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Abstract

Internal structure and burning velocity of hydrogen-enriched methane-air turbulent pre-

mixed flames are investigated experimentally using planar laser-induced fluorescence of

formaldehyde molecule and hydroxyl radical as well as stereoscopic particle image velocime-

try techniques. A Bunsen burner is utilized to complete experiments at intense turbulence

intensities (Karlovitz numbers up to 76.0). It is shown that, by increasing the turbulence

intensity, the preheat and reaction zone thicknesses can increase to values that are, respec-

tively, 6.3 and 4.9 of the corresponding laminar flames. Turbulent flow characteristics of the

flames suggest that the potential penetration of eddies into the preheat and reaction zones

is the underlying reason for the broadening of these zones. Broadening of the reaction zone,

which is studied in this thesis, suggests that the flamelet assumption used in formulating the

local consumption speed in past studies may not hold. Thus, a new formulation, which does

not utilize the flamelet assumption, is developed and used for estimating the burning veloc-

ity of premixed flames. It is shown that, at small turbulence intensities, the values of the

estimated burning velocity follow those of the local consumption speed. However, at large

turbulence intensities and consistent with the results in the literature, the local consump-

tion speed underpredicts the values of the burning velocity. It is shown that the amount of

this underprediction is correlated with the broadening of the reaction zone, suggesting that

the non-flamelet behavior contributes to this underprediction. It is shown, although the

flame thickening increases the burning velocity, extinctions decrease this parameter, which

may cause a characterized behavior, referred to as bending. The amount of this bending is
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Abstract

shown to be related to the inverse of the Damköhler number. Using this, a mathematical

formulation that allows for the estimation of the burning velocity is developed. It is shown

all of the above are influenced by the air entrainment, referred to as lack of back support.

Specifically, this influences the flames structure and the burning velocity by diluting the

reactants, changing the effective fuel-air equivalence ratio, and altering both the effective

turbulence intensity and the effective normalized integral length scale.
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Lay Summary

The flame structure and the rate at which reactants convert to products (burning ve-

locity) are investigated experimentally for conditions with turbulent flow characteristics

relevant to those of engineering applications. It is traditionally believed that the premixed

flames feature a thin structure even at extremely turbulent conditions. Past studies have

used this assumption to develop formulations for estimating the burning velocity. They have

shown that as the turbulence is intensified, the burning velocity increases. However, this

increase becomes less pronounced at large turbulence conditions, which is referred to as the

bending behavior. This dissertation shows that the thin flame structure assumption does

not always hold and proposes a new model for estimating the burning velocity. This thesis

provides plausible answers to a few of ongoing questions in the area of turbulent combustion

science. The proposed physics-based and experimentally obtained models can be used for

improved design of future gas turbine engines.
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Chapter 1

Introduction

This chapter is divided into 4 sections. In the first section, the motivation of this thesis

is discussed. The relevant background is reviewed in the second section to discuss the

existing knowledge gaps in the literature and provide the knowledge required for addressing

the objectives of the dissertation. The objectives of this thesis are presented in the third

section. Finally, the outline of the thesis is summarized in the last section of this chapter.

1.1 Motivation

Hydrogen-enrichment of natural gas (which mainly contains methane) will be used as a

means to decarbonize several industries that use combustion equipment, such as land-based

power generation gas turbine engines in the near future [24]. Several investigations sug-

gest that hydrogen-enrichment of natural gas reduces the emission of carbon oxides [25–30],

partly addresses the sustainability issue of natural gas (since hydrogen can be produced by

water electrolysis using sustainable sources such as wind and solar energies [31, 32]), and de-

creases the possibility of flame blow-out [25, 27]. In spite of the aforementioned advantages

of mixing hydrogen with methane, our understanding related to the internal structure (pre-

heat and reaction zones) and also the speed at which the fuel and air mixture is converted

to combustion products (referred to as the turbulent burning velocity) is limited for both

pure and hydrogen-enriched methane-air flames, especially at engine flow-relevant condi-

tions (extremely turbulent conditions with, for example, root-mean-square of the reactants

streamwise velocity divided by mean the bulk flow velocity, u′/U , of about 50% [33]).
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1.1. Motivation

Understanding the internal structure of extremely turbulent flames is of significant im-

portance since the developed knowledge can be potentially utilized for the generation of

models that can be reliably used for the design and development of the relevant combustion

equipment. Despite the large number of investigations performed to study the moderately

turbulent premixed flames (u′ . 2 m/s), see for example the review papers by [6, 34, 35],

experimental data as well as knowledge related to the internal structure of turbulent pre-

mixed flames that are more relevant to gas turbine engines are mainly limited to few research

groups, see for example the studies of [8, 36, 37]. Results presented in these studies point to

contradictory conclusions and are only limited to methane-air flames. Also, due to the small

number of conducted experiments, there exist several unanswered research questions related

to both pure and hydrogen-enriched methane-air flames. For instance, the influences of lack

of back-support, room air-entrainment of the reactants, and flame extinction on the internal

structure of these flames are not well understood. Thus, further investigations are required

to study the internal structure of highly turbulent pure and hydrogen-enriched methane-air

premixed flames.

Related to the flame internal structure is the turbulent burning velocity. This is an

important parameter since it facilitates quantifying how fast turbulent premixed flames

burn, is linked to the thermal power a combustor can generate, and is also commonly

used to compare and validate both direct numerical simulations (DNS) and large eddy

simulation (LES) using the experimental investigations [34]. The burning velocity has been

estimated using the flamelet assumption for methane-air flames, see for example the review

papers by Driscoll [6, 34]. The flamelet assumption is considered to hold provided either

of the following two criteria are satisfied. First, for test conditions that the turbulent

premixed flame reaction zone thickness does not exceed the corresponding laminar flame

counterpart significantly [6, 34, 38–41], the flamelet assumption holds. The second criterion

suggests that for the test conditions that the relations between the combustion species
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1.2. Background

and temperature follow those of the corresponding laminar flame, the flamelet assumption

holds [6, 42]. Although several studies show that the flamelet assumption holds for a wide

range of turbulence conditions [8, 42], results of several other investigations [12, 36, 37, 43–

49] disagree and suggest that the flamelet assumption may not hold. For these studies [12,

36, 37, 43–49], the turbulent burning velocity cannot be estimated using the formulations

developed based on the flamelet assumption. Also, there exist several ongoing research

questions pertaining to the turbulent burning velocity of the premixed flames, especially

those with large turbulence intensities. For example, the reason for the existing inconsistency

between the reported values of the turbulent burning velocities obtained using different

formulations is not well understood. Effect of room air entrainment and reactants dilution

(here, referred to as lack of back support) on the turbulent burning velocity is remained to

be investigated as well.

The present thesis is motivated by three research questions. The first question pertains

to the internal structure of pure and hydrogen-enriched methane-air flames at intensely

turbulent conditions. What are the underlying reasons for the contradictory results in the

literature regarding the premixed flames internal structure? The second question is related

to the burning rate of the premixed flames. How the burning velocity of the premixed flames

can be estimated for the conditions that the flamelet assumption does not hold and why

there exists a disparity between the values of the burning velocity reported in the literature?

Third, what are the effects of lack of back-support on the internal structure and burning

velocity of the premixed flames?

1.2 Background

This section is divided into five subsections. In the first subsection, the structure of a

laminar flame is presented and the preheat and reaction zone thicknesses are defined. The

planar laser-induced fluorescence (PLIF) methods for tracking the spatial variation of the
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Fig. 1.1. Schematic of a premixed laminar Bunsen flame.

premixed flames heat release rate are discussed in the second subsection. The background

related to turbulent premixed flames structure and burning velocity is reviewed in the third

and fourth subsections, respectively. Finally, the background related to the effect of the

hydrogen-enrichment on the internal structure and burning velocity of turbulent premixed

flames is discussed in the last subsection.

1.2.1 Laminar flames structure

It is of significant importance to understand the characteristics of laminar flames for

many reasons. Two that are relevant to this thesis are discussed here. First, for nearly

laminar and moderately turbulent flames, the local structure of the flames is believed to

be similar to that of a laminar flame [6, 34, 38]. Second, the laminar flames are used as a

benchmark for comparing characteristics of the turbulent flames and as a result development

of a regime diagram. Figure 1.1 shows a laminar Bunsen flame schematic. Moving from the

reactants to the products along a line normal to the flame, a very short distance exists along

which most of the chemical reactions occur. For a two-dimensional domain, this distance

becomes a thin region, which is referred to as the flame and is highlighted by the blue

color in Fig. 1.1. Figure 1.2 shows the flame structure in this region for two representative

conditions with a fuel-air equivalence ratio of 0.7 and hydrogen-enrichment percentages (the
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Fig. 1.2. (a) and (b) present the chemical structure of freely propagating laminar premixed
flames of methane and air enriched by 0% and 70% of hydrogen, respectively. The fuel-air
equivalence ratio is 0.7. δP,L,0 and δF,L,0 highlight the preheat and reaction zone thicknesses
for the freely propagating flames and SL,0 is the unstretched laminar flame speed. Also,
XCH2O,n, XOH,n, HRRn, and Tn are the normalized (by corresponding maximum values)
mole fraction of CH2O, mole fraction of OH, heat release rate, and temperature respectively.

percentage of the ratio of the hydrogen volume flow rate to the summation of the hydrogen

and methane volume flow rates) of H2 = 0 and 70%. The results in the figure are generated

using Cantera [50] simulations for atmospheric freely propagating flames with the GRI-

Mech 3.0 mechanism. In this figure, XCH2O,n, XOH,n, HRRn, and Tn are the normalized

(by the corresponding maximum values) mole fraction of CH2O, mole fraction of OH, heat

release rate, and temperature, respectively.

The flame itself is composed of several regions [5]. Two regions that are of significant

importance are the preheat and reaction regions (also called zones). The reaction zone is

where most of the heat release rate is generated [51, 52]. More specifically, the reaction

zone is the loci of points at which the amount of heat release rate is larger than 50% of the

maximum heat release rate [8, 53, 54]. The thickness of this region is highlighted by δF,L,0 in

Figs. 1.2(a) and (b). Compared to the reaction zone, the preheat zone is the locus of points

at which the flame temperature increases, but there does not exist a large heat release rate.

As can be seen in Fig. 1.2, there exists a considerable amount of CH2O in the preheat zone.

Specifically, the preheat zone is defined as where the mole fraction of CH2O is more than
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35% of the corresponding maximum value but the amount of the heat release rate is not

significant (smaller than 50% of its maximum) [53, 55]. The thickness of the preheat zone

is highlighted by δP,L,0 in Fig. 1.2. Also, shown by an arrow in Fig. 1.2(a) is a vector that

presents the fresh reactants relative flow velocity compared to the flame, whose magnitude

is SL,0 [51, 52]. The values of the laminar preheat and reaction zone thicknesses as well as

the laminar flame speed are presented and used later in Chapters 4 and 5.

Compared to the preheat and reaction zone thicknesses, the (total) laminar flame thick-

ness, δL, is defined as the sum of the preheat and reaction zone thicknesses [51, 52, 56]

δL = δP,L,0 + δF,L,0. (1.1)

Alternatively, δL can also be defined [5, 56–58] as a reactive-diffusive length associated with

the relative diffusion of heat from the flame to the reactants and the flame speed, which is

given by

δL ∼
α0

SL,0
, (1.2)

where α0 is the flame thermal diffusivity calculated using

α0 =
λ0/cp,0

ρr
, (1.3)

with λ0 and cp,0 being the gas thermal conductivity and the constant pressure specific heat

(both estimated at reaction temperature of about 1500 K), and ρr is the fuel and air mixture

(reactants) density (estimated at 300 K). Combining Eqs. (1.2) and (1.3), the laminar flame

thickness can be estimated from [5, 6, 8, 58]

δL =
λ0/cp,0

ρrSL,0
. (1.4)

Please note that δL estimated from Eqs. (1.1) and (1.4) can yield different values. Values
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obtained from Eq. (1.4) are used in the present dissertation, similar to [5, 6, 8, 58].

1.2.2 PLIF for prediction of the heat release rate

Of significant importance in studying lean premixed methane-air turbulent flames struc-

ture is the formyl radical concentration, [HCO], since it is directly linked to the heat release

rate [59, 60]. Please note that “[ ]” indicates the species concentration. Planar Laser-Induced

Fluorescence technique can be utilized to investigate the formyl radical concentration; how-

ever, measuring [HCO] is challenging due to two reasons. First, excitation of the formyl

radical at experimentally-accessible wavelengths leads to spectral fluorescence interference

with other species. Second, [HCO] is relatively small, which leads to small values of the

signal-to-noise ratio. These two issues adversely influence the quality of the HCO PLIF mea-

surements. To partly address the former issue, Zhou et al. [61] utilized a pulsed alexandrite

laser. They [61] concluded that the excitation at 259.004 nm leads to minimum spectral

fluorescence interference with other species for lean methane-air flames. However, for rich

conditions, spectral emissions from large hydrocarbons formed in the flames pollute the

HCO PLIF signal. An alternative approach for heat release rate-related measurements is

PLIF of species that lead to the formation of the formyl radical. For example, Kiefer et

al. [62] considered

CH2O + OH
kf−→ HCO + H2O (1.5)

as a reaction that leads to significant HCO formation in lean methane-air premixed flames.

Specifically, from Eq. (1.5), the time-rate of change of [HCO] is given by [63]

d[HCO]

dt
= kf(T )[CH2O][OH] (1.6)

where [CH2O] and [OH] are the concentrations of the CH2O molecule and OH radical,

respectively, with kf(T ) = 5.7 × 10−17T 1.18 exp(225/T ) being the forward reaction rate
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constant [64]. Equation (1.6) suggests that the heat release rate, which is related to the time

rate of change of [HCO], equals multiplication of [CH2O], [OH], and kf(T ). It is important

to note that the measured PLIF signals of CH2O and OH are not necessarily linearly related

to the corresponding species concentrations. The fluorescence signal intensity (S), is given

by [65]

S = Ini
fB(T )

Q21(T )︸ ︷︷ ︸
f(T )

, (1.7)

where I is the incident laser intensity, ni is the number density of the excited species and

is proportional to the species of interest concentration, fB is the Boltzmann population

function, and Q21 is the quenching rate. For a constant incident laser intensity, it is straight

forward to show that the fluorescence intensity is proportional to the multiplication of

f(T ) = fB(T )/Q21(T ) and the concentrations of the species of interest [66]. Thus, the

multiplication of the CH2O and OH PLIF signals can be estimated from

CH2OPLIFOHPLIF = g(T )[CH2O][OH], (1.8)

where CH2OPLIF and OHPLIF are PLIF signals of CH2O and OH, respectively and g(T ) ∝

fCH2O(T )fOH(T ). Several past investigations, e.g. [8, 36, 53, 54, 67], assumed that g(T ) ∝

kf(T ). This assumption along with combination of Eqs. (1.6) and (1.8) can be used to show

that

d[HCO]

dt
∝ CH2OPLIFOHPLIF. (1.9)

However, validity of this assumption (g(T ) ∝ kf(T )) remains to be investigated and is later

discussed in Chapter 3. In order to accurately estimate the HRR of methane-air premixed

flames, Wabel et al. [66] and Kyritsis et al. [68] suggested that the PLIF intensities of
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hydroxyl radical (OHPLIF) and formaldehyde (CH2OPLIF) can be obtained from

OHPLIF ∝ XOH, (1.10a)

CH2OPLIF ∝ XCH2O × [1− exp(−1680.5/T )]×
�

40.1969 exp(−740/T )

(1 + 0.134/T + 0.37/T 2)T 3/2

�
T 3/4︸ ︷︷ ︸

h(T )

,

(1.10b)

where XOH and XCH2O are the mole fractions of OH and CH2O (as introduced in the

previous subsection), respectively. Please note that Eq. (1.10) is developed for methane-air

flames and its validity for hydrogen-enriched methane-air flames remains to be investigated.

