interrogation window was used. Case 4b was not considered in this case because the vectors

obtained from the smaller interrogation window were deemed inadequate in the products
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Figure 6.8: Variation of the normalized (a) principle strain rates and (b) enstrophy as a
function of 7, the distance from the reaction zone for Case 3b.

region. For further discussion of the uncertainty associated with the PIV measurements,

see Section 6.3.6. The strain rate tensor is defined as:

du 1(0u , Ov 1 ow
ox z(a—y+a) z(az+ax)
= ou , 9v av 1(0v , ow
S (ay"‘ax) ay 2(az+ ay) (6.1)
ou , ow dv , Ow ow
2(6‘z+8x) 2(az+6y) 9z

The PIV measurements can only resolve the four terms in the upper left-hand corner
of the strain rate tensor. The strain rate tensor can always be transformed such that the
tensor is diagonal, and the eigenvalues of S represent the principal strain rates S1, S, and
S 3. The norm of the principle strain rates in the measurement plane was taken as /S% + S%
and then normalized by (Ug/Lgp). This result is plotted in Fig. 6.8(a). It is clear that the
strain rate is approximately constant for all values of 7 in the reactants, although there is a
slight increase just before the reaction zone. This is followed by a rapid decrease through
the reaction layer before returning to a steady value in the products region.

The enstrophy was also computed as zw (% g—;‘)z and normalized by (Uo/Lyp)>,
and is plotted in Fig. 6.8(b). The enstrophy follows a very similar trend as the strain
rates, with relatively homogeneous magnitude both in the products and reactants, but a

rapid decay in strength as the flow passes through the reaction layer. Together, these results
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reinforce the conditioned turbulence measurements discussed in Section 6.3, and illustrates
that the turbulence structures does not change significantly as it passes through the reaction

layer.

6.3.4 Analysis of the shear layer

The results of the conditionally sampled mean velocity profiles suggest that the dynamics
of the shear layer between the co-flow and central jet may be important. The co-flow was
characterized previously in section 3.2.1, and the mean velocity gradient was found to be
approximately dU,/dx = 2,850 1/s. Comparing this result to the measured gradient in
conditional mean velocity, we find a velocity gradient of dU/dn = 5,100 1/s for Case 3b
and dU/dn = 6,000 1/s for Case 4b.

The turbulence intensity ' approaching the flame is approximately 14 m/s for Case
3b and 21 m/s for Case 4b (Fig. 6.4 (b) and (e)). These values are extremely close to
the previous velocity measurements reported in Section 3.2.2. There, the non-reacting
velocity field was measured from —10mm < r < 10mm and Omm < x < 20mm. For this
measurement, neither the main fuel nor the co-flow were run. The turbulence intensity u’
at r = =7mm and x = 20mm, which corresponds to the boundary of the smaller field of
view used for the simultaneous PIV and formaldehyde PLIF measurements, was found to
be approximately 15 m/s for Case 3b, and 25 m/s for Case 4b. The turbulence intensity was
approximately constant through the field of view, as the value of #’ on centerline at x = 1
mm was approximately 16 m/s for Case 3b and 29.5 m/s for Case 4b. Some decay of
occurred downstream, and it increased slightly (less than 20%) as the shear layer with the
co-flow was approached.

Comparing, then, the measured turbulence intensities impinging on the reaction layer
and the values measured at the jet exit, we see that there is not a significant change in u’. For
Case 3b, a regime diagram would predict that the turbulence level impinging on the entire

flame surface is approximately 16 m/s for Case 3b and 29.5 m/s for Case 4b. We see from
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Fig. 6.4 (b) and (e) that these are reasonable approximations, as the turbulence is relatively
homogeneous throughout the jet core. Relative to the measured jet-exit turbulence levels,
the turbulence that acts on the flame front is only 10% less for Case 3b and 26% less for
Case 4b.

Therefore, we can say that turbulence levels upstream of the flame do not change signif-
icantly until the post-flame region, which indicates that the co-flow shear layer lies down-
stream of the flame brush. However, the shear layer appears to lie relatively close to the
downstream boundary of the flame. Thus the shear layer affects the turbulence level just
downstream of the flame, but does not appear to significantly affect the turbulence level
that is upstream and incident upon the flame. It is important to quantify what fraction of
the total turbulence level u’ impinging on the flame surface is due to the shear layer. The
turbulence level #’ for Case 3b at x = 20 mm and » = 0 mm (taken from the larger field of
view discussed in section 3.2.2) is approximately u’ = 12 m/s. Because this is inside the
jet core and on centerline, this value should be entirely unaffected by the shear layer. Fig.
6.4(b) demonstrates that the turbulence level seen by the flame is 14 m/s. Therefore, this
analysis suggests that for Case 3b, 85% of the total ' that interacts with the flame is due
to the turbulence generated within the reactants, and 15% is due to the co-flow shear layer.
Likewise, for Case 4b the turbulence level u’ on centerline at x = 20 mm is approximately
22 m/s, and the value of ©’ acting on the flame is 21 m/s. Therefore, for Case 4b 95% of the
turbulence impinging on the flame is generated within the reactants, and only 5% is due to
the shear layer. This is an intuitive result: as the turbulence levels issuing from the burner

become more extreme, effects of the shear layer become less significant.

6.3.5 Variation of the average eddy velocity Uy through the preheat

layer

The results presented thus far do not appear to support the hypothesis that substantial at-

tenuation of turbulence intensity occurs through broadened preheat zones. As shown in
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Fig. 6.4(c) and (f), the turbulent kinetic energy k is approximately constant for 1 <n < 6,
indicating that the turbulence upstream of the preheat layer is approximately the same as
what interacts with the reaction zone.