Using this equation for hydrogen-enriched methane-air flames is one of the limitations of this

study. As demonstrated in Eq. (1.10), the intensity of the OH PLIF signal is proportional

to its mole fraction. However, for CH2O, increasing the temperature from 300 K to 700 K

and 2000 K, first increases h(T ) = CH2OPLIF/XCH2O from 0.05 to 0.09, and then decreases

this parameter to 0.05. Utilizing Eq. (1.10), the OHPLIF and CH2OPLIF signals as well

as the temperature data, the mole fractions (and/or concentrations) of these species can

be estimated. Then, these concentrations, the temperature data, and Eq. (1.6) can be

used to estimate the heat release rate. Although, this strategy (compared to that obtained

from Eq. (1.9)) allows for more accurate estimation of the heat release rate, simultaneous

measurements of CH2OPLIF, OHPLIF, and temperature is experimentally expensive.

As alternatives, there exist other PLIF/concentration/mole fraction methods to track

the heat release rate of methane-air premixed flames as well. For example, the study of Najm

et al. [59] suggests that the location of OH mole fraction (or PLIF signal) peak is relatively

close to the location of the heat release rate peak for the regions with small curvature.

However, for highly curved flame regions, this correlation weakens [60]. CH PLIF also is

commonly used to track the heat release rate [8, 36, 44, 69, 70]. Multiplications of CO and

OH as well as OH and CH4 concentrations are also other methods to track the location
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of heat release rate [60]. Chi et al. [7] used multiplication of CH2O and H for assessing

methane-air flames heat release rate. Marshall and Pitz [71] used a similar method to track

the heat release rate of lean hydrogen-air flames. For example, they [71] used [H] as well

as [O2] × [H], [OH] × [H2], and [O] × [H2] to estimate the heat release rate of the lean

hydrogen-air flames, where [H], [O2], [H2], and [O] are concentrations of H, O2, H2, and O

respectively. They [71] concluded that [H] is an accurate indicator of the heat release rate

in lean hydrogen-air flames.

1.2.3 Turbulent flames structure

In this section, the literature related to the preheat and reaction zones of premixed

flames are reviewed. Similar to the laminar flame, the reaction zone of a turbulent flame

is the region where a significant heat release rate (more than 50% of the maximum heat

release [8, 53, 54]) is generated [51, 52]. The preheat zone of a turbulent premixed flame is

visualized using CH2O PLIF. Specifically, the preheat zone is defined as the region where

CH2O PLIF signal is more than 35% of the corresponding maximum value and the heat

release rate is smaller than 50% of its maximum [53, 55]. The preheat and reaction zone

thicknesses are denoted by δP and δF in this dissertation, respectively.

The internal structure of premixed flames can be highly influenced by the turbulent flow

characteristics. The turbulent Reynolds number (ReT) allows to quantify the turbulent flow

characteristics and is given by

ReT =
u′Λ

ν
. (1.11)

In Eq. (1.11), Λ is the integral length scale and is estimated using the auto correlation of

the velocity data (Ruu). These are given by [72]

Λ(x, y) =

∫ h∗

0
Ruu(x, y, h)dh, (1.12a)
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Ruu(x, y, h) =

�
u(x, y)− u(x, y)

� �
u(x, y + h)− u(x, y + h)

�
�
u(x, y)− u(x, y)

�2 , (1.12b)

where u is the streamwise velocity and h∗ is the smallest vertical distance along the y-axis

that Ruu attains a zero value. In Eq. (1.12b), the over-bar symbol represents averaging over

time. In Eq. (1.11), ν is the fuel and air mixture (reactants) kinematic viscosity (estimated

at 300 K). In addition to the integral length scale, the Taylor (lT) and Kolmogorov (ηK)

length scales can also be used to quantify the turbulent flow characteristics and are given

by

lT = Λ

�
u′Λ

ν

�− 1
2

= ΛRe
− 1

2
T , (1.13)

ηK =

�
ν3

ε

� 1
4

= Λ

�
u′Λ

ν

�− 3
4

= ΛRe
− 3

4
T , (1.14)

where ε = u′3/Λ [6, 72]. Please note that other than the formulation introduced for Taylor

length scale (Eq. (1.13)), there is another formulation (lT =
√

15ΛRe
−1/2
T ) for this length

scale as well, which can be found in [5, 73]. The definition provided in Eq. (1.13) is used

in this thesis for estimation of the Taylor length scale. Taylor and Kolmogorov length

scales can also be estimated based on the reaction zone temperature (at about 1500 K).

Specifically, Taylor (lT
∗) and Kolmogorov (η∗) length scales estimated based on the reaction

zone temperature can be calculated using

lT
∗ = Λ

�
u′Λ

ν∗

�− 1
2

, (1.15)

ηK
∗ = Λ

�
u′Λ

ν∗

�− 3
4

, (1.16)

where ν∗ is the kinematic viscosity of the reactants estimated at 1500 K.

In addition to the above length scales, the relative characteristic velocity of the turbulent

flow to the laminar flame speed also dictates the quality of turbulence and flame interaction.

Several studies (see for example [5, 6, 8, 74]) used u′/SL,0 and Λ/δL to predict the general
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flame characteristics. Specifically, Borghi [74] and Peters [5] developed a regime diagram,

referred to as the Borghi-Peters diagram, to categorize the premixed flames. A modified

version of this diagram is shown in Fig. 1.3. As can be seen, premixed flames with u′Λ
SL,0δL

. 1

are laminar and those with u′Λ
SL,0δL

& 1 are turbulent. The turbulent premixed flames with

u′ . SL,0 are referred to as the wrinkled flames [5, 52]. For these flames, eddies rotational

velocity is relatively small compared to the laminar flames speed and they can only slightly

wrinkle the flame front [5, 52]. u′/SL,0 and Λ/δL are utilized to define a parameter referred

to as the Karlovitz number (Ka), which is given by [5, 6, 52]

Ka =
τf

τηK
=

�
u′

SL,0

� 3
2
�

Λ

δL

�− 1
2

, (1.17)

where τf and τηK are the flame and Kolmogorov time scales, respectively [5, 75]. u′/SL,0

and Λ/δL are also used to define another non-dimensional parameter for characterizing the

turbulent flames, which is referred to as the Damköhlder number (Da) [52, 75]

Da =

�
u′

SL,0

�−1 � Λ

δL

�
. (1.18)

The turbulent premixed flames with u′ & SL,0 and Ka . 1 are categorized as the corrugated

flames and feature both wrinkled flame surfaces and pockets [5, 51, 52]. However, both

preheat and reaction zones are thin for the flames categorized in this regime [5, 76–78].

It is hypothesized [5, 52] that flames with 1 . Ka . 100 should feature broadened

preheat zones as turbulent eddies are small enough to penetrate into the preheat zone while

the reaction zone remains thin. However, for 1 . Ka . 100, the results reported in the

literature for the preheat zone thickness are contradictory. On one hand, experimental [8,

36, 70, 79–82] and DNS studies [83, 84] show that the preheat zone may broaden for Ka & 1;

however, on the other hand, several other studies [8, 77, 85–87] suggest that the preheat

zone may not broaden for Ka & 1. The reason for this discrepancy is elaborated in [6, 8].
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Fig. 1.3. Borghi–Peters diagram [5, 6].

Driscoll et al. [6] and Skiba et al. [8] argue that turbulent eddies pertaining to the flames

with Ka & 1 should feature sufficient turbulent kinetic energy allowing them to penetrate

and broaden the preheat zone. Skiba et al. [8] and Driscoll et al. [6] experimentally showed

that, in addition to Ka & 1, flames should feature u′Λ/(SL,0δL) & 180 for their preheat

zone to be broaden. The suggested border of u′Λ/(SL,0δL) is shown by the dotted-dashed

brown line in Fig. 1.3.

For flames with Ka & 100, the reaction zone is also expected to feature broadening

as eddies are small enough to be able to penetrate into this zone [5, 52]. Similar to the

preheat zone, the results reported in the literature regarding the turbulent flames reaction

zone thickness are also contradictory. Experimental investigation [8] and DNS of [88–90]

show that the reaction zone remains thin upto Ka ≈ 550 and 1000, respectively. In contrast

to the studies of [8, 88–90], those of [12, 36, 37, 43–49] suggest that the reaction zone is, in
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fact, broadened compared to the laminar flame counterpart. The underlying reason for the

contradiction between the results of [8] and [36, 37, 43–46] are discussed in [6, 8]. Driscoll

and co-workers [6, 8] argue that the burners utilized in the studies of [36, 37, 43–46] feature

very small diameters (1.5–4 mm) and very large mean bulk flow velocities (200–418 m/s).

For such flows, the background turbulence is primarily driven by the jet shear layers, as such,

their [36, 37, 43–46] results cannot be compared with those of [8]. To the best of the author

knowledge, no experimental investigation has demonstrated existence and/or characterized

the broadened reaction zones of extremely turbulent premixed flames generated by relatively

large exit diameter Bunsen burners.

1.2.4 Turbulent burning velocity

Driscoll et al. [34] reviewed three definitions of the burning velocity, which are discussed

here. First, the burning velocity can be defined based on the speed of the reactants con-

sumption. Using this, the burning velocity is defined as the rate at which the reactants

convert to combustion products [34]. This consumption speed can be estimated globally

and locally, which are referred to as the global (ST,GC) and local (ST,LC) consumption

speeds, respectively [6, 34]. These speeds are estimated using [6, 11, 34]

ST,GC =
ṁr

ρrAf

, (1.19a)

ST,LC =
SL,0I0

Lξ

∫ ∞
−∞

∫ ∞
−∞

Σ(η, ξ)dηdξ, (1.19b)

where ṁr and ρr are the reactants mass flow rate and density. Af is the flame surface area

estimated based on the mean progress variable (cOH). To estimate the mean progress vari-

able, mean of the binarized (zero for reactants and one for products) OH PLIF images (mole

fraction fields) is usually used [11, 12, 91, 92]. In order to help illustrate this, 500 images

of a sinusoidally curved two-dimensional flame were generated artificially using the data
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corresponding to a freely propagating laminar methane-air flame with φ = 0.7. Then, the

curved flame was positioned randomly in the two-dimensional space. The two-dimensional

OH and CH2O synthetic PLIF data were estimated using the mole fractions of OH and

CH2O and temperature pertaining to the the freely propagating laminar flame as well as

Eq. (1.10). OH and CH2O synthetic PLIF signals for a representative frame of the synthet-

ically generated two-dimensional flame are presented in Figs. 1.4(a) and (b), respectively.

A threshold was utilized to binarize the OH contours. This threshold was selected using

the laminar freely propagating flame data. As can be seen in Fig. 1.2, the location of the

flame front (maximum of the heat release rate) corresponds to about 30% of the normal-

ized OH PLIF signal (mole fraction). Thus, 30% of the normalized OH PLIF signal was

selected as the threshold for binarizing the OH contours. The binarized OH contour for

the representative frame of the synthetically generated two-dimensional flame is shown in

Fig. 1.4(c). These contours were averaged over the 500 frames to obtain cOH. Fig. 1.4(d)

show the corresponding cOH for the synthetically generated flame.

In Eq. (1.19b), η and ξ are the curvilinear axes, which are respectively normal and

tangent to a given cOH contour (usually cOH = 0.5) and Lξ is the length of the mean

progress variable contour. For example, for the synthetically generated flame, cOH = 0.5

contour is highlighted with a green solid curve in Fig. 1.4(d). Also, at a given point such

as “P” on cOH = 0.5 curve, η and ξ axes are presented for demonstration. In Eq. (1.19b),

Σ is the flame surface density obtained using the procedure discussed in the following.

Figure 1.4(e) shows the flame front (see curve “L”) for the representative frame of the

synthetically generated flame. In order to calculate the flame surface density, for a given

point in the domain of investigation (such as “O”), an interrogation window (window “W”)

with a size of 1.5 × 1.5 mm2 is considered. Please note that conclusions of this study are

not sensitive to the selected interrogation size. The flame surface density is estimated by

dividing the length of the flame front within the interrogation window shown in Fig 1.4(e)
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Fig. 1.4. (a) OH and (b) CH2O synthetic PLIF signals for a representative frame of synthetic
two-dimensional flame. (c) and (d) are the binarized OH and cOH contours. (e) represents
the procedure for estimation of flame surface density. (f) Flame surface density for the
synthetic two-dimensional flame.

by the area of the window. Specifically, the flame surface density at point “O” in Fig. 1.4(e)

is calculated using

Σ =
LP1P2

AW
, (1.20)

where LP1P2 is the length of a portion of the line “L”, which is inside the interrogation

window (ùP1P2), and AW is the area of window “W”. Figure 1.4(f) shows the averaged flame

surface density obtained based on 500 frames for the synthetically generated flame with the

window size of 1.5× 1.5 mm2.

In Eq. (1.19b), I0 is the Bray-Cant [93] stretch factor, and is defined as the ratio of the

laminar flame speed (SL) to the unstretched laminar flame speed (SL,0) obtained for the

corresponding freely propagating laminar flame. The stretch factor can be estimated using

the following equation [34, 94]

I0 =
SL

SL,0
= 1− L

rc
, (1.21)
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where L is the Markstein length and rc is the local radius of the flame front curvature. The

Markstein length depends on the reactants chemistry [95, 96]. For lean methane-air [95] and

hydrogen-air flames [96], which are relevant to those investigated in this dissertation, the

Markstein length is relatively small compared to rc (this is obtained based on the probability

density functions of the curvature in Fig. 8 of [97], which is obtained for the flames with

large Karlovitz numbers). As a result, it is acceptable to assume I0 is close to unity for

lean hydrogen-enriched methane-air mixtures that feature near unity Lewis numbers, see

for example [6, 11].

Compared to the above definition, the burning velocity can also be defined as the speed

at which a flame leading edge moves towards the gas flow. This burning velocity is referred

to as the displacement speed (ST,LD) and equals to the relative speed of the flame edge

compared to the gas flow velocity in the direction normal to the leading edge. That is

ST,LD = (VFLAME − VGAS)LE.nLE, where VFLAME and VGAS are the velocity vectors of

the flame and gas, respectively, and “LE” indicates that measurements are at the location

of the flame leading edge. nLE is the unit vector in the direction of the normal to the

flame leading edge [34]. In this thesis, the former definition of the burning velocity (i.e. the

consumption speed based burning velocity) is utilized.

As reviewed in Driscoll et al. [6, 34], there are two ongoing questions regarding the

global and local consumption speeds of the methane-air turbulent premixed flames in the

literature. First, the DNS studies of [97–99] suggest that increasing the turbulence intensity

increases the flame surface area such that the local consumption speed nearly equals the

global consumption speed. However, several other studies, see for example [6, 9–12, 14,

100, 101], suggest that as the turbulence intensity increases, the global consumption speed

increases, but the flame surface area and the local consumption speed plateau. For instance,

Wabel et al. [11] show that, at u′/SL,0 ≈ 150, the global consumption speed is about 5 times

the local consumption speed. They. [11] speculated that, as the preheat zone broadens with
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increasing the turbulence intensity, the turbulent diffusivity of the gas in this zone increases,

enhancing the transport of reactants and as a result increase of the global consumption

speed. This enhancement is not considered in the formulation of the local consumption

speed (see Eq. (1.19b)), which can be the reason for the difference observed between the

local and global consumption speeds [6]. It is shown [12, 36, 37, 43–49] that, in addition to

the preheat zone, the reaction zone also broadens with increasing the turbulence intensity,

which may also contribute to the increase of the gas diffusivity. Both Gülder [10] and

Nivarti et al. [9] performed theoretical calculations and showed that the enhancement of gas

diffusivity inside the flame region can allow for elaborating the reason for the increase of

the global consumption speed with increasing the turbulence intensity and as a result the

difference between the local and global consumption speed values reported in for example [6,

9–12, 14, 100, 101]. Specifically, study of Gülder [10] suggests that the ratio of the global

and local consumption speeds can be obtained using

ST,GC

ST,LC
=

�
1 + ScRe

1
2
lT

�
δ′L
lT
, (1.22)

where Sc and lT are the Schmidt number and the Taylor length scale (see Eq. (1.13)),

respectively. The Reynolds number estimated based on the Taylor length scale is given by

RelT = u′lT/ν, where ν is the reactants kinematic viscosity estimated at 300 K. δ′L is the

laminar flame thickness calculated using the reactant thermophysical properties estimated

at 300 K (compared to δL in Eq. (1.4), which is estimated at the reaction zone temperature).