This means that we must search for an alternative explanation as to why the turbulence
is unable to modify the reaction layer structure. It may be the case that as the turbulent
eddies pass through the preheat layer, they grow in size. This has previously been shown in
single vortex-flame interactions [81]. Through conservation of angular momentum, if the
vortex grows larger its angular velocity must decrease. A reduced angular velocity would
imply a weaker eddy, which is less capable of disrupting the chemical reactions. In order to
evaluate this hypothesis, the average eddy velocity Uy was determined from the PIV data,
and conditional measurements of Uy were performed similar to Fig. 6.4.

To measure the rotational velocity, vorticity was first calculated from the PIV data.
Individual vortical structures were identified using the Q-criterion. The Q-criterion is a
tool used to distinguish rotation and strain elements in a turbulent flow [46]. For example,
in flows with high mean shear, the magnitude of vorticity will be large; however, these
do not correspond to actual vortical structures, rather it is shear-generated vorticity. The
Q-criterion eliminates these shear-generated structures, and is defined for incompressible
flow for Q = %(IIQII2 —|IS ||2) > (0, where Q is the rotation tensor and S is the strain tensor,
the anti-symmetric and symmetric terms of the velocity gradient tensor, respectively. The
Q-criterion is positive when the local rotation is larger than the strain, and therefore is a
good qualitative measure of rotational structures. For each image, all rotational structures
were identified using the Q-criterion, and the average vorticity w of each structure was
recorded. A hydraulic diameter for each structure was then computed using Dy, = % .
Finally, the eddy rotational velocity was evaluated as Uy = wDy, , and is plotted in Figure
6.9 in a similar manner as the other turbulence statistics.

Figure 6.9 shows that the average rotational velocity decreases approximately linearly

during its passage through the preheat layer, but the change is small. The eddy velocity
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Figure 6.9: Average eddy rotational velocity conditioned on distance from the reaction
zone.

Uy decreases from 14 m/s to 10 m/s for Case 3b, and from 23 m/s to 18 m/s for Case 4b,
and the gradient dUy/dn is approximately the same for the two cases. The spread about
the mean in Figure 6.9 is fairly large, due to the much smaller sample size for rotational
velocity; while each image will have hundreds of velocity vectors, there may only be twenty
or thirty rotational structures. However, the scatter in Figure 6.9 is useful for visualizing
the statistical (random) error in the measurement, which is +/- 2-3 m/s.

The eddy velocity appears to decrease somewhat faster downstream of the reaction
layer, where the temperature is much larger. Taking the difference in Uy over the range
n =6ton =0, we see that Uy only decreases by approximately 7% for Case 3b (14 m/s to
13 m/s), and 10% for Case 4b (23 m/s to 20.5 m/s). It is conjectured that it is unlikely that a
change in Uy of such a small magnitude would be sufficient to prevent the turbulence from
disrupting the reaction layers. Thus, it appears that attenuation of eddy strength (measured
by Uy) does not adequately explain the inability of the turbulence to perturb the reaction

surface.
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6.3.6 Uncertainty in the conditioned velocity measurements

At this point, it is useful to discuss the uncertainty that is associated with the conditioned
velocity measurements of Figs. 6.4, 6.7, and 6.9. The precision (statistical error) of the
conditioned velocity measurements can be approximated using the 95% confidence interval
of the mean velocity, Eqn. 3.3. The confidence interval in the mean velocity was +/- 0.294
m/s for Case 3b and +/- 0.43 m/s for Case 4b. These uncertainties represent approximately
1% of the mean velocity.

To assess the accuracy of the conditioned velocity measurements, the PIV interrogation
box size was reduced from 32x32 pixels to 24x24 pixels and 16x16 pixels. If the small
scales are sufficiently resolved, the PDF profiles of velocity should not change significantly
as the box size is varied, as such would imply that important information in the flow is not
resolved in the measurement. Gamba and Clemens [51] have shown that the critical length
scale required to meet this condition is the Taylor scale 4,. The resulting PDF’s of the
x-component of velocity are given in Fig. 6.10 for Case 3b. It is clear that the profiles do
not change significantly with varying box size, implying that the measurements adequately
resolve the necessary scales of the flow.

With the exception of the strain rate and enstrophy measurements (Section 6.3.3), the
conditioned turbulence statistics were measured using a relatively large 32x32 pixel inter-
rogation window. This size provided the highest quality vectors in both the reactants and
products, while permitting resolution below the Taylor scale. As shown in Fig. 6.10, the
measured velocities do not change with interrogation box size, and resulting conditioned
turbulence profiles for Case 3b were independent of interrogation box size. However, the
smallest scales of the flow are not captured with this larger resolution. Although this does
not effect the measurement of mean velocity or its fluctuation, it will change the measured
vorticity, as the small-scale gradients are filtered.

The effect of interrogation window size on the measured eddy velocity Uy is shown in

Figure 6.11. As the resolution improves, the magnitude of the eddy velocity decreases, as
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Figure 6.10: PDF’s of the x-component of velocity for Case 3b with PIV interrogation box
sizes of 32x32 pixels, 24x24 pixels, and 16x16 pixels.

smaller (slower moving) scales are added to the statistics. However, there is little change
between the two smallest interrogation box size, and Fig. 6.11 shows that the conclusions
are not changed by using a smaller box. Note that the 16x16 box is sufficient to resolve
the estimated size of the viscous scale A, (using the assumption from Buch and Dahm that
A /nk ~ 11.6). However, the box size is still approximately 3 times the estimated Kol-
mogorov scale or, by the Nyquist sampling criterion, 6 times the minimum size necessary
to resolve the Kolmogorov scale. The 16x16 window box could only be computed for Case

3b, due to reduced seeding density at the more turbulent run condition.