Compared to Gülder [10], Nivarti et al. [9] proposed the following equation for the ratio of

the global and local consumption speeds.

ST,GC

ST,LC
=
�
1 +Ka

2
3

� 1
2 . (1.23)

In both Gülder [10] and Nivarti et al. [9], the preheat and reaction zones thicknesses are
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not measured; and, as a result, it is not known whether the enhancement of gas diffusivity

is due to the broadening of only the preheat zone or both the preheat and reaction zones.

This requires further investigations.

The second question is related to the behavior of the global consumption speed itself

with changing the turbulence intensity. As hypothesized by Damköhler [6, 18], also known

as the Damköhler’s first hypothesis, increasing u′/SL,0 is expected to increase the global

consumption speed linearly. This is given by

ST,GC

SL,0
= 1 +

u′

SL,0
. (1.24)

Similarly, studies of [15, 102] suggest linear relations exist between ST,GC/SL,0 and u′/SL,0.

Specifically, Bradley [15] proposed that, in the absence of flame stretch, the normalized

global consumption speed can be obtained from

ST,GC

SL,0
= 1.5

u′

SL,0
. (1.25)

Also, the study of Lewis and Von Elbe [102] suggests

ST,GC

SL,0
=

√
1 +

�
2u′

SL,0

�2

, (1.26)

which simplifies to a nearly linear variation at large turbulence intensities, which is given

by

ST,GC

SL,0
≈ 2

u′

SL,0
. (1.27)

Compared to the results discussed above, studies of [6, 11, 12, 78, 101, 103] show that, at

relatively intense turbulence conditions, the global consumption speed plotted against the

turbulence intensity bends towards the axis of u′/SL,0. This is referred to as the bending

behavior in the literature, see for example [6, 11, 12, 78, 101, 103]. Considering the non-
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linear nature of the burning velocity, several studies proposed models for prediction of the

global consumption speed. For example, Yakhot [17] utilized the flame front location and

the velocity fluctuations field to estimate ST,GC and suggested

ST,GC

SL,0
= exp

� �
u′

SL,0

�2�
ST,GC

SL,0

�2

�
. (1.28)

Ronney and Yakhot [16] modified the model developed by Yakhot [17] and took into ac-

count the effect of the flame broadening. They [16] suggested that the normalized global

consumption speed is given by

ST,GC

SL,0
=
(
X2

R − 2XR + 2
) 1

2 exp

�
1− n

2
3
RRe

− 1
2

R XR
u′

SL,0

1− n
2
3
RRe

− 1
2

R
ST,GC

SL,0

�
, (1.29)

where ReR is

ReR =

Ì
Re2

T

0.471
(

1−
(ηK

Λ

) 2
3

) , (1.30)

and nR is calculated utilizing

nR =
ηK
Λ

Re
− 3

4
R

. (1.31)

In Eq. (1.29), XR is determined by solving

�
28.1A−2

R

�
1− n

2
3
RRe

− 1
2

R

��
X3

R −X2
R + 2XR − 2 = 0, (1.32)

where AR is set to 6 in [16].

Peters [14] considered influence of the small and large scale turbulence on flame surface

area and developed an analytical model for estimation of the global consumption speed.

This model suggests that the global consumption speed can be obtained using [14]

ST,GC

SL,0
= 1− 0.39

2

Λ

δL
+

��
0.39

2

Λ

δL

�2

+ 0.78
u′Λ

SL,0δL

� 1
2

. (1.33)
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Compared to [14, 16, 17], Kobayashi [13] and Wabel et al. [11] obtained empirical models

for estimating the global consumption speed. Specifically, Kobayashi [13] proposed the

following equation for calculation of the global consumption speed, which can be used to

estimate the burning velocity at the given pressures of P .

ST,GC

SL,0
= 2.9

��
P

P0

��
u′

SL,0

��0.38

, (1.34)

where P0 is the atmospherics pressure. Wabel et al. [11] suggested that
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��
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��
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��
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��
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(1.35)

where Λ′ is the transverse integral length scale, which is equated to the slot width of the

turbulence generating plate in [11]. In Eq. (1.35), c1 = 1.01, c2 = 22.6, and c3 = 3.21×10−5

are empirical constants set to fit the prediction of Eq. (1.35) to the results of experiment

in [11]. In the literature, several reasons such as nonlinear variation of gas diffusivity with

the turbulence intensity [6, 9, 18, 52] as well as the flame quenching [15, 41, 104, 105] are

suggested to elaborate the non-linear behavior of the bending phenomenon. However, a

potential relation between the flame quenching (or extinction) and the bending behavior

has not been studied.

1.2.5 Effect of the hydrogen enrichment on turbulent premixed flames

In spite of the emerging interest in the hydrogen-enriched methane combustion, there

exist limited number of studies in the literature that used hydrogen-enriched methane-air

premixed flames. Thus, the effect of hydrogen-enrichment on turbulent premixed flames

is not well understood and further investigations are required. Compared to methane,

hydrogen has a larger reactivity, which increases the laminar flame speed [27, 106–109].
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This facilitates operation of gas turbine engines at leaner conditions and larger reactants

bulk flow rates [25, 27, 110–114]. In the following, the existing knowledge regarding the

flame structure and burning velocity of hydrogen-enriched methane-air turbulent premixed

flames are reviewed.

The internal structure of hydrogen-enriched turbulent methane-air premixed flames has

been recently investigated in Zhang et al. [115]. They [115] studied both the preheat and

reaction zone thicknesses variations with varying the hydrogen-enrichment percentage (up

to 60%) and turbulence intensity (u′/SL,0 varying between 3 and 12.5). They [115] showed

that, similar to the methane-air turbulent premixed flames, increasing the turbulence in-

tensity can lead to broadening of the hydrogen-enriched methane-air flames preheat zone.

However, Zhang et al. [115] showed that the reaction zone thickness does not change by

increasing the turbulence intensity. Although the study of [115] provides insight into the

internal structure of hydrogen-enriched methane-air premixed flames at relatively moderate

turbulence intensities, the preheat and reaction zone thicknesses of these flames pertaining

to relatively intense turbulence conditions remain to be investigated.

Few experimental investigations [106, 116] have studied the effect of hydrogen-enrichment

on the local and global consumption speeds of turbulent premixed flames. Both Halter et

al. [106] and Guo et al. [116] showed that increasing the hydrogen-enrichment percentage

increases the global consumption speed normalized by the unstretched laminar flame speed.

Results of Guo et al. [116] suggest that the normalized global consumption speed also in-

creases with increasing the turbulence intensity. The values of the local consumption speed

are not reported in [106], however, Guo et al. [116] showed that increasing both the hydrogen-

enrichment percentage and the turbulence intensity increase the local consumption speed

normalized by the unstretched laminar flame speed. Although these studies [106, 116] elab-

orated the effect of the hydrogen-enrichment and turbulence intensity on the local/global

consumption speeds, their investigations are performed for u′/SL,0 . 5. For larger turbu-
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lence intensities, values of the local and global consumption speeds for hydrogen-enriched

methane-air premixed flames remain to be measured.

1.3 Objectives

This thesis aims to address six objectives. Although past studies related to the heat

release rate [8, 36, 43, 53–55, 61, 70, 77, 79, 117–122] provide a significant insight into

the internal structure of the turbulent premixed methane-air flames, influence of hydrogen-

enrichment on the preheat and reaction zones is unknown and remains to be investigated,

especially at large turbulence intensities. Even for the methane-air flames, most studies

in the literature are limited to the small and moderate turbulence intensities and there

exist contradictory results regarding the broadening of preheat and reaction zones at large

turbulence intensities. Also, the reason for the potential broadening of the preheat and

reaction zones is not well understood. Thus, the first objective of the present dissertation

is to measure the preheat and reaction zone thicknesses of hydrogen-enriched methane-air

premixed flames pertaining to relatively intense turbulence conditions. To the author’s best

of knowledge, such information is not available in the literature. To achieve the above goal,

an accurate method should be used to estimate the spatial variation of the heat release

rate for the premixed flames, since the reaction zone thickness depends on the heat release

rate structure. While there exist models in the literature (see for example [59, 67]) for

visualizing the preheat and reaction zones of the pure methane-air flames, a framework

should be developed to track the heat release rate in hydrogen-enriched methane-air flames.

In this thesis, it is aimed to develop a mathematical model that allows estimating the heat

release rate of hydrogen-enriched methane-air flames.

Deviation of the premixed flames from the flamelet behavior (non-flamelet behavior)

can be studied using both broadening of the preheat and reaction zones as well as the

variations of chemical spices within the flame region versus temperature [6]. The former is
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related to the first objective of this study discussed earlier while the latter is experimentally

challenging since it requires conducting simultaneous PLIF of the chemical species and,

for example, Rayleigh scattering (for temperature measurement). The second objective of

this thesis is to develop a method that allows for quantifying the non-flamelet behavior of

turbulent premixed flames using only the OH and CH2O PLIF signals (without measuring

the temperature). Using the proposed method, the non-flamelet behavior is quantified for

the premixed flames to investigate its relation with the broadening of the preheat and

reaction zones.

After quantifying the preheat and reaction zone thickness as well as the non-flamelet

behavior, it is of significant importance to understand the reason for the potential broadening

of the preheat and reaction zones as well as the non-flamelet behavior. The third objective

of this dissertation is to elaborate the reason for the potential broadening of the flames

and the non-flamelet behavior using local turbulent flow measurements (such as measuring

vorticity and swirling strength). This has been a matter of debate over the past several

decades in combustion science.

Potential broadening of the preheat and reaction zones and as a result the non-flamelet

behavior has implications for how fast highly turbulent hydrogen-enriched methane-air pre-

mixed flames burn. Specifically, the flamelet based models for calculation of the burning

velocity can no longer be used provided there exists a considerable amount of the reaction

zone broadening. The fourth objective of this thesis is to develop a framework for estimation

of a heat release rate marker that does not rely on the flamelet assumption. Then, using this

framework, the thesis aims to discuss reasons for the difference between the local and global

consumption speeds reported in the literature. The fifth objective of the present thesis is to

characterize the bending behavior reported in the literature and to develop a mathematical

formulation that allows for estimating the amount of bending.

Relatively large background turbulence intensities can lead to flame extinction events,
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surrounding air entrainment, and as a result reactants dilution, which can change the flame

structure and burning velocity. Although some past investigations, see for example [8,

121], considered mitigating the reactants dilution using a large pilot flame (referred to as

back-support), several past investigations in experimental turbulent premixed combustion

research did not utilize a back-support or their back-support could not surround the entire

flame, see for example [1, 36]. Thus, the lack of back-support can lead to air entrainment

and flame extinction as suggested by studies of [8, 43, 123]. This is speculated to locally

dilute the reactants (decrease the fuel-air equivalence ratio) and lead to stratification of the

reactants [49, 124, 125]. This may locally decrease the burning velocity and the adiabatic

flame temperature, and increase the local turbulence intensity and Karlovitz number, which

may contribute to the broadening of the preheat and reaction zones [6, 49]. Nevertheless,

further investigations are required to study the influence of the lack of back-support and

the resultant flame extinction on the flame structure and burning velocity. Addressing this

question is challenging since the flame extinction, itself, is usually influenced by varying

background turbulent flow characteristics in past studies. The last objective of the present

dissertation is to investigate the influences of lack of back-support on both flame structure

and burning velocity by keeping the background turbulence unchanged.

1.4 Outline

In the following, the outline and chapter-by-chapter content of the dissertation are sum-

marized.

Chapter 1: Introduction

In this chapter, motivation for the current dissertation was discussed first. Then, the

relevant background was reviewed to highlight the existing knowledge gaps in the literature.

Specifically, internal structure of a laminar flame was illustrated, the planar laser-induced
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fluorescence method for estimating the premixed flames heat release rate were discussed, and

the knowledge related to turbulent premixed flames internal structure as well as the burning

velocity was reviewed. This was followed by the review of literature related to the influence

of hydrogen-enrichment on both internal structure and burning velocity of the premixed

flames. Finally, the knowledge gaps and the objectives of the thesis were discussed.

Chapter 2: Experimental methodology

The experimental setup including the burner, the turbulence generators, and the co-flow

setting are discussed in this chapter. Then, the utilized diagnostics are explained. Several

diagnostics are used to study the premixed flames tested in this thesis. Simultaneous planar

laser-induced fluorescence of hydroxyl radical and formaldehyde molecule are utilized to

study the internal structure, burning velocity, and heat release rate marker of the premixed

flames. Stereoscopic particle image velocimetry is used to obtained the velocity of the non-

reacting and reacting flows (simultaneous with PLIF of OH and CH2O) to characterize

the turbulent flow and explore the underlying reasons for the potential broadening of the

premixed flames preheat and reaction zones. This is followed by the coordinate system

utilized in this dissertation. Finally, the tested conditions are presented.

Chapter 3: Data reduction

In this chapter, first, a new model is proposed that allows for estimating the hydrogen-

enriched methane-air flames local heat release rate based on the OH and CH2O PLIF data.

Then, the procedure for reducing the raw PLIF data and generating processed OH and

CH2O PLIF signals are explained. The method for calculating the preheat and reaction zone

thicknesses is also illustrated in this chapter. Finally, the potential errors and uncertainties

regrading the calculation of these thicknesses are discussed. Specifically, effects of image

filtering, three-dimensional orientation of a flame, imaging resolution, optical blur, and
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laser sheet thickness on the estimation of the preheat and reaction zone thicknesses are

discussed.

Chapter 4: Structure of turbulent premixed flames at large turbulence

intensities

The internal structure of hydrogen-enriched methane-air flames at large turbulence in-

tensities is studied in this chapter. The preheat and reaction zone thicknesses are obtained

for the flames with u′/SL,0 up to 44.6, Karlovitz number up to 76.0, and with up to 70% of

hydrogen-enrichment by volume. Then, a framework is developed and tested for quantifying

potential non-flamelet behavior of the premixed flames. Finally, the correlation between the

local turbulent flow characteristics and flame structure is investigated. Specifically, vorticity,

swirling strength, and specific kinetic energy are obtained for the vortices and the underlying

reasons for the potential broadening of the preheat and the reaction zones are investigated.

Influences of the turbulence generating mechanism on the turbulent flow characteristics and

the flame internal structure are discussed in this chapter.

Chapter 5: Burning velocity of turbulent premixed flames at large

turbulence intensities

This chapter is related to the burning velocity of hydrogen-enriched methane-air pre-

mixed flames. Local consumption speed is calculated for the tested premixed flames and is

compared with those exist in the literature. The local consumption speed formulation takes

into account the flamelet assumption, which considers a thin reaction zone structure for the

premixed flames. Thus, a potential broadening of the reaction zone and the non-flamelet

behavior lead to an inaccurate estimation of the burning velocity based on the local con-

sumption speed formulation. To address this problem, a new formulation and parameter,

which do not take into account the flamelet assumption, are proposed for estimating the
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burning velocity of the hydrogen-enriched methane-air flames. This parameter is referred to

as the heat release rate marker. The values of the normalized (by that of the corresponding

laminar flame) heat release rate marker are compared with those of the normalized global

consumption speeds from the literature, which are also not dependent on the flamelet as-

sumption. Then, in this chapter, the reason for the discrepancy between the normalized

local and global consumption speeds (normalized heat release rate marker) values in the

literature is discussed. Also, the reason for the bending behavior of the global consumption

speed/heat release rate marker is investigated and a model is proposed for estimating the

burning velocity of the hydrogen-enriched methane-air turbulent premixed flames.