6.4 Conditional integral length scale measurements through
the flame

From the results presented thus far, it appears that the incoming turbulence in the cold re-
actants ahead of the flame is not significantly attenuated as it passes through the higher

temperatures of the preheat region. Measurements show both the turbulence levels u’ and

175



30 T

% 32x32 window
25 % 24x24 window
*  16x16 window

20

1
I
I
:
I
A
I

-
E 15 .oy
> s x K[ HH R XK HH XA T
TS L
op ke R ERRHERRERRSE

|

|

5 |

|

|

0 |
-4 -2 0 2 4 6

Distance from reaction zone (mm)

Figure 6.11: Variation of eddy velocity with interrogation window size

average eddy velocities Uy that impinge on the flame surface are approximately the same
as the upstream values. However, it is known that the large scale structures are dominant
in determining the turbulence intensity, and scales of turbulence smaller than the Taylor
scale A7 do not contribute significantly to measured values of U or u’. [51,118]. There-
fore, if some dissipation of the finer-scales of turbulence occurs, it may not be detected by
measurements of #’, which are governed by large-scale phenomena.

In some DNS work [107, 108] fine-scale structures appear attenuated in broadened-
preheat regimes. Also, it has been shown that most combustion events occur at the smallest
turbulent scales [2]. Therefore, attenuation of these fine-scale elements could have impli-
cations for the ability of the turbulence to disrupt the flame chemistry. This may be an
explanation for the inability of extreme turbulence to produce broken or distributed reac-
tions at large Rer.

The goal of this section is to measure the variation of the integral length scales through
the flame. In doing so, we can then evaluate whether the smallest scales of the flow are
attenuated. In addition, Chapter 5 has suggested that increased turbulent diffusivity may be
essential in increased turbulent burning velocities in the Thin-Reaction, Broadened-Preheat
regime. Because turbulent diffusivity scales as Dy ~ u’L, an increase in the integral length

scale would support this result. In homogeneous, isotropic turbulence (HIT), the integral
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length scale can be computed from the autocorrelation function, measured at a single point
in the flow field. The autocorrelation function was defined in Section 2.3.3.1 and is written

as:

wx,nNuw(x+Ax,r+Ar) W (x,r)u' (x+Ax,r+Ar)
I - 2
\/u’(x, r)? \/u’(x +Ax,r+Ar)? trms

R (AxAr) = (6.2)

In HIT, the integral of the autocorrelation function has a precise physical meaning cor-
responding to the average size of the energy-containing eddies - the integral length scale
L. If we can measure the integral length scale in the products, the preheat layer, and in
the cold flow upstream, we can then conclude how much, if at all, the smallest scales are
attenuated. If the smallest eddies disappear, the integral must increase to some degree.

However, attempting to compute an integral length scale in a flame raises some impor-
tant questions. Due to changes in gas composition, temperature, and velocity throughout
the combustion region, the flow will not be homogeneous or isotropic. Eqn. 6.2 defines
R, at a single point (x,r) for all possible separation distances A in the X and r directions.
However, if the autocorrelation is measured at a single point, it will be located in a preheat
layer in only a fraction of the images, and it may occur at any distance from the edge.
Thus, it is difficult to get a measure of the integral scale in the preheat layer using this
method because the measured region is not homogeneous. In order to probe a region of the
flow that is relatively homogeneous, the autocorrelation in the preheat layer was computed
at the point corresponding to the center of the instantaneous formaldehyde PLIF image.
Likewise, the measurement in the cold flow will be computed at the point that is furthest
from both the formaldehyde edge and the edge of the measurement domain. That is, in
the preheat layer the measurement point will be taken in the center of the largest region
of formaldehyde PLIF signal, and likewise in the cold region and in the products. This is
illustrated schematically in Fig. 6.12.

Therefore, this work computes the autocorrelation at a different point (x,r) in each
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Figure 6.12: Example of identification of the measurement location (x, r) in the conditional
autocorrelation measurement for an instantaneous image. The white region is the preheat
zone, and the products and reactants are labeled accordingly. The autocorrelation R, is
integrated in the x and r directions, which are shown on the figure.
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image. The autocorrelation R,, is computed in the products, reactants, and cold region, re-
spectively, for all images in the data set, and the ensemble average is calculated. Integral
length scales are computed in the standard way by fitting an exponential function and in-
tegrating to the first zero crossing. Thus, the computation of the autocorrelation R, is the
same, except the reference point (x,r) is varied in each image. The implicit assumption in
this measurement is that the turbulence levels and integral scales of the non-reacting flow
do not vary significantly over the measurement domain. The velocity measurements of
Section 3.2.2 showed that the turbulence conditions are approximately constant over small
regions, and the field of view here is less than 10 mm, which permits this assumption.

It should be noted that this measurement is not precisely a spatial autocorrelation, which
by definition requires the computation at a single point over all data sets (i.e., the correla-
tion of a single point with its surroundings). Rather, this is a conditional autocorrelation,
conditioned on the maximum thickness of a scalar quantity in an image. Therefore, the
measured length scale is not equivalent to the integral length scale; it is instead defined as
a conditional integral length scale.

Figure 6.13 below illustrates the autocorrelation measured in the standard way, and
the method used here, which is labeled as a roaming method in the legend. Although
the measurement is less smooth, the conditioned autocorrelation is similar in shape, and
the resulting integral length scale is approximately the same. Note that the lateral scale
typically decays much nearer to zero, while the longitudinal scale is only resolved to R, ~
0.3 —-0.5. Thus, extrapolation (performed using exponential fitting) must be done to obtain
integral length scales. This procedure introduces some level of uncertainty in the measured
length scales. All of the measured conditional autocorrelations are fit with a multiple-term
Gaussian function, and the fit is varied until the 95% confidence band around the function

is minimized. The uncertainty of the measured values will be discussed in Section 6.4.2.
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Figure 6.13: Autocorrelation, computed in the standard way (solid line) and using the
roaming point method (dots)

6.4.1 Conditional integral length scale results

The conditional integral length scales were measured for Cases 3b and 4b using the tech-
niques described above. For this discussion, the conditionally sampled measurements in
the unburnt reactants upstream of the preheat layer will be called the ’cold’ measurements.
This distinguishes the measurement from the preheat layer and product regions. Note that
this does not imply non-reacting flow, merely the cold region of reactants upstream of the
flame. Fig. 6.14 displays the autocorrelation R, in the x-direction (that is, R, (Ax, Ar = 0))
for Case 3b in the cold flow, preheat layer, and products. The profiles indicate that at the
edge of the measurement domain, the autocorrelation function is largest in the condition-
ally sampled preheat measurements, while it has decayed most rapidly in the cold flow. It is
interesting to observe that the profiles of R, have a similar shape in the products and in the
cold flow, but different in the preheat layer. The autocorrelation drops below 0.8 faster in
the preheat layer than either the products or the cold flow, however the turbulence remains
approximately correlated (R, ~ 0.5) over a wider range.