Chapter 6: Effect of lack back-support on the flame structure and

burning velocity

In this chapter, effects of lack of back-support, air entrainment, and flame extinction

on the premixed flames are investigated. To achieve this goal, the background turbulence

is kept unchanged and influences of the lack of back-support and flame extinction on the

values of the preheat and reaction zone thicknesses, the non-flamelet behavior, the local

consumption speed, and the heat release rate marker are studied. Finally, the observed

trends are analyzed and the underlying reasons for the observed trends are discussed.

Chapter 7: Conclusions

The findings relevant to Chapters 4, 5, and 6 are summarized in Chapter 7. These

findings suggest solutions to some of the ongoing research questions about the internal

structure and burning velocity of the hydrogen-enriched methane-air turbulent premixed

flames. However, further experimental/numerical efforts are necessary and future investiga-

tions are required to improve our understand regarding the internal structure and burning

velocity of these flames. Having an accurate and comprehensive understanding regarding
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the hydrogen-enriched methane-air flames is necessary since it facilitates improved design of

the combustors, which can enhance their performance and reduce their emissions. The rec-

ommended future steps and research directions for future studies of the hydrogen-enriched

methane-air turbulent flames are presented at the end of Chapter 7.
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Chapter 2

Experimental methodology

This chapter consists of four sections. In the first section, the experimental setup utilized

in this thesis is elaborated. In the second section, the utilized diagnostics are presented.

The coordinate system used in this dissertation is presented in the third section. Finally,

the tested experimental conditions are summarized in the last section.

2.1 Experimental setup

The setup used in this thesis is a Bunsen burner identical to that utilized in the study

of Tamadonfar and Gülder [85]. This burner consists of an expansion section, a settling

chamber (with 5 mesh screens) for flow conditioning purposes, a contraction section, and a

nozzle with exit diameter of 22.2 mm. The burner schematic and the burner nozzle technical

drawing are shown in Figs. 2.1 and 2.2(a), respectively. A mixture of 75% hydrogen and

25% methane (volumetric percentages) is injected through the burner rim, generating a

pilot flame, see Fig. 2.1. The volumetric flow rate of the pilot flow is only 2% of the main

flow, which is small, and as a result, the pilot flame is not expected to influence the main

Bunsen flames. In order to investigate the effect of the lack of back-support on the internal

structure and burning rate of the premixed flames, a co-flow setup was manufactured and

integrated with the Bunsen burner (see Figs. 2.1 and 2.2(a)). As can be seen in Fig. 2.1,

air is injected through the co-flow setup to generate a negative back-support for the tested

flames. To produce a uniform co-flow and for flow conditioning purposes, the region denoted

by “CF” (which highlights the co-flow) in Fig. 2.2(a) is filled with beads. Also, two mesh
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Fig. 2.1. Schematic of the experimental setup and diagnostics.
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Fig. 2.2. Technical drawing of (a) the burner nozzle as well as (b and c) the perforated
plates.

screens are installed on top of the co-flow setup to ensure the flow uniformity.

In order to generate a relatively wide range of turbulence intensities, three different
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turbulence generating mechanisms are used. Specifically, zero, one, or two perforated plates

were utilized. For the conditions with no perforated plate (which is the first turbulence

generating mechanism), turbulence is primarily produced by the mesh screens as well as

the Kelvin-Helmholtz instability in the jet shear layer, similar to [94, 126, 127]. For the

second turbulence generating mechanism, a perforated plate with 1.8 mm circular holes

arranged in a hexagonal pattern, with the technical drawing shown in Fig. 2.2(c), is placed

44.4 mm upstream of the nozzle exit plane. This plate generates a blockage ratio of 60%.

For the third turbulence generating mechanism, one perforated plate (identical to that used

for the second turbulence generating mechanism) is positioned 44.4 mm, and a second plate

(see Fig. 2.2(b)) is located 30.4 mm upstream of the burner exit plane, see Fig. 2.2(a).

The second perforated plate also has holes positioned on a hexagonal arrangement with a

diameter of 1.8 mm. The blockage ratio of this plate is 77%.

2.2 Diagnostics

Simultaneous planar laser-induced fluorescence (PLIF) of hydroxyl radical (OH) and

formaldehyde molecule (CH2O) as well as simultaneous or separate stereoscopic particle

image velocimetry (SPIV) were performed in this thesis. Specifically, the separate SPIV

experiments in the present thesis were performed for the non-reacting flow conditions and

to characterize the background turbulent flow. For pure methane-air flames, simultaneous

SPIV experiments were also performed to characterize turbulent flow characteristics of the

reacting flows. This section is divided into two subsections. The PLIF and SPIV diagnostics

details are provided in the first and second subsections, respectively.

2.2.1 Planar laser-induced fluorescence

A dual-head Nd:YAG pump laser (Quanta Ray PIV400) and a frequency-doubled dye

laser (Sirah Precision Scan) were used for the PLIF measurements. Two laser pulses with
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wavelengths of 532 nm and 355±3 nm were produced by the pump laser using harmonic

generators. As shown in Fig. 2.1, the 532 nm beam was used to pump the dye laser to

generate a 283 nm (282.94±0.005 nm) beam, with a pulse energy and duration of about

11 mJ and 6 ns, respectively. This beam was used to excite Q1(6) line of the OH A-X

system (1,0) vibrational band [67, 128–134]. The 355 nm beam was used to excite the

Ã1A2 − X̃1A141
0 vibronic manifold of CH2O similar to [128, 130–132, 134–137]. The pulse

energy and duration of this beam were about 300 mJ and 7 ns, respectively. Using mirrors

(M1 −M3) and cylindrical lenses (L1 − L3) shown in Fig. 2.1, the 283 nm and 355 nm beams

were converted to coincident laser sheets with the thickness and height of about 250 µm and

40 mm, respectively. Two PIMAX ICCD cameras (see, C1 and C2 in Fig. 2.1), each equipped

with a Nikkor UV lens and a bandpass filter with center wavelength of 320±20 nm (for OH)

and Coastal Optics UV lens and a Schott GG 395 longpass filter (for CH2O), were used to

collect the PLIF signals. Data acquisition rate was set to 1 Hz for the PLIF system. The

projected spatial resolution of both cameras was 89 µm per pixel. The knife edge technique

[138, 139] was used to obtain the line spread functions of both cameras. It was calculated

that the optical system effective resolution (the full width at half maximum of the line-

spread function) is 263 µm. Image filtering was not used for estimation of this resolution.

Two photodiodes, shown in Fig. 2.1, are utilized to collect pulse-to-pulse variations of the

283 nm and 355 nm beams energies, which are utilized for reduction of the PLIF data

discussed in the next Chapter.

2.2.2 Stereoscopic particle image velocimetry

The SPIV system consists of a dual-cavity, double-pulse, Nd:YAG laser (BSL Twins

CFR PIV200) as well as C3 and C4 sCMOS cameras (LaVision Imager sCMOS), which are

equipped with Scheimpflug adapters and Tokina lenses, see Fig. 2.1. The laser generates

pairs of 532 nm beams with a 4–33 µs separation time (depending on the tested mean bulk
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flow velocity). M1 mirror as well as L1 − L3 cylindrical lenses (see Fig. 2.1) are utilized

to convert the PIV laser beams to laser sheets that are coincident with those of the PLIF

lasers. The field of view and the projected spatial resolution of the SPIV cameras are

84 mm×70 mm and 29.3 µm/pixel, respectively. Data acquisition rate was set to 1 Hz for

the SPIV system. Olive oil is atomized using a TSI Six-Jet atomizer, generating sub-micron

droplets for the SPIV experiments. The Stokes number of the droplets depends on the tested

condition (discussed later) and was estimated using the formulation provided in [94]. All

estimated Stokes numbers are smaller than about 0.2, indicating that the generated droplets

track the velocity fluctuations properly. Pre-processing, processing, and post-processing

algorithms were implemented using LaVision DaVis 8.4 software to ensure accuracy of the

generated velocity data. Specifically, a sliding minimum filter was used to remove the

background first. Following this, two steps of cross-correlation were applied to the data

with integration window sizes of 32×32 pixels2 and 16×16 pixels2. 50% overlap was used

for both interrogation window sizes. Then, spurious vectors with cross-correlation peak-ratio

less than 1.5 were eliminated. Finally, outlier vectors were removed using a median based

filter [140] in LaVision DaVis 8.4. The vector removal generates some regions especially in

the preheat zone with no velocity data. Lack of the velocity data can lead to sharp velocity

gradients and as a result incorrect vorticity/swirling strength calculations. However, since

the spatial locations of no-velocity data are available in the velocity post-processing step,

inaccurate vorticity/swirling strength data was removed prior to further analysis. PLIF

and SPIV images were registered and mapped to one physical coordinate system using a

three-dimensional LaVision Type 20 target plate. LaVision DaVis 8.4 software was used to

calculate the velocity vectors.

Several methods are proposed to estimate the uncertainty of the particle image velocime-

try data in the past, see for example [141–146]. Two sources of error, which are related to the

particle images correlation as well as the limited resolution of the SPIV measurements, are
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expected to influence the reported velocity statistics in this thesis. Studies of [141, 147–150]

suggest that the displacement vector calculated using the cross-correlation technique (related

to the present thesis) can feature a maximum of about 0.08 pixels uncertainty pertaining

to the in-plane motion of the seed particles. Using the angle between the cameras utilized

in the present study along with the results of Prasad [151], it is estimated that the uncer-

tainty related to the out-of-plane motion of the seed particles in the present study is about

0.14 pixels. Such errors in estimation of the in-plane and out-of-plane displacements of the

seed particles are expected to lead to about 2 and 3% uncertainties in estimation of the

corresponding velocities, respectively. The limited spatial resolution of the SPIV measure-

ments leads to unresolved motion of turbulent eddies and as a result underestimation of

the reported turbulence intensities [152–155]. In the present thesis, the smallest turbulence

length scale can become about 40 times smaller than the utilized integration window size.

Thus, the turbulent motion pertaining to sub-interrogation window size cannot be resolved

here and this may contribute to error in estimation of the reported velocity statistics.

2.3 Coordinate system

A Cartesian coordinate system, presented in Fig. 2.3, is used in the present dissertation.

The origin of the coordinate system is at the intersection of the burner centerline and the

nozzle exit plane. The x− and y−axes are at the imaging plane and lie inside the laser

sheets. The z−axis is normal to the x− y plane. The PLIF and SPIV field of views, shown

by a green dashed window in Fig. 2.3, are coincident. In the figure, the flow characterization

region (FCR) highlights the location at which the non-reacting turbulent flow characteristics

are averaged.
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Fig. 2.3. The coordinate system, field of view, and flow characterization region (FCR). The
dimensions are in mm.

2.4 Tested conditions

Two sets of experiments with the total number of 73 test conditions are performed

in this thesis. The first set, which includes 68 conditions, pertain to the Bunsen flames

without a co-flow. The details corresponding to these conditions are tabulated in Table 2.1.

Mixture of methane (grade 2 with 99% chemical purity) and hydrogen (grade 5 with 99.999%

chemical purity) is used as the fuel in this thesis. The fuel-air equivalence ratio (φ) for all

tested conditions is 0.7. All of the test conditions labels are provided in the first column

of Table 2.1. In this column, U# and H# indicate the tested mean bulk velocity (U) and

the volume-based hydrogen-enrichment percentage (H2%). Four mean bulk flow velocities

of 5, 15, 25, and 35 m/s are examined, which are provided in the second column of the

table. H2% is varied from 0 to a maximum of 70%, with the corresponding values provided

in the third column of Table 2.1. In the label of each tested condition, T# indicates the

number of utilized perforated plates. Conditions with zero (T0), one (T1), and two (T2)

perforated plates are highlighted by the blue, green, and red colors in the table, respectively.

The second set of experiment includes 5 test conditions and pertain to Bunsen flames with

a co-flow. Details pertaining to this set of experiments are summarized in Table 2.2. For

these conditions, U = 5 m/s, φ = 0.7, and two perforated plates are utilized with H2%

36



2.4. Tested conditions

being either 0 or 20%. In Table 2.2, C# indicates volumetric flow rate of co-flow (Q̇Co−flow)

in SLPM (standard liter per minute). For H2 = 0%, 100, 200, and 300 SLPM of Q̇Co−flow

were tested. A stable flame was not formed for Q̇Co−flow = 400 SLPM. For H2 = 20%,

data was only collected for Q̇Co−flow = 100 and 200 SLPM as the flame was not stable at

Q̇Co−flow = 300 SLPM.

Cantera simulations [50] with the GRI-Mech 3.0 are used to estimate the unstretched

laminar flame speeds (SL,0). Accuracy of using GRI-Mech 3.0 for simulating laminar

hydrogen-enriched methane-air flames is discussed in Appendix A. The laminar flame thick-

nesses (δL) are calculated using Eq. (1.4). Root Mean Square (RMS) of the velocity fluctua-

tions along the y (u′), x (v′), and z (w′) directions as well as the integral (Λ, see Eq. (1.12)),

Taylor (lT, see Eq. (1.13)), and Kolmogorov (ηK, see Eq. (1.14)) length scales are averaged

within the red dotted-dashed window of Fig. 2.3, and the obtained results are presented

in Tables 2.1 and 2.2. The non-reacting flows pertaining to the first turbulence generating

mechanism (0 turbulence generator) feature the Kelvin-Helmholtz instability. This insta-

bility is generated by the jet shear layer, can influence the values of the RMS velocity and

integral length scale, and does not correspond to the background turbulent flow. Thus,

using the proper orthogonal decomposition (POD) technique [156], the Kelvin-Helmholtz

modes are obtained and excluded from the non-reacting flow data pertaining to zero perfo-

rated plates (see Appendix B for more details). The turbulent Reynolds (ReT), Damköhlder

(Da), and Karlovitz (Ka) numbers are estimated using Eqs. (1.11), (1.18), and (1.17) with

the corresponding values provided in Tables 2.1 and 2.2. The effective Lewis number (Leff)

of the fuel and air mixture was estimated using the formulations provided in Appendix C,

with the corresponding values presented in the last columns of the Tables 2.1 and 2.2.

All test conditions related to Table 2.1 are overlaid on the Borghi-Peters [5, 74] diagram,

as shown in Fig. 2.4. The results in this figure suggest that flames with U = 5 m/s and no

perforated plate pertain to the wrinkled flames regime. Flames with U = 5 m/s and one
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Table 2.1. Tested experimental conditions. For all conditions, φ = 0.7. U , SL,0, u′, v′, and
w′ are in m/s and δL, ηK, lT and Λ are in mm. No co-flow exists for these test conditions.

U H2% SL,0 δL u′ v′ w′ ηK lT Λ u′/U u′/SL,0 Λ/δL ReT Da Ka Leeff

U5H00T0 5 0 0.19 0.33 0.15 0.04 0.07 0.23 0.48 2.1 0.03 0.8 6.4 19 8.4 0.3 1.03

U5H10T0 5 10 0.21 0.31 0.15 0.04 0.07 0.23 0.48 2.1 0.03 0.7 6.7 19 9.6 0.2 1.00

U5H20T0 5 20 0.23 0.30 0.15 0.04 0.07 0.23 0.48 2.1 0.03 0.7 7.1 19 10.8 0.2 0.97

U5H30T0 5 30 0.25 0.28 0.15 0.04 0.07 0.23 0.49 2.1 0.03 0.6 7.5 19 12.6 0.2 0.93

U5H40T0 5 40 0.27 0.26 0.15 0.04 0.07 0.24 0.49 2.1 0.03 0.5 8.1 19 15.1 0.1 0.91

U5H50T0 5 50 0.31 0.24 0.15 0.04 0.07 0.24 0.49 2.1 0.03 0.5 8.8 18 18.6 0.1 0.88

U5H60T0 5 60 0.36 0.21 0.15 0.04 0.07 0.24 0.49 2.1 0.03 0.4 9.8 18 24.8 0.1 0.87

U5H70T0 5 70 0.44 0.19 0.15 0.04 0.07 0.24 0.50 2.1 0.03 0.3 11.2 18 33.1 0.1 0.86

U15H00T0 15 0 0.19 0.33 1.70 1.36 0.54 0.04 0.19 3.9 0.11 8.7 11.9 410 1.4 7.4 1.03

U15H20T0 15 20 0.23 0.30 1.70 1.36 0.54 0.04 0.19 3.9 0.11 7.5 13.1 405 1.7 5.7 0.97

U15H40T0 15 40 0.27 0.26 1.70 1.36 0.54 0.04 0.20 3.9 0.11 6.2 15.0 397 2.4 3.9 0.91

U15H60T0 15 60 0.36 0.21 1.70 1.36 0.54 0.04 0.20 3.9 0.11 4.7 18.2 387 4.0 2.4 0.87

U25H00T0 25 0 0.19 0.33 3.24 2.46 1.26 0.03 0.14 3.9 0.13 16.6 11.9 783 0.7 19.6 1.03

U25H40T0 25 40 0.27 0.26 3.24 2.46 1.26 0.03 0.14 3.9 0.13 11.8 15.0 759 1.3 10.4 0.91

U35H00T0 35 0 0.19 0.33 3.72 2.96 1.83 0.02 0.13 3.6 0.11 19.1 11.0 829 0.6 25.1 1.03

U35H40T0 35 40 0.27 0.26 3.72 2.96 1.83 0.02 0.13 3.6 0.11 13.5 13.9 804 1.0 13.3 0.91

U5H00T1 5 0 0.19 0.33 0.34 0.25 0.30 0.13 0.36 2.7 0.07 1.7 8.3 57 4.7 0.8 1.03

U5H10T1 5 10 0.21 0.31 0.34 0.25 0.30 0.13 0.36 2.7 0.07 1.6 8.7 57 5.4 0.7 1.00

U5H20T1 5 20 0.23 0.30 0.34 0.25 0.30 0.13 0.36 2.7 0.07 1.5 9.1 56 6.0 0.6 0.97

U5H30T1 5 30 0.25 0.28 0.34 0.25 0.30 0.13 0.36 2.7 0.07 1.4 9.7 56 7.0 0.5 0.93

U5H40T1 5 40 0.27 0.26 0.34 0.25 0.30 0.13 0.36 2.7 0.07 1.2 10.5 55 8.4 0.4 0.91

U5H50T1 5 50 0.31 0.24 0.34 0.25 0.30 0.13 0.37 2.7 0.07 1.1 11.4 55 10.3 0.3 0.88

U15H00T1 15 0 0.19 0.33 0.98 0.71 0.83 0.06 0.22 2.8 0.07 5.0 8.6 173 1.7 3.9 1.03

U15H20T1 15 20 0.23 0.30 0.98 0.71 0.83 0.06 0.22 2.8 0.07 4.4 9.5 171 2.1 2.9 0.97

U15H40T1 15 40 0.27 0.26 0.98 0.71 0.83 0.06 0.22 2.8 0.07 3.6 10.9 168 3.0 2.0 0.91

U15H60T1 15 60 0.36 0.21 0.98 0.71 0.83 0.06 0.22 2.8 0.07 2.7 13.2 163 4.9 1.2 0.87

U15H70T1 15 70 0.44 0.19 0.98 0.71 0.83 0.06 0.22 2.8 0.07 2.2 15.1 160 6.6 0.9 0.86

U25H00T1 25 0 0.19 0.33 1.57 1.17 1.36 0.04 0.16 2.6 0.06 8.1 7.9 253 1.0 8.2 1.03

U25H20T1 25 20 0.23 0.30 1.57 1.17 1.36 0.04 0.16 2.6 0.06 7.0 8.7 250 1.2 6.2 0.97

U25H40T1 25 40 0.27 0.26 1.57 1.17 1.36 0.04 0.17 2.6 0.06 5.7 10.0 245 1.7 4.3 0.91

U25H60T1 25 60 0.36 0.21 1.57 1.17 1.36 0.04 0.17 2.6 0.06 4.3 12.1 239 2.9 2.6 0.87

U35H00T1 35 0 0.19 0.33 2.19 1.71 1.94 0.03 0.14 2.5 0.06 11.3 7.6 341 0.7 13.7 1.03

U35H10T1 35 10 0.21 0.31 2.19 1.71 1.94 0.03 0.14 2.5 0.06 10.5 8.0 339 0.8 12.0 1.00

U35H20T1 35 20 0.23 0.30 2.19 1.71 1.94 0.03 0.14 2.5 0.06 9.7 8.4 337 0.9 10.4 0.97

U35H30T1 35 30 0.25 0.28 2.19 1.71 1.94 0.03 0.14 2.5 0.06 8.9 9.0 334 1.0 8.8 0.93

U35H40T1 35 40 0.27 0.26 2.19 1.71 1.94 0.03 0.14 2.5 0.06 8.0 9.7 331 1.2 7.3 0.91

U35H50T1 35 50 0.31 0.24 2.19 1.71 1.94 0.03 0.14 2.5 0.06 7.0 10.6 327 1.5 5.7 0.88

U35H60T1 35 60 0.36 0.21 2.19 1.71 1.94 0.03 0.14 2.5 0.06 6.0 11.7 322 2.0 4.3 0.87

U35H70T1 35 70 0.44 0.19 2.19 1.71 1.94 0.03 0.14 2.5 0.06 5.0 13.3 316 2.6 3.1 0.86

U5H00T2 5 0 0.19 0.33 1.10 0.84 0.89 0.06 0.26 4.6 0.22 5.6 13.9 311 2.5 3.6 1.03

U5H10T2 5 10 0.21 0.31 1.10 0.84 0.89 0.06 0.26 4.6 0.22 5.3 14.6 309 2.8 3.1 1.00

U5H20T2 5 20 0.23 0.30 1.10 0.84 0.89 0.06 0.26 4.6 0.22 4.9 15.4 307 3.2 2.7 0.97

U5H30T2 5 30 0.25 0.28 1.10 0.84 0.89 0.06 0.26 4.6 0.22 4.4 16.4 304 3.7 2.3 0.93

U5H40T2 5 40 0.27 0.26 1.10 0.84 0.89 0.06 0.26 4.6 0.22 4.0 17.6 301 4.4 1.9 0.91

U15H00T2 15 0 0.19 0.33 3.70 2.80 2.76 0.03 0.15 5.0 0.25 19.0 15.3 1151 0.8 21.1 1.03

U15H10T2 15 10 0.21 0.31 3.70 2.80 2.76 0.03 0.15 5.0 0.25 17.7 16.0 1144 0.9 18.6 1.00

U15H20T2 15 20 0.23 0.30 3.70 2.80 2.76 0.03 0.15 5.0 0.25 16.4 16.9 1136 1.0 16.1 0.97

U15H30T2 15 30 0.25 0.28 3.70 2.80 2.76 0.03 0.15 5.0 0.25 15.0 18.0 1127 1.2 13.6 0.93

U15H40T2 15 40 0.27 0.26 3.70 2.80 2.76 0.03 0.15 5.0 0.25 13.4 19.4 1116 1.4 11.2 0.91

U15H50T2 15 50 0.31 0.24 3.70 2.80 2.76 0.03 0.15 5.0 0.25 11.9 21.1 1103 1.8 8.9 0.88

U15H60T2 15 60 0.36 0.21 3.70 2.80 2.76 0.03 0.15 5.0 0.25 10.2 23.4 1086 2.3 6.7 0.87

U15H70T2 15 70 0.44 0.19 3.70 2.80 2.76 0.03 0.15 5.0 0.25 8.4 26.7 1065 3.1 4.7 0.86

U25H00T2 25 0 0.19 0.33 6.04 4.75 4.72 0.02 0.11 4.6 0.24 31.0 14.1 1730 0.5 45.9 1.03

U25H10T2 25 10 0.21 0.31 6.04 4.75 4.72 0.02 0.11 4.6 0.24 28.9 14.8 1720 0.5 40.5 1.00

U25H20T2 25 20 0.23 0.30 6.04 4.75 4.72 0.02 0.11 4.6 0.24 26.8 15.6 1708 0.6 35.1 0.97

U25H30T2 25 30 0.25 0.28 6.04 4.75 4.72 0.02 0.11 4.6 0.24 24.4 16.6 1694 0.7 29.7 0.93

U25H40T2 25 40 0.27 0.26 6.04 4.75 4.72 0.02 0.11 4.6 0.24 22.0 17.8 1677 0.8 24.4 0.91

U25H50T2 25 50 0.31 0.24 6.04 4.75 4.72 0.02 0.11 4.6 0.24 19.4 19.4 1657 1.0 19.3 0.88

U25H60T2 25 60 0.36 0.21 6.04 4.75 4.72 0.02 0.11 4.6 0.24 16.6 21.6 1632 1.3 14.6 0.87

U25H70T2 25 70 0.44 0.19 6.04 4.75 4.72 0.02 0.12 4.6 0.24 13.8 24.6 1600 1.8 10.3 0.86

U35H00T2 35 0 0.19 0.33 8.70 6.79 6.80 0.01 0.10 5.1 0.25 44.6 15.4 2729 0.3 76.0 1.03

U35H10T2 35 10 0.21 0.31 8.70 6.79 6.80 0.01 0.10 5.1 0.25 41.7 16.1 2713 0.4 67.0 1.00

U35H20T2 35 20 0.23 0.30 8.70 6.79 6.80 0.01 0.10 5.1 0.25 38.6 17.0 2695 0.4 58.0 0.97

U35H30T2 35 30 0.25 0.28 8.70 6.79 6.80 0.01 0.10 5.1 0.25 35.2 18.1 2673 0.5 49.1 0.93

U35H40T2 35 40 0.27 0.26 8.70 6.79 6.80 0.01 0.10 5.1 0.25 31.7 19.5 2647 0.6 40.4 0.91

U35H50T2 35 50 0.31 0.24 8.70 6.79 6.80 0.01 0.10 5.1 0.25 27.9 21.3 2615 0.8 32.0 0.88

U35H60T2 35 60 0.36 0.21 8.70 6.79 6.80 0.01 0.10 5.1 0.25 24.0 23.6 2575 1.0 24.2 0.87

U35H70T2 35 70 0.44 0.19 8.70 6.79 6.80 0.01 0.10 5.1 0.25 19.8 26.9 2525 1.4 17.0 0.86
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2.4. Tested conditions

Table 2.2. Tested experimental conditions for the co-flow experiment. For all conditions,
U = 5 m/s, φ = 0.7, u′ = 1.10 m/s, v′ = 0.84 m/s, w′ = 0.89 m/s, u′/U = 0.22, ηK =
0.06 mm, lT = 0.26 mm, and Λ = 4.6 mm. SL,0, δL, and Q̇Co−flow are in m/s, mm, and
SLPM, respectively.

H2% Q̇Co−flow SL,0 δL u′/SL,0 Λ/δL ReT Da Ka Leeff

U5H00T2C100 0 100 0.19 0.33 5.6 13.9 311 2.5 3.6 1.03

U5H00T2C200 0 200 0.19 0.33 5.6 13.9 311 2.5 3.6 1.03

U5H00T2C300 0 300 0.19 0.33 5.6 13.9 311 2.5 3.6 1.03

U5H20T2C100 20 100 0.23 0.30 4.9 15.4 307 3.2 2.7 0.97

U5H20T2C200 20 200 0.23 0.30 4.9 15.4 307 3.2 2.7 0.97
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Fig. 2.4. The tested experimental conditions overlaid on the Borghi–Peters diagram [5].

perforated plate as well as condition U15H70T1 pertain to the corrugated flames regime.

The rest of the tested conditions are positioned in the thin reaction zones regime. In Fig. 2.4,

the newly-suggested border of u′Λ/(SL,0δL) = 180 [6, 8], which separates the flames with thin

and broadened preheat zones, is also presented. This border suggests that the conditions

pertaining to U = 15, 25, and 35 m/s with 2 perforated plates as well as condition U35H00T0

are expected to feature a broadened preheat zone. Conditions U25H00T0, U25H40T0, and

U35H40T0 are positioned near the border of u′Λ/(SL,0δL) = 180. The rest of the tested

conditions are expected to feature a relatively thin preheat zone. The predictions of the

Borghi-Peters diagram related to thin and broadened preheat zones are discussed in detail
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2.4. Tested conditions

later in Chapter 4. Tested conditions related to Table 2.2 are not overlaid on the Borghi-

Peters diagram as their positions in the diagram are similar to those of U5H00T2 and

U5H20T2.
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Chapter 3

Data reduction

This chapter is divided into three sections. In the first one, a new model is developed for

estimating the heat release rate of the hydrogen-enriched methane-air flames. In the second

section, the data reduction procedure for generating processed OH and CH2O PLIF signals

from the raw data is illustrated. Finally, in the last section, a method for calculating the

preheat and reaction zone thicknesses as well as the corresponding uncertainties are also

discussed.

3.1 A framework for improved prediction of the heat

release rate

This subsection aims to develop a model that facilitates improved estimation of the heat

release rate (HRR) using PLIF measurements. A brief background related to application of

the PLIF technique for prediction of the HRR is provided in Section 1. In this subsection,

the model proposed by Chi et al. [7] and Marshall and Pitz [71] is modified to predict the

hydrogen-enriched laminar premixed flames HRR.

Equation (1.9) suggest that the time rate of change of the formyl radical (related to

heat release rate) is proportional to the multiplication of the formaldehyde and the hydroxyl

PLIF signals. In fact, several past investigations utilized Eq. (1.9) to qualitatively study

the variation of HRR in methane-air premixed flames, see e.g. [36, 53–55, 128, 129, 157].

Although CH2OPLIFOHPLIF allows for qualitative study of the turbulent premixed methane-
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3.1. A framework for improved prediction of the heat release rate

air flames heat release rate, its adequacy for studying that for hydrogen-enriched methane-

air flames remains to be investigated. In the following, a mathematical model that relates

CH2OPLIF and OHPLIF signals with the true heat release rate is proposed. This model is

developed for freely propagating pure and hydrogen-enriched methane-air laminar premixed

flames. These flames were simulated using the Cantera package [50] with the GRI-Mech

3.0. The simulations were performed for the fuel-air equivalence ratios ranging from 0.5 to

1.0 with steps of 0.1, and hydrogen enrichment percentage ranging from 0% to 90% with

steps of 10%. For brevity, the results presented here only pertains to φ = 0.5, 0.7, and 1.0

as well as H2% of 0%, 30%, 50%, and 70%.
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Fig. 3.1. Variations of predicted versus true heat release rates. The results are normalized by
the corresponding maximum values. The solid black line, red dotted-dashed curve, blue dot-
ted curve, and green dashed curves pertain to Y = X, CH2OPLIFOHPLIF, kf(T )[CH2O][OH],
and CH2OPLIF

αOHPLIF
β, respectively.
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3.1. A framework for improved prediction of the heat release rate

Variations of theHRR estimated from the right-hand-sides (RHS) of Eqs. (1.9) and (1.6),

CH2OPLIFOHPLIF and kf(T )[CH2O][OH], versus the true heat release rate (obtained from

the simulations) are shown in Fig. 3.1 by the red dotted-dashed and blue dotted curves,

respectively. Please not that, in Fig. 3.1, the results are normalized by their corresponding

maximum values. This is highlighted by index “n” in the figure legend. IHRR refers to the

heat release rate markers, which are the estimations of the heat release rate from the RHS

of Eqs. (1.6) and (1.9). Comparison of these variations shows that the predictions of both

Eqs. (1.6) and (1.9) agree, suggesting that g(T ) is proportional to kf(T ) not only for pure

but also for hydrogen-enriched methane-air premixed flames. The results in Fig. 3.1 show

that moving from the reactants to the products, the right hand sides of Eqs. (1.6) and (1.9)

increase, reach to their maximum values at the flame front; then, they decrease to about

zero at the products forming elliptic shapes. Although the results from the right hand sides

of Eqs. (1.6) and (1.9) agree, they do not allow for accurate prediction of the true heat

release rate, which is related to the deviation of the elliptic loops from the line of Y = X.