The autocorrelation profiles in the x and r directions were fitted with Gaussian functions
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Figure 6.14: Longitudinal profiles of the conditional spatial autocorrelation R, for Case
3b. Blue is conditionally measured in the cold flow upstream of the preheat layer, black is
measured in the preheat layer, and red is measured in the products.

and integrated. The results are given in Figure 6.15, where L, and L, have been combined
using the hydraulic diameter (Eqns. 3.5-3.6). The results are plotted against 7, similar to
the profiles from Fig. 6.4. Note that in order to obtain the value for 7 in the products,
preheat layer, and cold flow, the average distance to an edge was determined from the data
set. Here, edge’ refers to the reaction layer in the products, and the formaldehyde edge in
the preheat layer and cold flow. For the products and preheat measurements, this value was
taken as . For the cold flow, this value was added to the mean preheat layer thickness.

The value for Lyp in the cold region was approximately 4 mm for Case 3b and 4b,
which is very close to the measured value of 4.7 mm reported in Table 3.1. The mea-
sured integral scales are slightly smaller here due to the restricted field of view. However,
although the magnitude of Lgp is aliased toward smaller values, the change is not large.
Therefore, the measurement should be capable of accurately capturing the integral scale
variation through the flame.

Fig. 6.15 shows that the conditional integral scale grows as the flow approaches the

flame, and decreases slightly in the products. This is consistent with the profiles of R,
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Figure 6.15: Integral length scale measurement in the cold flow (left) and the preheat zone
(right)

given in Fig. 6.14. Although the magnitude of the change is not large (both run conditions
demonstrate approximately a 50% increase in Lyp in the preheat layer), this implies that
the small scales of turbulence are dissipated in the broadened preheat layers. This also sup-
ports the observation that the turbulent diffusivity should increase in the broadened preheat
layers, which was suggested by the burning velocity results. Therefore, this appears to be
an explanation of how the turbulence cannot perturb the reaction zone structure, despite

Kolmogorov scales substantially smaller than the reaction layer thickness.

6.4.2 Uncertainty in the conditional integral length scale measurements

There are two general sources of uncertainty in the measured conditional integral length
scales: the random deviations of the autocorrelation function R, that arise due to the com-
putation method; and the uncertainty in the Gaussian fit that is applied to the data, including
the extrapolation to zero. The random error associated with the computation method was
assessed by comparing the conditional integral length scale with the a computation of the

integral scale performed in the standard way, i.e. computing R, at a single point in the im-
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age. To do so, a non-reacting data set was examined, and R,, was computed at a single point.
The measurement was then repeated, but with R, computed from a random point (x,r) in
each image. The result of this procedure was given previously in Fig 6.13, where the lateral
and longitudinal profiles of R, are shown using these two methods. The results showed that
while the conditional measurement generally overlaps with the traditional autocorrelation,
there is scatter above and below at large separation distances A. The reason for this error
is the lower number of samples at large separation distances. When R, is computed at a
single point, all separation distances A within the field of view will yield the same number
of data points; however, when the interrogation point (x, ) moves randomly, the point will
be in the center of the domain some fraction of the time, and near the domain boundary at
other times. This produces a maximum separation distance A, that varies depending on
(x,7), and therefore a decreasing number of samples as the separation is increased. The re-
sult of this is noise near the edges of the domain as the sample size decreases. The regions
of low sample sizes were eliminated from the profiles of R, so that the remaining auto-
correlation is relatively smooth. This typically corresponded to removing approximately
the final 20 separation points A in a data set consisting of 236 points. The random error of
the conditional autocorrelation R, was not assessed, because it was much smaller than the
uncertainty associated with the Gaussian fit of the data.

The conditional autocorrelation functions were fit with Gaussian functions. In order to
quantify the uncertainty of the fit, multiple functions were attempted for each autocorrela-
tion. Gaussian functions consisting of two, three, four, or five terms were fit to the data,
and only the resulting curves that decayed smoothly to zero were considered. The uncer-
tainty of the fit was assessed by integrating each profile and then comparing the resulting
largest and smallest conditional integral scales. This range is estimated to represent the
possible variation of the true conditional integral length scale. The value for Ly and L, in
Fig. 6.15 is halfway between the largest and smallest values obtained using the different

fitting functions. The minimum uncertainty in the fit occurred in the cold flow where R,
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typically decayed much closer to zero, and varied between 1% and 10%. The uncertainty
is largest in the preheat layer where the conditional autocorrelation is largest, and there-
fore the Gaussian fit must extrapolate over a larger region. The uncertainty in the preheat

regions varied between 10% and 26%

6.4.3 Turbulent Kkinetic energy spectrum

The results presented thus far suggest that although there is little change in the turbulence
level u’ approaching the flame, the smallest scales of turbulence may be dissipated through
the broadened preheat layers. However, the dissipation of the small scales is only shown
indirectly from the conditional integral scale measurements discussed in Section 6.4.1. To
explore this mechanism more fully, turbulent kinetic energy spectra were analyzed for Case
3b in the preheat layer and in the cold flow upstream. Recall that the interrogation box size
for analysis in previous sections (32x32 pixels) was coarser than the expected size of the
smallest scales. Therefore, a higher resolution interrogation box size of 16x16 pixels was
used. However, this was still slightly larger than one-half of the expected size of the viscous
scale, which is the requirement to fully resolve the flow (here Apyy = 317 ~ 0.624,,). Thus,
by the Nyquist sampling criterion, we cannot resolve the smallest scales.

Figure 6.16 illustrates the distribution of turbulent kinetic energy across the wavenum-
ber k. The energy spectrum is normalized by the area under the curve, which is equal to
the rms velocity 2. Almost all scales occur in the inertial range of turbulence, which is
to be expected given the small field of view. Note that domain length is approximately 9.2
mm and the measurement can only resolve one-half of that scale (4.6 mm). However, the
expected integral scale is expected to be greater than 5 mm (see Section 3.2.3). The inter-
rogation box size of the PIV measurements corresponds to a wavenumber of k = 44, and
all scales up to this value of k are resolved. Although scales corresponding to wavenumber
k > 44 are computed due to the 75% overlap used in vector calculations, they are not fully

resolved due to the averaging process inherent to the PIV method. A top-hat filter of the
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Figure 6.16: Turbulent kinetic energy in the (a) longitudinal and (b) lateral direction. En-
ergy spectra are normalized by the square of the rms velocity in the cold flow and preheat
regions, respectively.

size of the interrogation window was applied to processed vectors in order to eliminate high
frequency noise.

It is observed in Fig. 6.16 that for most wavenumbers the shape of the spectrum is
approximately the same in the cold flow and the preheat zone. The lateral spectra converge
for k > 25, although the spectrum taken in the cold flow is shifted up slightly from the
measurement in the preheat layer for lower k. However, the longitudinal energy spectra in
the preheat layer and the cold flow upstream have a very different shape at low wavenumber,
which corresponds to the large scales of the flow. The longitudinal spectra in the cold flow
and the preheat layer indicate a change in slope for k < 3, indicating the start of the inertial
range. However, the cold flow bends much more sharply, and is nearly horizontal for k ~ 1.
The integral length scale cannot be obtained from the turbulent kinetic energy spectra given
in Fig. 6.16, due to the limited range of scales imposed by the small field of view. However,
it is clear the inertial range begins at larger k in the cold flow as compared to the preheat
layer. In the cold flow upstream, it appears that the inertial range starts for k = 1 —2, while

in the preheat layer it begins at some value of & less than 0.6. This implies that the integral

185



length scale is larger in the preheat zone, because the start of the inertial range marks
the end of the energy-containing range of scales. This result suggests that dissipation of
the smallest eddies is occurring, and supports the conditional integral scale measurements

discussed previously.

6.4.4 Evolution of the dissipative structures

Kinetic energy dissipation occurs predominantly in sparsely packed, layer-like structures.
The dissipation structures are generally long and thin with a cross-sectional thickness that
is very close to the strain-limited vorticity diffusion scale, called the viscous scale A, [128].
These structures therefore correspond to fine scale elements in the flow, and they might be
expected to grow larger if dissipation of small-scale features is occurring. Therefore this
may provide another measurement of the hypothesis that the small-scale eddies are being
attenuated.

In order to measure the fine-scale structures, the dissipation of kinetic energy was com-
puted from the 2-D PIV vectors. Because any terms in the kinetic energy dissipation equa-
tion involving the vector normal to the plane of the laser sheet cannot be measured, a
two-dimensional analog is derived following Tsurikov and Clemens [128], which is given
below in Eqn. 6.4. Note that although dw/dz, cannot be directly measured, it is obtained

by applying mass conservation, w/dz = —0u/0x — dv/dy.
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Table 6.1: Estimated values of v in the cold flow, preheat layer, and products

| Region [T (K) | v(m?/s) |
Cold flow 300 | 15.68e-6
Preheat layer | 850 | 90.61e-6
Products 1900 | 323.4e-6
2 2 2 2
ou ov ow 1{0u odv
= 2v||— — — = +—= 6.4
e = |G (G (5 +2(E 5 =
o |(8Y (@) (Y, L (2, ov)
B dx Ay ox dy] 2\ox Ay

Only Case 3b was selected for analysis, as Case 4b had much coarser resolution of the
small scales. As for the turbulent energy spectra, a smaller interrogation window of 16x16
pixels was used. The viscous length scale is estimated to be approximately 110 pm for
this case, and the PIV spatial resolution is 72 pum. Thus, though there may be resolution
limits introduced in the measurement, it should be sufficient to indicate any changes in
the dissipative structures before and after passage through the preheat layer. Structure
thicknesses are measured by finding the skeleton of each element, which is facilitated by
the layer-like shape. The nearest structure edge from each skeleton point is found, the array
is averaged, and multiplied by two to provide the layer thickness. The kinematic viscosity v
in Eqn. 6.4 poses a challenge, since it is expected to change by over an order of magnitude
from the reactants to the products. It was handled by digitizing the domain according to
cold flow upstream of the preheat layer, the preheat layer, and the products region. The
assumptions for temperature in these regions, and therefore v, are given in Table 6.1.

The resulting PDF’s of structure size are presented below in Fig. 6.17. The mean
dissipation element is 138.2 pm in the reactants upstream of the preheat layer, and increases
to 139.6 um in the preheat zone. The change in layer thickness between the two regions

is not outside of the measurement uncertainty, and therefore we cannot conclusively say
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Figure 6.17: PDF’s of dissipation structures

that the measurement shows that the small scale eddies are being attenuated. Nonetheless,
the measurement appears to suggest that there is some dissipation of the finer scales of

turbulence.