The results in Fig. 3.1 show that, generally, increasing the fuel-air equivalence ratio as well

as the hydrogen-enrichment percentage increase the deviations of the elliptic loops from the

line of Y = X. These deviations are speculated to be linked to activation of important

chemical reactions (other than Eq. (1.5)) that contribute to the heat release rate. Assessing

the contribution of other reactions to the heat release rate of pure methane-air flames

is experimentally challenging. Also, estimation of kf [OH][CH2O], itself, is experimentally

challenging due to the potential necessity for estimation of the temperature required for

correlating the PLIF signals and the corresponding concentrations of CH2O and OH, see

Eqs. (1.7) and (1.10). To address these complexities, a model/marker that allows for reliable

estimation of the heat release rate from the CH2O and OH PLIF signals is proposed below.

IHRR ∝ CH2OPLIF
αOHPLIF

β. (3.1)
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3.1. A framework for improved prediction of the heat release rate

Equation (3.1) is developed based on a power-law relation between the PLIF intensities of

CH2O and OH, which is similar to that proposed in Marshal and Pitz [71] as well as Chi et

al. [7] for hydrogen-air and pure methane-air premixed flames, respectively. In Eq. (3.1), the

combination of α and β was optimized such that the mean distance between the points on

the predicted normalized heat release rate (in Fig. 3.1) and the line of Y = X is minimized.

The optimized values of α and β for the rest of all tested conditions are provided in Table 3.1.

Details of the optimization process is discussed in following.

Table 3.1. Optimized values of α and β used in calculation of IHRR.

φ
0.5 0.6 0.7 0.8 0.9 1.0

H2%

0
α 0.75 0.85 0.92 0.96 0.98 0.99
β 0.94 0.91 0.86 0.83 0.80 0.79

10
α 0.75 0.85 0.92 0.95 0.96 0.98
β 0.93 0.90 0.85 0.81 0.78 0.77

20
α 0.74 0.85 0.92 0.94 0.95 0.97
β 0.92 0.89 0.84 0.79 0.76 0.75

30
α 0.74 0.83 0.92 0.92 0.94 0.97
β 0.90 0.86 0.82 0.76 0.73 0.73

40
α 0.75 0.82 0.88 0.92 0.93 0.95
β 0.89 0.84 0.78 0.73 0.70 0.69

50
α 0.74 0.80 0.85 0.88 0.89 0.92
β 0.87 0.80 0.73 0.68 0.64 0.64

60
α 0.71 0.77 0.82 0.83 0.87 0.88
β 0.83 0.75 0.67 0.61 0.58 0.57

70
α 0.67 0.72 0.80 0.78 0.80 0.78
β 0.77 0.67 0.60 0.52 0.49 0.47

80
α 0.61 0.67 0.69 0.69 0.69 0.69
β 0.69 0.58 0.47 0.40 0.36 0.34

90
α 0.53 0.56 0.56 0.55 0.54 0.54
β 0.57 0.43 0.28 0.22 0.17 0.15

In the optimization process, the Eq. (1.10) along with the mole fractions of OH and

CH2O were used to estimate the synthetic CH2OPLIF and OHPLIF in Eq. (3.1). To the best

knowledge of the author, information for relating PLIF signals and the mole fractions data

is only available for pure methane-air flames in the literature, which is Eq. (1.10). Using

this equation for prediction of the synthetic PLIF signals for hydrogen-enriched methane-

air flames is speculated to lead to uncertainty. In the optimization procedure, for each
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3.1. A framework for improved prediction of the heat release rate

condition, first, large intervals pertaining to variations of these parameters were considered

(α ∈ [0, 2] and β ∈ [0, 2]). Then, these intervals were divided into 201 segments each, and

several combinations of α and β were selected, leading to 201× 201 = 40, 401 combinations.

Then, for each combination, the deviation (E) of the estimated IHHR (RHS of Eq. (3.1))

from the true HRR was obtained using

E =
Σi=Nt
i=1 |(CH2OPIF(i)αOHPIF(i)β)n −HRR(i)n|

Nt
, (3.2)

where Nt is the total number of data points used in the Cantera simulations to resolve the

laminar premixed flame, and i is the summation variable. The values of E were estimated for

40,401 combinations of α and β and for all conditions. The contours of E for the condition

with φ = 0.7 and H2 = 0% is shown in Fig. 3.2(a). The results in the figure suggest that

there exists a combination of α and β that leads to minimized value of E. This combination

of α and β is shown by the cross data symbol in Fig. 3.2(a), and was used for estimation of

the heat release rate marker in Eq. (3.1).
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Fig. 3.2. (a) and (b) are contours of E and E′, respectively. The cross data symbol is the
combinations of (α,β) and (α′,β′) that minimize E and E′, respectively. The plus data
symbol is extracted from the study of Chi et al. [7].

Compared to the present investigation, Chi et al. [7] used concentrations of CH2O and
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3.1. A framework for improved prediction of the heat release rate

OH species to estimate the heat release rate marker using

IHRR ∝ [CH2O]α
′
[OH]β

′
, (3.3)

where α′ and β′ are optimized in order to accurately predict the heat release rate. Following

a procedure similar to that used for α and β, a deviation function (E′) can be introduced

to estimate the optimized values of α′ and β′. This function is given by

E′ =
Σi=Nt
i=1 |([CH2O](i)α

′
[OH](i)β

′
)n −HRR(i)n|

Nt
. (3.4)

Contours of E′ (for the condition with φ = 0.7 and H2 = 0%) are shown in Fig. 3.2(b).

The results in Fig. 3.2(b) suggest that the optimized value of α′ and β′ are 0.93 and 0.98,

respectively. Results of Chi et al. [7] suggest that the optimized values of α′ and β′ are 1.17

and 1.07, respectively. These values are overlaid on Fig. 3.2(b). Note that α′ and β′ are

denoted by s2 and s1 in Chi et al. [7] for [CH2O] and [OH] exponents, respectively. The

optimized values of these parameters in [7] (α′ = 1.17 and β′ = 1.07) are shown by the

plus data symbol in Fig. 3.2(b), which are respectively different by about 26% and 9% from

those obtained here (see the cross data symbol in Fig. 3.2(b)). The reason for this difference

is speculated to be linked to the method used in [7] for estimation of the [CH2O] and [OH]

exponents. Specifically, in Chi et al. [7], the exponents (s1 and s2) are estimated such that

the prediction of Eq. (3.3) RHS normalized by the corresponding maximum is close to the

normalized true heat release rate for several fuel-air equivalence ratios ranging from 0.6 to

1.4. However, in the present dissertation, these exponents are estimated for fixed values

of φ and hydrogen-enrichment percentage. Nevertheless, the results of Eq. (3.1), compared

to those of Eq. (3.3), are more convenient for experimental assessment of the heat release

rate. This is because Eq. (3.1) only requires information regarding the CH2O and OH PLIF

intensities (which are readily available from experiments); however, application of Eq. (3.3)

46



3.2. Reduction of the PLIF data

requires temperature information in addition to these species PLIF intensities for estimation

of their concentrations.

The predictions of the model proposed in Eq. (3.1) for the optimized values of α and β

are shown by the green dashed curves in Fig. 3.1. As can be seen, the predictions of this

model are noticeably more accurate than those obtained based on the RHS of Eqs. (1.6) and

(1.9). Thus, the model in Eq. (3.1) along with the optimized values of α and β (provided

in Table 3.1) were used for the heat release rate marker estimation discussed in this thesis.

3.2 Reduction of the PLIF data

For each test condition, 500 pairs of OH and CH2O PLIF images were collected simul-

taneously. The PLIF data is used to study both the internal structure as well a heat release

rate marker of the tested flames. The process related to reducing the raw PLIF images is dis-

cussed in this subsection. Figures 3.3(a) and (b) show two representative frames of the raw

OH and CH2O PLIF images, respectively. These frames are related to condition U5H40T1.

In order to correct the PLIF images for the effect of the background noise, separate 500

pairs of images were collected for each test condition using the PLIF cameras while the lasers

were turned off. The mean background images were subtracted from the corresponding OH

and CH2O PLIF data. Mean background images related to the OH and CH2O cameras (for

condition U5H40T1) are presented in Figs. 3.4(a) and (b), respectively. The background

images contain contribution from the flame chemiluminescence, and this contribution is re-

moved from the PLIF images as a result of background subtraction. Then, the obtained

PLIF images are normalized by the corresponding laser profiles. The profile of the 283 nm

laser sheet is obtained from separate acetone PLIF experiments. For these, a homogeneous

mixture of acetone was injected towards the lase sheet. The ICCD camera C1 (see Fig. 2.1)

was equipped with a 305 nm longpass filter. Then, 500 acetone PLIF images were collected,

averaged, and used to obtain the two-dimensional OH PLIF laser profile. The 355 nm laser
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Fig. 3.3. Procedures for reducing OH (a, c, and e) as well as CH2O (b, d, and f) PLIF
images. (g) and (h) are the estimated IHRR before and after the thresholding process,
respectively. (i) presents the preheat (cyan), reaction (red), and combustion products (yel-
low) zones. Process (1) corresponds to the background noise, laser profile, and laser pulse
energy corrections. Process (2) pertains to applying the median-based filter. Process (3)
corresponds to estimation of the heat release rate from the OH and CH2O PLIF images.
Process (4) pertains to thresholding IHRR. The results pertain to U5H40T1 test condition.
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Fig. 3.4. Mean background image pertaining to (a) OH and (b) CH2O cameras, respectively.
The results pertain to Flame U5H40T1 condition.

sheet profile, which was used to normalized the CH2O PLIF images, was acquired similarly

except that the longpass filter was removed from the camera and Rayleigh scattering images

were collected (by running air instead of homogeneous mixture of acetone).
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As discussed in Chapter 2, two photodiodes were used to capture the laser pulse energy

variations of both 283 and 355 nm beams. These were used to normalize both the OH and

CH2O PLIF images (after laser profile correction) in order to remove the effect of the shot-

to-shot variation of the lasers pulse energies. Figures 3.3(c) and (d) show the representative

frames of OH and CH2O PLIF images corrected for the effects of background noise, laser

profile, and shot-to-shot laser energy variations. These corrections are shown as process (1)

in Fig. 3.3. After applying the corrections related to process (1), in order to decrease the

remaining background noise, similar to [2, 3, 8, 36, 55, 81, 158], 7 × 7 and 11 × 11 pixels2

median-based filters were applied to the OH and CH2O PLIF images, respectively. This is

shown by process (2) in Fig. 3.3. Similar results are obtained using the Wiener [122] and

Gaussian [121, 159] filters. Care was taken to ensure that the utilized filters do not influence

the results, with further details provided in the next section. Figures 3.3(e) and (f) present

the background subtracted, laser profile and energy corrected, and median-based filtered

OH and CH2O PLIF images, respectively. After process (2), the local, normalized, and

relative heat release rate marker (IHRR) was obtained (see process (3) in Fig. 3.3), using the

model presented in the previous section (see Eq. (3.1)). This model suggests that the heat

release rate is proportional to CH2OPLIF
α×OHPLIF

β, with α and β depending on the tested

fuel-air equivalence ratio and the hydrogen-enrichment percentage (see Table 3.1). Please

note that using the conventional method for calculation of IHRR (i.e. α = β = 1 [8, 36, 53–

55, 67, 128, 129, 157]) leads to similar results and the non unity values of α and β do not

influence the conclusions of the thesis. Figure 3.3(g) presents IHRR pertaining to the raw

data shown in Figs. 3.3(a and b).

In order to remove the erroneous data during generation of IHRR, the results were thresh-

olded. This is shown by process (4) in Fig. 3.3. It is important to highlight that the OH and

CH2O PLIF images were not thresholded prior to generation of the local heat release rate

marker. Instead, the thresholding was performed after generation of this marker, which is
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Fig. 3.5. A sample IHRR (a) without thresholding, (b) with thresholding the results in (a),
and (c) with thresholding OH and CH2O PLIF images using 10% of their corresponding
global maxima prior to generation of IHRR. The results pertain to test condition U5H40T1.

further discussed here. The local heat release rate marker shown in Fig. 3.3(g) (not thresh-

olded) is presented in Figs. 3.5(a). Also shown in the figure are the thresholded results

after generation of IHRR, and this parameter generated using thresholded OH and CH2O

PLIF images. The former and the latter are shown in Figs. 3.5(b) and (c), respectively. The

results in Figs. 3.5(b) are thresholded based on 30% of the corresponding global maximum

of IHRR, and the results in Figs. 3.5(c) are obtained using OH and CH2O PLIF images

thresholded using 10% of their corresponding global maxima prior to generation of IHRR.

As can be seen, thresholding the PLIF images prior to generation of the local heat release

rate marker can significantly influence the values of this parameter, which can be seen by

comparing the maximum values in Figs. 3.5(a) and (c). As can be seen, thresholding the

PLIF signals before generating IHRR can also slightly change the flame structure. However,

as comparison of the results in Figs. 3.5(a) and (b) show, the IHRR maximum value and

the flame structure are not significantly influenced when this parameter is thresholded after

generation of CH2OPLIF
α ×OHPLIF

β images.

For all tested conditions, 30% of CH2OPLIF
α ×OHPLIF

β global maximum was used for

thresholding. This percentage is fixed for all tested conditions. The effect of the thresh-

old value on the local heat release rate marker is presented in Fig. 3.6. The results in

Figs. 3.6(a–e) and Figs. 3.6(f–j) pertain to flames with Ka = 0.1 (U5H40T0) and 40.4

(U35H40T2), respectively. The first, second, third, fourth, and fifth columns show instan-
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Fig. 3.6. (a–e) and (f–j) present snapshots of the local heat release rate marker for Ka = 0.1
(U5H40T0) and Ka = 40.4 (U35H40T2), respectively. The results in the first, second, third,
fourth, and fifth columns highlight the local heat release rate marker without thresholding,
and with 10, 20, 30, and 40% thresholding of the corresponding global maximum, respec-
tively.

taneous images of the local heat release rate marker without thresholding, 10%, 20%, 30%,

and 40% thresholding of the corresponding global maximum. Results in Fig. 3.6(a) show

that, for nearly laminar conditions, the un-thresholded IHRR may predict non-zero values at

very large distances from x = 0 and inside the products, which is not realistic. This suggests

thresholding IHRR is necessary prior to further analysis. Also, as highlighted by the white

dashed ellipses in Figs. 3.6(b and c), 10 and 20% thresholding does not allow for removing

all of the erroneous data, and 40% thresholding excessively removes the local heat release

rate marker data. As can be seen, 30% threshold is sufficient and necessary for removing

noise while keeping the signal for the test conditions of the present thesis. As a result, the

30% threshold was used here. Figure 3.3(h) demonstrate the final thresholded local heat

release rate marker.