6.5 Discussion of results

This thesis has reported a very large variation of turbulence conditions in the Hi-Pilot
burner; u’ was varied by a factor of 20 from 2 m/s to 40 m/s, and Karlovitz and Reynolds
numbers were as high as Kar = 503 and Rer = 99,000. However, despite these extreme
conditions, the thickness of the reaction layers remain approximately unchanged, as was
verified with both CH PLIF and the overlap of OH and CH,O PLIF. The conditional in-
tegral scale measurements showed that the smaller scales of turbulence may disappear in
the very broad preheat layers, but the turbulence level u’ is determined by the large eddies
in the flow that remain present. Therefore u’ is not attenuated in the thick preheat layers,
as described in Section 6.3, despite the possible attenuation of small eddies. This means
that the high-temperature chemical reactions are strong enough to resist broadening from
turbulence levels at least as large as 40 m/s, which conflicts with previous predictions by

Peters and others.

188



To resolve this discrepancy, we can speculate that the strength of the reaction zone is

the characteristic velocity u*, which is:

u* = Don/Orz (6.5)

Where Doy is the diffusivity of the major radical in the reaction zone, OH, at 2,200
K, which is approximately 3 c¢m?/s. The turbulent reaction zone thickness was shown in
Chapter 4 0.6mm < 6gz < 1 mm. Similarly, we can define the velocity fluctuation at the

scale of the reaction zone as:

Upy =1 (6rz/ L)' (6.6)

The integral scale may be approximately 30 mm for the most turbulent Hi-Pilot test
cases. It is often assumed that the reaction zone thickness is an order of magnitude smaller
than the preheat layer, that is 0 = 0grz +dpyz and Orz = 0.16r. We will also make a

simplification for the flame thickness, and re-write Doy as:

OF = ap/SL (6.7)

Don = (Don/ap)ag (6.8)

Where ag = 0.15cm?/s. We can then speculate that the criterion for broadening of the

reaction zone begins when

g > (69)

Combining equations 6.5-6.8 and substituting into 6.9, we have the critical turbulence

intensity required to disrupt the flame chemistry:
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Since the measured reaction layer thicknesses reported here vary between 0.6 and 1
mm, there is a range of possible values of the critical u’/S | between 620 and 740, which
is significantly larger than the most turbulent Hi-Pilot run conditions. Clearly this analysis
only provides an order of magnitude estimate of the required turbulence intensity necessary
for broken or distributed reactions. However, it suggests that the required value of u’ /S is

very large, and may be a factor of 6 greater than previous estimates by Peters.

6.6 Conclusions from the simultaneous PIV-PLIF measure-
ments

The goal of this chapter was to determine to what extent the turbulence upstream of the
flame is dissipated in the broadened preheat layers of the Hi-Pilot. To this end, conditional
velocity statistics were obtained as a function of 7, the local distance from the reaction
zone. The measurements showed that the mean and fluctuating components of velocity are
both essentially homogeneous through the region upstream of the preheat layer. The mean
velocity was seen to decrease rapidly at approximately n = dpgz r, indicating that the flame
is positioned near the shear layer that lies between the main flow of reactants and the outer
co-flow of hot products. However, the turbulence level «’ did not change appreciably in
the preheat zone, and only increased in the final 1 mm before the reaction zone, due to
thermal expansion at the flame front. This indicates that the flame is not in fact in the shear
layer, rather the shear layer is positioned immediately downstream of the flame. Therefore,
although the shear layer affects the turbulence level just downstream of the flame, it does
not affect the turbulence level that is upstream and is incident upon the flame. This was

confirmed through measurement of the average eddy velocity Uy, which indicated that no
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significant decay in the eddy strength occurs in the preheat region of the flame.

Despite little change in the turbulence levels incident on the flame, measurements of
the conditional integral length scale in the preheat layer and the cold flow upstream showed
that some attenuation of the smallest turbulent scales may be occurring. Because u’ is
largely determined by the larger scales of the flow, this does not effect the magnitude of
velocity fluctuations that interact with the flame surface. However, if the critical element in
flame broadening or extinction depends on the strength of the smallest eddies of the flow,
this preheat attenuation of the may be an important clue as to why broken layers are not
observed in the Hi-Pilot.

The results of this chapter show that the turbulence issuing from the Hi-Pilot burner
are essentially identical to the conditions impinging on the flame surface. Attenuation of
the small scales of the flow may be one possible explanation as to why the very large tur-
bulence levels are unable to modify the reaction layer structure. However, an alternative
explanation may be that the reaction layer may be much more resilient to turbulent strain
than previously understood. The reasoning requires consideration of the turbulent diffusiv-
ity of the limiting reactant in the high temperature reaction zone, which in this case may
be the OH molecule. This analysis shows that the critical value of u’/S  for broken reac-
tions may be approximately 620, which is several times greater than the value predicted by

Peters.
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CHAPTER 7

Conclusions and Future Work

7.1 Summary

This work has explored various aspects of high Reynolds number combustion that have re-
ceived much previous speculation. A new high-Reynolds number premixed Bunsen burner,
called Hi-Pilot, was designed to produce turbulence intensities in the extreme range of tur-
bulence. The burner was modified several times in order to prevent boundary layer sep-
aration in the nozzle, and a large co-flow was designed that was capable of maintaining
reactions over the entire flame surface. Velocity and turbulence characteristics were mea-
sured using a combination of Laser Doppler Velocimetry and Particle Image Velocimetry.
Flame structure was studied using a combination of formaldehyde, OH, and CH Planar
Laser Induced Fluorescence. The spatial Overlap of formaldehyde and OH PLIF qualita-
tively measures the reaction rate between formaldehyde molecules and OH radicals, and is
a measure of the reaction layers of the flame. CH PLIF provides an alternative measure of
the reaction zone, and was measured to compare with the Overlap PLIF results. Reaction
layers are the full-width at half-maximum of the Overlap or CH PLIF signal, and extinction
events were defined as regions where the PLIF signal drops below this threshold. Preheat
structures were measured using formaldehyde PLIF, and are defined as beginning at 35% of
the local maximum PLIF signal, and continue up to the leading edge of the reaction layer.

Previous predictions of regime diagram boundaries were tested at the largest values of
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Rer to date. The Klimov-Williams criterion for broadened preheat layers was evaluated
using the preheat structure measurements, and the Overlap and CH PLIF diagnostics al-
lowed extensive testing of the predicted broken reaction zones boundary of Peters. Several
measures of the turbulent burning velocity, including the global consumption speed and the
extent of flamelet wrinkling, were measured at these conditions. Reaction layers for the
burning velocity measurements were provided by the OH PLIF. The flame structure and
burning velocity measurements motivated the final part of this work, which measured the
evolution of turbulence through regions of very thick preheat layers. This measurement uti-
lized simultaneous PIV and formaldehyde PLIF in order to obtain conditioned statistics of
the turbulence as a function of 5, the distance from the reaction layer. Together, the results

tell a consistent story, and deepen our understanding of premixed combustion at large Rer.

7.2 Conclusions

The primary findings of this thesis are the following:

7.2.1 Flow and turbulence characterization

1. Laser Doppler Velocimetry measurements characterized the mean and fluctuating
components of the axial velocity, and temporal autocorrelations and temporal inte-
gral scales 7 were computed from the data. LDV data demonstrated the extreme
turbulence of the Hi-Pilot burner, with turbulence levels u’ approaching 40 m/s and
turbulence intensities u’ /U exceeding 35%. Due to the large turbulence, Taylor’s hy-
pothesis would underpredict the integral length scales; instead, a common correction
to Taylor’s hypothesis was applied assuming isotropic flow. Integral scales are found

to be very large, ranging from 6 mm to 41 mm.

2. Particle Image Velocimetry measurements were performed to characterize the asym-

metry in the turbulent structures (i.e., u” # V'), and to evaluate the accuracy of the cor-
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rection to Taylor’s hypothesis used in the LDV measurements. PIV results showed
that the turbulence remains approximately homogeneous across the central ~80% of
the jet within the first 20 mm of the jet exit. Significant anisotropy in both inte-
gral length scales and turbulence levels were observed, however the anisotropy did
not change with turbulence level u’. The isotropic correction to Taylor’s hypothesis
utilized in the LDV data was found to be superior to Taylor’s hypothesis alone. Tay-
lor’s hypothesis underpredicts the length scales by nearly 50%, while the isotropic
correction can overestimate it by 35% for ' /U > 30%. These results reinforce that

single-component measurements of velocity are not ideal in highly turbulent flows.

7.2.2 Flame structure measurements and evaluation of regime bound-

aries

1. Flame structure measurements showed that the preheat layers became fully broad-
ened as the turbulence level increased. Fully broadened preheat layers exist when all
reactants are in the preheat region. The preheat layers increased with integral scale,
and residence time effects were important as downstream regions exhibited greater
thickening. The Klimov-Williams criterion for broadened preheat layers appears to
be supported by experimental data in the Hi-Pilot, although the boundary cannot
be conclusively tested in this work since no run conditions fall below the predicted

boundary.

2. In contrast, the reaction layers did not show any significant variation in structure
or thickness with increasing turbulence, and remained below two times the measured
laminar thickness at all conditions. Based on these measurements, it is concluded that

all Hi-Pilot run conditions fall in the broadened preheat-thin reaction layers regime.

3. A number of Hi-Pilot run conditions are well beyond the predicted boundary for

broken reactions, yet the layers remain continuous. Peters predicts that broken reac-
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tions will occur when the turbulent Karlovitz number Kay = 100. In this, work, Kar

reaches 503, which indicates a problem with the theory of Peters.

4. The results show that flamelet sub-models can still be used for very large Rer, as well
as for Kar > 100, as the reaction layers retain their laminar structure throughout the
measurement domain. This is an important finding that greatly expands the domain
of flamelet models. However, it is noted that any model must be able to reproduce

both the thin reaction layers and the broadened preheat layers seen in this experiment.

7.2.3 Turbulent burning velocity measurements

1. The global consumption speeds Sr.6c,1 and S7,Gc2 were based on the flame area
that is defined by the contours where coy was 0.5 and 0.2, respectively. copy is the
progress variable of OH defined in section 2.4.2. Measurements were performed for
turbulence intensities up to u’ /S 1 = 163, which is more than six times that of the most
turbulent study prior to this work. The results showed that the global consumption
speeds continued to increase at all conditions, despite some predictions that the burn-
ing velocity would plateau in extreme turbulence due to extensive flamelet merging.
However, significant bending in the consumption speeds was observed in the range of
extreme turbulence, u’/S 1 > 25, where the consumption speed became less sensitive

to turbulence intensity..

2. Several measures of the flame surface wrinkling A7 /A; were performed, including
the integral of flame surface density f 2dn and the direct computation of A7 /Ar. The
results show that the flame surface area rapidly increases to approximately 4-5 times
the laminar value, but becomes insensitive to further increases in «’/S ;. This implies
that there is a limit to how much flamelet wrinkling can occur, and beyond this point
flame surface destruction (through flamelet merging, for example) will counteract

any further wrinkling.
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3. The global consumption speed continues to increase with turbulence level, despite
the fact that the flame surface area remains constant. This indicates that the local
consumption rate of the exothermic layers must be enhanced. This corresponds to
Damkohler’s second hypothesis, and may be an explanation for the large scale bend-
ing observed in the global consumption speed profiles. This is because the burning
velocity was predicted by Damkéhler to scale as S7/S; ~ VDr ~ Vu'L, where Dy
is the turbulent diffusivity. These results agree well with other experimental data,
however there is some discrepancy with DNS that may be due to the different inte-
gral length scales used in the simulations, highlighting the importance of Reynolds

number.

4. A correlation for the turbulent burning velocity was developed that utilizes Damkoh-
ler’s two hypotheses and is able to reproduce the experimental data. The model
consists of the product of a flamelet wrinkling term, which is independent of length
scales, and a turbulent diffusivity component that accounts for increases in the local

consumption rate per unit area.