3.3 A method for estimating preheat and reaction zone

thicknesses

The PLIF data was used to estimate the preheat and reaction zones thicknesses. Similar

to [8, 53, 54], pixels that feature IHRR values larger than 50% of the global maximum
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highlight the reaction zone. The leading edge of the preheat zone is where CH2O PLIF

signal equals 35% of the maximum CH2O PLIF signal in the reactants side [53, 55]. The

trailing edge of the preheat zone is the leading edge of the reaction zone. The preheat and

reaction zones for the representative frames presented in Fig. 3.3 are shown by the cyan and

red colors in Fig. 3.3(i), respectively. After removing the regions pertaining to the reaction

zone, the combustion products are defined as the regions where OH PLIF signal is larger

than 15% of the global maximum. Please note that the selected threshold for the combustion

product does not influence the conclusion of this study. The combustion products are shown

by the yellow color in Fig. 3.3(i).

For highly turbulent premixed flames, due to their relatively complex structure (com-

pared to laminar and moderately turbulent flames), the conventional method of preheat/reaction

zone thickness calculation cannot be used. Please note that, in this thesis, highly turbulent

premixed flames are tested. Here, the thickness (for both preheat and reaction zones) is

defined as the total zone area divided by half of the zone total perimeter. For example, for

a disk, the thickness calculated from the above definition is the radius of the disk. For a

hollow disk (radii r1 and r2, with r1 > r2), the thickness obtained from the above definition

is (πr2
1 − πr2

2)/(πr1 + πr2), which equates to r1 − r2. For complex structures, such as that

shown in Fig. 3.7, the thickness equates to 2Σi=4
i=1Ai/Σ

i=6
i=1pi. For this structure, Σi=4

i=1Ai is

the total structure area, which pertains to two islands featuring two holes (A1 and A2) as

well as two pockets (A3 and A4). Σi=6
i=1pi is the total perimeter of the structure shown in

Fig. 3.7.

Five parameters may potentially lead to the uncertainty in estimation of the preheat

and reaction zone thicknesses. These parameters are filtering the PLIF images (process (2)

in Fig. 3.3), three-dimensional orientation of the flames, imaging resolution, optical blur,

and laser sheet thickness. Influences of these factors are discussed in the following.

The median-based filtering improves the quality of the PLIF images by removing the
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Fig. 3.7. A representative preheat/reaction zone structure. The thickness of this structure is
2Σi=4

i=1Ai/Σ
i=6
i=1pi. Σi=4

i=1Ai and Σi=6
i=1pi are the total structure area and perimeter, respectively.

“salt-and-pepper” noise. Figures 3.8(a) and (b) present two representative OH and CH2O

PLIF images only corrected for the effect of background and laser profile/energy. Fig-

ure 3.8(c) is the heat release rate maker estimated from the results in Figs. 3.8(a) and (b)

and is not thresholded. The results pertain to flame with Ka = 76.0. Similar to the results

in Figs. 3.8(a–c), the heat release rate marker was obtained after applying the median-

based filters with the corresponding sizes shown in Figs. 3.8(d and e), Figs. 3.8(g and h),

and Figs. 3.8(j and k). The corresponding generated heat release rate markers are shown

in Figs. 3.8(f, i, and l). As can be seen, changing the median-based filter size does not

significantly change the structure of the local heat release rate marker, yet application of

this filter allows for removing the “salt-and-pepper” noise.

The results presented in Fig. 3.8 pertain to one snapshot. In order to statistically

assess the effect of filtering on the flame thickness, the probability density functions of the

normalized preheat and reaction zone thicknesses for the conditions shown in Figs. 3.8(g–l),

which pertain to the most turbulent condition (U35H00T2), were evaluated and presented

in Figs. 3.9(a) and (b), respectively. In the figure, the solid black and dashed blue curves

pertain to OH and CH2O PLIF images after applying the median-based filters with window
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Fig. 3.8. Effect of the median-based filtering on the local heat release rate marker. The
results pertain to the flame with Ka = 76.0 (U35H00T2). The results in the first, second,
and third columns pertain to OH PLIF, CH2O PLIF, and IHRR, respectively.
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Fig. 3.9. (a) and (b) are the probability density functions of the normalized preheat and
reaction zone thicknesses, respectively. The results pertain to the flame with Ka = 76.0
(U35H00T2).
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sizes of 7×7 and 11×11 as well as 5×5 and 7×7, respectively. As can be seen, changing the

filter size does not significantly influence the probability density functions of the preheat

and reaction zone thicknesses. Similar results were obtained from the rest of the tested

conditions.

Effect of three-dimensional orientation of the flame is studied in past investigations [76,

121, 160–166]. For example, study of Rosell et al. [121] shows that for a flame with

Ka = 60, the estimated preheat and reaction zone thicknesses can be influenced by three-

dimensionality of the flame up to 8% and 11%, respectively. Since this Karlovitz number

is close to the maximum tested Ka of the present study (which is Ka = 76), the effect

of three-dimensionality on the reported results is not expected to be too large. The Full

Width at Half Maximum (FWHM) of the line-spread function in the present study is 263 µm,

which is the PLIF imaging resolution. The Direct Numerical Simulation results presented

in Lapointe and Blanquart [97] suggest that, for turbulent premixed flames with similar

Karlovitz numbers, the standard deviation of the flame curvature times the laminar flame

thickness is about 0.5 (see Fig. 9(a) in [97]). This corresponds to about 0.66 mm in the

present study, which can be properly resolved considering the imaging resolution of 263 µm.

Also, the largest curvature reported in Lapointe and Blanquart [97] (which has a very small

probability of occurrence) is about 3 times the standard deviation of the flame curvature

(see the extent of the horizontal axis in Fig. 8(b) of [97]). This implies that the largest

curvature reported in [97] is about 1.5 times the inverse of the laminar flame thickness.

Thus, the smallest flame radius calculated and reported in [97] is two-third of the laminar

flame thickness. This is nearly 0.22 mm and is about the imaging resolution of the present

study. Such corrugations can be detected with the utilized diagnostics, and any potentially

thickened reaction zones is not expected to be influenced by the present imaging resolution.

The FWHM of the line-spread function in the present study (263 µm) corresponds to

about three pixels, which suggests that the blurring parameter σblur [66] of the present
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study is about 263 µm×0.5/89 µm per pixel ≈1.5 pixels. The laser sheet thickness (δlaser =

0.25 mm) normalized by the laminar flame thickness (δL = 0.33 mm) is δlaser/δl = 0.76.

σblur, the normalized laser sheet thickness, along with the results in Figs. 14 and 15 of [66]

suggest that the effect of laser sheet thickness as well as blurring on our measured preheat

and reaction zone thicknesses is less than 8%, which is small. Although, as the turbulence

intensity and Karlovitz number increase, flames feature corrugations with larger curvature

(smaller radius) [97], the study of Wabel et al. (see Fig. 22 of [66]) suggests that the effect

of laser sheet thickness and blurring on the probability density function of curvature is not

significant at δlaser and σblur similar to those of the present study. Note that the Karlovitz

number utilized in Wabel et al. [66] (Ka = 65) is close to the largest Karlovitz number

tested in here (Ka = 76).
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Chapter 4

Structure of turbulent premixed

flames at large turbulence

intensities

In this chapter, the structure of turbulent premixed flames subject to large turbulence

intensities is studied. This chapter is divided into three sections. In the first section,

the preheat and reaction zone thicknesses are estimated for pure and hydrogen-enriched

methane-air turbulent premixed flames. The second and third sections pertain to pure

methane-air turbulent premixed flames. In the second section, a framework is developed to

study the flamelet/non-flamelet behavior of turbulent premixed flames. In the last section,

the correlation between the local turbulent flow characteristics and flame internal structure

is presented to study the underlying reasons for the potential broadening of the preheat and

reaction zones.

4.1 Preheat and reaction zones thicknesses

Representative planar laser-induced fluorescence images pertaining to the test conditions

of U5H00T0 (Ka = 0.3), U5H40T0 (Ka = 0.1), U35H00T2 (Ka = 76.0), and U35H40T2

(Ka = 40.4) are presented in the first, second, third, and fourth rows of Fig. 4.1, respec-

tively. The results in the first and second columns are representative hydroxyl and formalde-
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Fig. 4.1. Representative OH (first column) and CH2O (second column) PLIF images as
well as the HRR (third column). The preheat, reaction, and combustion products zones are
respectively shown by the cyan, red, and yellow colors in the last column. The first, second,
third, and fourth rows pertain to the test conditions of U5H00T0, U5H40T0, U35H00T2,
and U35H40T2, respectively.

hyde PLIF data. The third column is IHRR estimated utilizing the procedure discussed in

Chapter 3. The corresponding preheat, reaction, and combustion products zones were also

obtained using the procedure discussed in Chapter 3, and these zones are shown by the

cyan, red, and yellow colors in the last column of Fig. 4.1, respectively. For both pure and

hydrogen-enriched methane-air flames with Ka = 0.3 (U5H00T0) and 0.1 (U5H40T0), both

preheat and reaction zones remain relatively thin, see the cyan and red regions in Figs. 4.1(d

and h). However, for the pure and hydrogen-enriched flames, as the Karlovitz number in-

creases to large values, the preheat and reaction zones broaden significantly (see Figs. 4.1(l

and p)). This observation is consistent with the results presented in [12, 36, 37, 43–49].

Following the procedure elaborated in Chapter 3, the thicknesses of both preheat and

reaction zones were estimated for each frame of the tested conditions. For the conditions
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Fig. 4.2. Laminar flame preheat and reaction zone thicknesses versus hydrogen-enrichment
percentage. The indices L and L, 0 pertain to values measured experimentally and estimated
from the Cantera simulations for laminar flames, respectively.

with the smallest mean bulk flow velocity and no turbulence generator, the flames are nearly

laminar. The averaged preheat (δP,L) and reaction (δF,L) zone thicknesses for nearly laminar

flames versus the tested hydrogen-enrichment percentage are shown in Fig. 4.2. In the figure,

the solid black circular (δP,L) and solid blue triangular (δF,L) data points highlight the

preheat and reaction zone thicknesses measured experimentally in this thesis pertaining to

the test conditions of the nearly laminar premixed flames. The open black circular and open

blue triangular data points are the preheat (δP,L,0) and reaction zone (δF,L,0) thicknesses

obtained from Cantera simulations of a freely propagating laminar flame. As can be seen,

increasing the hydrogen-enrichment percentage from 0% to 70% decreases δP,L,0 from about

0.38 to 0.15 mm, however, δF,L,0 remains nearly constant and about 0.2 mm. The length

of the error bar in Fig. 4.2 is the resolution of the PLIF measurements. The results show

that, generally, increasing H2% from 0 to 70% decreases δP,L. As can also be seen, the

variation in the thickness of the reaction zone is within the imaging resolution. Thus, the

results presented in Fig. 4.2 suggest that the influences of H2% on experimentally measured

preheat and reaction zone thicknesses for nearly laminar flames follow those predicted by

the Cantera simulations. However, the experimentally measured values of δP,L and δF,L are
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about 2.5 times larger than the corresponding values obtained from the Cantera simulations,

which are about 0.2–0.4 mm. This observation is consistent with that reported in past

studies, see for example [8].

The instantaneous reaction and preheat zone thicknesses were calculated for all frames

and test conditions in Table 2.1. The averaged preheat (δP) and reaction (δF) zone thick-

nesses for all tested conditions are presented in Figs. 4.3(a) and (b), respectively. The

results in Fig. 4.3(a) show that, for a fixed value of u′, increasing the hydrogen-enrichment

percentage decreases the turbulent flames preheat zone thickness, which is similar to that

observed for laminar flames, see Fig. 4.2. The results in Fig. 4.3(b) suggest that, compared

to hydrogen-enrichment, the turbulent premixed flame reaction zone thickness is more in-

fluenced by u′. In order to normalize the effect of hydrogen addition, u′ was divided by

the corresponding laminar flame speed, and the results in Figs. 4.3(a) and (b) were pre-

sented in Figs. 4.3(c) and (d), respectively. In order to estimate the maximum uncertainty

associated with δP and δF, the test condition of U35H00T2 was repeated three times, the

maximum deviation from the mean value was estimated, and the corresponding error bars

were overlaid on Figs. 4.3(c) and (d), respectively. The probability density functions of the

test conditions with the largest instantaneous preheat and reaction zone thicknesses, which

correspond to U35H30T2 and U35H10T2 test conditions, are overlaid by the hot color bar

contour on Figs. 4.3(c) and (d), respectively.

The values of the (mean) preheat (δP/δP,L) and reaction zone (δF/δF,L) thicknesses

normalized by the corresponding experimentally measured laminar flame counterparts are

presented in Figs. 4.3(e) and (f), respectively. Overlaid on Fig. 4.3(e) are the normalized

preheat zone thickness pertaining to the studies of Skiba et al. [8] and Wang et al. [12],

which are shown by the solid red and blue triangular data points, respectively. To aid the

discussions, fits to the results of [8] and [12] were obtained and shown by red dotted-dashed

and blue dotted curves, respectively. The studies of [8, 12] correspond to pure methane-air

60



4.1. Preheat and reaction zones thicknesses

0 10 20 30 40 50

1

2

3

4

0 10 20 30 40 50
0

1

2

3

4

5

0 10 20 30 40 50

0.5

1

1.5

2

0

10

20

30

40

0 10 20 30 40 50

1

2

3

0 2 4 6 8 10

0.5

1

1.5

2

2.5

0 2 4 6 8 10
0.4

0.6

0.8

1

1.2

Fig. 4.3. (a and b) are the mean preheat and reaction zone thicknesses presented versus u′,
highlighting the effect of hydrogen-enrichment. (c and d) are the mean preheat and reaction
zone thicknesses presented versus u′/SL,0. (e and f) are the results in (c and d) normalized
by δP,L and δF,L (which were presented in Fig. 4.2).

flames. Unlike the present study that the fuel-air equivalence ratio is fixed and equals 0.7,

results of [8] pertain to the fuel-air equivalence ratios of 0.65, 0.85, and 1.05, and those

of [12] pertain to φ = 0.4, 0.7, and 1.0. Comparison of the results of this thesis with those

of Skiba et al. [8] and Wang et al. [12] at a similar fuel-air equivalence ratio (0.65 and

0.7) suggests that the values of δP/δP,L nearly collapse. The results show that, for both

pure and hydrogen-enriched methane-air flames, the preheat zone features broadening, and

this becomes more pronounced with increasing the turbulence intensity. The broadening
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Fig. 4.4. Variation of the normalized mean preheat zone thickness versus u′Λ/(SL,0δL) for
all tested conditions. The dashed line of u′Λ/(SL,0δL) = 180 is the border proposed in Skiba
et al. [8] and Driscoll et al. [6].

of the preheat zone for hydrogen-enriched methane-air turbulent premixed flames has been

recently reported in the study of Zhang et al. [115]. However, the tested conditions in [115]

correspond to a maximum turbulence intensity of about 12.5. The results of the present

thesis suggest this broadening extends to u′/SL,0 ≈ 42 (for 10% hydrogen-enrichment).

Driscoll et al. [6] and Skiba et al. [8] suggest that the turbulent premixed methane-air

flames with u′Λ/(SL,0δL) & 180 may feature preheat zone broadening. Variation of the

normalized mean preheat zone thickness versus u′Λ/(SL,0δL) is presented in Fig. 4.4 for all

tested conditions in Table 2.1. As can be seen, test conditions with u′Λ/(SL,0δL) & 180

feature δP/δP,L & 1.5, however, those with u′Λ/(SL,0δL) . 180 feature δP/δP,L . 1.5. For

pure methane-air turbulent premixed flames, the results presented here agree with those

of [6, 8]. The results presented in Fig. 4.4 suggest that the border of u′Λ/(SL,0δL) ≈ 180 can

also be used for predicting the preheat zone broadening of hydrogen-enriched methane-air

turbulent premixed flames.