5. The flame structure measurements indicated that flamelet models would still be use-
ful in the extreme range of turbulence («’/S 1 > 25), and this is confirmed by the
burning velocity measurements. However, we note that there are two contributions
to the burning velocity in this regime: increases in the area of the exothermic layers,
and increases in the local consumption rate per unit area (which is proportional to
the turbulent diffusivity). The former is typically modeled in the sub-grid scales of
LES studies, and this approach should continue to be used. However, in order to ob-
tain an accurate measure of the burning velocity, a model of the turbulent diffusivity
must also be included, as this component becomes dominant at large Rer once flame

surface wrinkling has become saturated.
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7.2.4 Conditioned velocity measurements through the flame

1. Conditional velocity statistics were obtained as a function of 7, the local distance
from the reaction zone. Measurements showed that the mean velocity U and the
turbulence level u” were approximately constant in the region upstream of the preheat

layer approaching the flame.

2. Inside the preheat zone, measurements showed that U decreased substantially be-
ginning at approximately = §prz 7. However the turbulence level #’ and turbulent
kinetic energy k = %u’ + v’ remained approximately constant throughout the preheat
layer until the final 1 mm ahead of the reaction zone, where thermal expansion began

to increase the turbulence level.

3. In the region downstream of the reaction zone, U continued to decrease at approx-
imately the same gradient dU/dn. The turbulence level u’ increased slightly in the
near flame region (—1 < 5 < 1), but then decayed to its upstream value for Case 3b.
For Case 4b, u’and k also increased over —1 <7 < 1 due to the thermal expansion,
but in the post-flame region the turbulence dropped more significantly. Because the
turbulence levels do not change significantly until the post-flame region, it indicates
that the shear layer lies just downstream of the flame brush, but it is relatively close
to the downstream boundary of the flame. Thus the shear layer affects the turbulence
level just downstream of the flame, but does not affect the turbulence level that is

upstream and is incident upon the flame.

4. The average eddy velocity was computed by taking the product of the average vortic-
ity of a vortical structure and its hydraulic diameter, Uy = wDyp. Conditioned mea-
surements of Uy as a function of i showed that the eddy velocity decreased slightly
through the flame, but the magnitude of change is small. This result suggests that ex-
pansion of the eddies in the preheat gases does not significantly reduce the strength

of the eddies impinging on the reaction layer.
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5. The conditional integral length scale was computed in the products, the preheat layer,
and in the cold flow upstream of the flame. Results indicate that the integral scales
increase slightly in the preheat layer, which is presumably due to dissipation of the
smallest scales of turbulence. Thus, although the turbulence level u’ is not changing
through the flame, it is primarily determined by scales of turbulence greater than the
Taylor scale. However, predictions for the onset of broken reactions are conditional
on the presence of small scale eddies (of size ;) that disrupt the chemistry. These
measurements show that the smallest scales of the flow may not survive through the
elevated temperature and viscosity of the preheat layer. Therefore, this is a possible

explanation for the flame structure measurements discussed in Chapter 4.

6. Lastly, it is theorized that the reaction layer may be much more resilient to turbulent
strain than previously expected. The reasoning is the consideration of the turbulent
diffusivity of the limiting reactant, which in this case may be the OH molecule. This
analysis shows that the critical value of u’/S  for broken reactions is approximately
620, which is 6.2 times greater than predicted by Peters. This is an additional possible
explanation for the lack of broken reactions observed in the extreme turbulence levels

of this experiment.

7.3 Future Work

This work marks the first experimental study of premixed combustion in the Bunsen ge-
ometry at large Rer. Therefore, it is not surprising that many important research questions
remain unanswered. For instance, the DNS community and some experiments have demon-
strated the possibility for broken and distributed reactions, but these have been confined to
extremely small geometries (L/df < 10). It remains unknown what values of Kar and
Re7 are required in order to produce such flames, and they must be replicated at more real-

istic scales of turbulence. However, this work suggests that the necessary turbulence levels
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to produce broken or distributed layers is very large, as Kar = 503 produced no change in
reaction layer structure. Although the turbulent jet flames of Zhou et al [143,144] produced
distributed zones for Kar > 500, it is noted that the geometry of shear-generated turbulence
in such a small diameter jet is significantly different from a Bunsen flame, where all tur-
bulence is generated within the reactants. Carryover between these different geometries is
currently unknown and must be explored.

Future work should build on these results to construct a more accurate regime diagram.
Such a diagram should have boundaries that are both grounded in theory and validated by
experiment. An accurate diagram may require additional parameters that are commonly
missing; such parameters include preheat temperature, residence time of the turbulence
in the flame, and geometry of the turbulence-flame interaction. All measurements here
were performed with methane-air reactants; it may be that the Lewis number, a chemistry
parameter not captured by the equivalence ratio, has a significant effect. Indeed, the DNS
work of Aspden et al [5] has shown that variations in Le in turbulent flames can produce
large changes in flame structure and burning velocity. Future work should explore these
effects.

Another open question is why DNS studies seem to show that the flame surface area
continues to increase with turbulence, even up to u’/S 1 > 30, while most experiments show
that flame surface area A7 /Ay saturates for much lower turbulence. The DNS results report
laminar flamelets, whose burning velocity is directly determined by the increase in flame
surface area. Integral length scale is very important in this situation, because the turbulent
diffusivity scales with VL. Therefore, the very small domains of the DNS may not be
capable of producing a significant increase in the consumption rate per unit area that is seen
in experiments due to their limited integral scales. It may be that the ability of turbulence to
wrinkle a flame surface increases with the integral scale; for instance, the stretch efficiency
of an eddy increases approximately logarithmically with integral scales [79]. Therefore,

the small integral scales inherent to DNS studies may not be able to wrinkle the flame to
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the saturation point that seems to occur for A7 /Ay ~ 5. A parametric study that measured
the flame surface wrinkling parameter A7 /A over a range of turbulence intensities and

integral scales, possibly by varying the burner diameter, could test this theory directly.
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