The normalized reaction zone thickness data reported in the studies of Skiba et al. [8] and

Zhou et al. [36] are presented by the solid red and orange triangular data points, respectively,

in Fig. 4.3(f). To aid the discussions, fits to the normalized reaction zone thicknesses of [8]
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and [36] were obtained and are shown by the red dotted-dashed and orange dotted curves,

respectively. Results of the present thesis show that increasing the turbulence intensity

increases the normalized reaction zone thickness as shown in Fig. 4.3(f). This increasing

trend is similar for all tested hydrogen-enrichment percentages and agrees well with the

increasing trend in the study of Zhou et al. [36]. However, the amount of the reaction zone

broadening in our study is smaller than that reported by Zhou et al. [36]. This is speculated

to be attributed to the different tested fuel-air equivalence ratios and the geometry of the

utilized burners. Compared to the results of the present thesis and those of [36], Skiba et

al. [8] suggest that the reaction zone thickness remains nearly constant and does not vary by

increasing the turbulence intensity. The reason for the controversial observation reported

for the reaction zone thickness is discussed in Chapter 4.3. Nevertheless, the broadening of

the reaction zone for hydrogen-enriched methane-air flames shown in Fig. 4.3(b, d, and f)

at relatively large turbulence intensities is reported in the present thesis for the first time.

Dinkelacker et al. [167] argued that the three dimensional nature of the flames may lead

to uncertainty in estimation of the averaged turbulent premixed flame thickness. They [167]

suggested that, instead of the mean, the most probable values obtained from 2D measure-

ments should be used for estimation of the flame thicknesses. Such analysis is also performed

in the present thesis for the conditions in Table 2.1. The normalized most probable values

as well as the normalized full width at half maximum (FWHM) of the preheat and reaction

zone thicknesses are presented in the first and second rows of Fig. 4.5, respectively. In this

figure, δ′P and δ′F are the most probable values of the preheat and reaction zone thicknesses,

and FWHMP and FWHMF are their respective full width at half maximum values. The

results are normalized by the most probable values of the preheat (δ′P,L) and reaction (δ′F,L)

zone thicknesses obtained from the corresponding nearly laminar flames (which pertain to

the smallest tested mean bulk flow velocity and with no turbulence generator in Table 2.1).

The values of δ′P,L and δ′F,L are provided in Table 4.1. Results in Fig. 4.5 suggest that
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Fig. 4.5. The normalized most probable (a and b) and FWHM (c and d) values of the
preheat and reaction zone thicknesses.

increasing the turbulence intensity from 0 to about 50 increases the normalized most prob-

able values of the preheat and reaction zone thicknesses by a factor of about 3.5 and 2.2,

which are similar to the results obtained from Fig. 4.3. In essence, the results presented

in Fig. 4.3 and Fig. 4.5 show that both the preheat and reaction zones of the pure and

hydrogen-enriched methane-air turbulent premixed flames can feature significant amount

of broadening. For example, the preheat and reaction zone thicknesses can feature values

that are respectively 6.3 and 4.9 times those of the laminar flame counterparts as shown

by the probability density functions in Figs. 4.3(a and b). The flame broadening discussed

above suggests that the tested flames may not feature the flamelet behavior. This is further

discussed in the following section.
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Table 4.1. Most probable values of the preheat and reaction zone thicknesses pertaining to
the smallest tested mean bulk flow velocity (5 m/s) and with no turbulence generator (the
nearly laminar conditions).

U5H00T0 U5H10T0 U5H20T0 U5H30T0 U5H40T0 U5H50T0 U5H60T0 U5H70T0

δ′P,L (mm) 0.60 0.57 0.54 0.51 0.47 0.43 0.39 0.40

δ′F,L (mm) 0.51 0.48 0.46 0.47 0.47 0.48 0.50 0.55

4.2 Flamelet and non-flamelet behavior of premixed flames

In Driscoll et al. [6], it is discussed that the flamelet assumption holds if variations of

species mass fractions versus mean progress variable (or temperature) are similar to those

of a laminar flame. Similar to this, comparison of the variation of OH versus CH2O PLIF

signals with those of laminar flame is utilized in this thesis to study the flamelet/non-

flamelet behavior of the premixed flames. Specifically, variations of the OH versus CH2O

PLIF data normalized by their corresponding maxima are presented in Figs. 4.6(a–d) for

four representative frames of conditions U5H00T0, U35H00T0, U35H00T1, and U35H00T2.

The flame structure related to the results in Figs. 4.6(a–d) are presented in Figs. 4.6(e–h),

respectively. Overlaid on Figs. 4.6(a–d) are the variation of the normalized synthetic OH

versus CH2O PLIF data obtained from the Cantera simulations of a freely propagating

laminar premixed pure methane-air flame with φ = 0.7, which is the fuel-air equivalence

ratio tested for all conditions. In Figs. 4.6(a–d), data with OH and CH2O PLIF signals

smaller than 10% of the corresponding maxima are shown by the blue color. OH and CH2O

PLIF signals are available inside the entire presented field of view. The blue data points in

Fig. 4.6 include preheat zone (regions with a large CH2O and very small OH PLIF signals),

products (regions with a large OH and very small CH2O PLIF signals), as well as regions

significantly far from the flame (either towards the products or inside the cold reactants).

The last group of points are located close to the origin of the OH versus CH2O scatter plots.

Following the above discussions, data with considerable deviation from that of the

freely propagating laminar flame towards OH/OHmax = CH2O/CH2Omax = 1 features non-

flamelet behavior. Such data is shown by the red color in Fig. 4.6. Specifically, for a given
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4.2. Flamelet and non-flamelet behavior of premixed flames

Fig. 4.6. (a–d) Variations of OH versus CH2O PLIF data for four representative frames of
conditions U5H00T0, U35H00T0, U35H00T1, and U35H00T2. (e–h) Regions of the flames
in the first row featuring the flamelet (green color) and non-flamelet (red color) behaviors.

CH2O/CH2Omax, the red color highlights the data points for which the corresponding OH

PLIF data is larger than that of a freely propagating laminar flame by q, see Fig. 4.6(a). For

the results presented here, q = 0.2. The border highlighted by q = 0.2 is shown by the black

dashed curves in Fig. 4.6(a–d). The data limited between the red and blue colored data

points are highlighted by the green color and pertains to the flamelet behavior. Please note

that only data with considerable deviations towards OH/OHmax = CH2O/CH2Omax = 1

was considered as the non-flamelet behavior. The reason for this is discussed in detail in

Appendix D. The pixels that correspond to the red and green colors in Figs. 4.6(a–d) are

highlighted by the corresponding red and green color pixels shown in Figs. 4.6(e–h). As

can be seen in Fig. 4.6(h), for the largest tested Karlovitz number, the red data points

(related to the non-flamelet behavior) highlight majority of the thickened reaction zone.

This means that the non-flamelet behavior is related to the broadened reaction zones and

both (broadening of the reaction zone as well as deviation of OH versus CH2O PLIF signals

from that of the laminar flame towards OH/OHmax = CH2O/CH2Omax = 1) are consistent.
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4.2. Flamelet and non-flamelet behavior of premixed flames

Please note that changing the threshold used for highlighting the blue data points (related

to reactants, preheat zone, and products), which was set to 10%, as well as q (which was

set to 20%) change the number of data points highlighted by the blue, red, and green colors

in Fig. 4.6, but it does not change the above conclusions. As discussed in Appendix D,

the value of q = 0.2 was selected based on the Cantera simulations of premixed stretched

laminar flames, ensuring that the deviation of the PLIF data from the freely propagating

laminar flame data is not due to the flame stretch.

In order to quantify the non-flamelet behavior, the total number of the red data points

(NNF) in Figs. 4.6(a–d) divided by the sum of the red and green data points (NFL +NNF)

was used. This ratio is referred to as N% and is given by

N% =
100NNF

NNF +NFL
. (4.1)

N% was calculated for each frame and for all pure methane-air conditions presented in

Table 2.1. Variations of N% versus the preheat and reaction zone thicknesses (for all frames

and tested methane-air conditions) are presented in Figs. 4.7(a) and (b), respectively. Please

note that N%, δP, and δF are calculated for all of the frames and for all of the 12 pure

methane-air experimental conditions in Table 2.1. Since 500 frames are recorded for each

reacting condition, 12 conditions of pure methane− air flames × 500 frames/condition ×

1 data point/frame = 6000 data points are overlaid on Fig. 4.7. The results in Figs. 4.7

are color-coded, highlighting the effect of the utilized turbulence generator. Specifically, the

blue, green, and red colors pertain to the turbulence generating mechanism with zero, one,

and two turbulence generator(s), respectively. This is highlighted by # TG(s) in the figure.

Also, overlaid on the figure are the trends of variations shown by the dotted-dashed lines.

In order to obtain the trends, the range of variations related to δP and δF were divided into

9 bins, and the corresponding N% data were averaged and shown by the cross data symbol
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Fig. 4.7. Variation of the instantaneous non-flamelet behavior (N%) with (a) preheat and
(b) reaction zone thicknesses for pure methane-air flames. # TG is the number of utilized
turbulence generators.

for each bin. The results in Fig. 4.7(b) show that N% is positively related to the reaction

zone thickness. However, N% is not sensitive to variation of the preheat zone thickness.

This is because this parameter is estimated using the red and green data points shown in

Fig. 4.6, which primarily pertain to the reaction zone but not the preheat zone.

The averaged values of N% for all tested methane-air conditions in Table 2.1 are pre-

sented in Fig. 4.8. A sensitivity analysis was performed to investigate effect of q (discussed

earlier) on the results shown in Fig. 4.8, and the details are provided in Appendix D. Over-

laid on Fig. 4.8 are the error bars. Specifically, for each condition, the length of the error

bar is equal to the standard deviation of the data corresponding to the tested condition. As

can be seen, generally, the mean value of N% increases with increasing u′/SL,0. However,

there are some exceptions. For example, the blue data point pertaining to u′/SL,0 = 8.8

(which is related to condition U15H00T0) features relatively large mean value of N%. This

data point is not an outlier. The reason for this deviation is because the interacting tur-

bulent flow is primarily dominated by the Kelvin-Helmholtz instability in the shear layer

of the Bunsen flame for U15H00T0 condition. Details of how this instability influences the

non-flamelet behavior are discussed in Appendix E. The reason for flamelet/non-flamelet
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Fig. 4.8. Variation of the average non-flamelet behavior (N%) versus turbulence intensity
(u′/SL,0) for pure methane-air flames.

behavior and/or the thickening of the preheat and reaction zones can be best investigated

using the local turbulent flow structure, which is discussed in the following section.

4.3 Correlation between the local turbulent flow

characteristics and the flame internal structure

In order to investigate the underlying reason for thickening of the preheat and re-

action zones, the component of the vorticity vector normal to the measurement plane

(ω = ∂u/∂x − ∂v/∂y with u and v being the velocity vectors along y and x directions,

respectively) was estimated first. Contours of ω pertaining to four representative frames

(the same frames presented in Fig. 4.6) pertaining to U5H00T0, U35H00T0, U35H00T1,

and U35H00T2 conditions are presented in the first row of Fig. 4.9. Note that the white

regions in the figure are those in which ω was not calculated due to either lack of seed

particles and/or inaccurate velocity gradients. In the figure, negative values (blue) pertain

to clockwise-rotating eddies, and positive values (red) pertain to counter clockwise-rotating

eddies. Also overlaid on Figs. 4.9(a), (b), (c), and (d) are the black contours, which high-
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Fig. 4.9. (a–d) are preheat zone borders along with the vorticity. (e–h) and (i–l) show overlay
of the flow structures using Q ≥ 1 and Q ≥ 500000, respectively, on the flame structure.
In (e-l), the regions colored by cyan, red, and yellow pertain to the preheat, reaction,
and combustion products zones, respectively. The first, second, third, and fourth columns
pertain to U5H00T0, U35H00T0, U35H00T1, and U35H00T2 conditions, respectively.

light the borders of the preheat zone. Comparison of the preheat zone borders and the

contours of ω shows that the eddies with relatively large value of vorticity may exist inside

the reactants and preheat zones for U35H00T2 condition, see Fig. 4.9(d). Since vorticity

can feature contribution from the strain rate, in addition to the vorticity, the Q–criterion

was also utilized to study the interaction of the turbulent flow structures with the flames.

The eddies were identified and characterized in the present investigation using the swirling

strength (Q), which is given by [168, 169]:

Q = −1

2

��
∂u

∂y

�2

+ 2
∂u

∂x

∂v

∂y
+

�
∂v

∂x

�2
�
. (4.2)

The Q–criterion allows to highlight regions where the rotation rate is considerably larger

than the strain rate [168–171]. The second and third rows of Fig. 4.9, highlight regions
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4.3. Correlation between the local turbulent flow characteristics and the flame internal structure

with Q ≥ 1 s−2 and Q ≥ 500000 s−2 using the purple and blue colors, respectively, for the

corresponding frames shown in the first row of the figure. In this figure, the preheat and

reaction zones are shown by the cyan and red colors, respectively; and, data with yellow

color pertains to the combustion products. Comparison of the second and third rows of

Fig. 4.9 suggests that the size of the eddies are not significantly sensitive to the selected

value of Q in the present study. However, as Fig. 4.9 shows, weaker vortices can be also

detected using a smaller value of Q. Results in Figs. 4.9(h) and (l) show that the size of

the eddies are considerably smaller than or on the order of the preheat and reaction zones.

This means that such eddies have penetrated into and exist inside the preheat zone.

In order to investigate the relation between the preheat and reaction zone thicknesses

and the local turbulent flow characteristics, mean of the swirling strength of the vortices

(where Q > 0) located in the reactants (QR) and preheat zone (QP) were estimated and

presented in Fig. 4.10 for pure methane-air conditions (without hydrogen-enrichment) in

Table 2.1. The results are normalized by the corresponding value of the swirling strength

estimated in the reactants for the nearly laminar condition pertaining to pure methane-

air flame (QR,L = 2157 s−2, which corresponds to U5H00T0 condition). In the figure

legend, 0 TG, 1 TG, and 2 TGs refer the first, second and third turbulence generating

mechanism, respectively. The maximum error of the swirling strength pertains to QP of

U35H00T0 condition and is shown by the error bar in Fig. 4.10. The error is estimated

using the maximum deviation of the data obtained for three sets of experiments (accounting

for repeatability) related to the same condition, with each set containing 500 frames. The

results in Fig. 4.10 show that increasing the turbulence intensity (u′/SL,0) increases both QR

and QP considerably. Specifically, for the third turbulence generating mechanism, increasing

u′/SL,0 to about 45 increases both QR and QP to values that are about 8000 times QR,L.

Similar behavior is observed for the absolute value of the vorticity. However, since the

vorticity is influenced by the effect of shear (strain rate) as well, swirling strength is more
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Fig. 4.10. Variation of the mean value of swirling strength inside the reactants (QR) and
preheat zone (QP) for pure methane-air flames in Table 2.1.
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Fig. 4.11. Variation of the mean and instantaneous normalized preheat zone thickness
versus the normalized swirling strength calculated inside the reactants (a) and preheat zone
(b). Variation of the mean and instantaneous normalized reaction zone thickness versus the
normalized swirling strength inside the preheat zone (c).

accurate for characterizing the turbulent eddies. For the rest of the analyses, only the results

pertaining to Q is considered. The increase of vorticity and swirling strength (by increasing

the turbulence intensity) in the reactants and preheat zone is consistent with results of past

investigations, see for example, effect of turbulence intensity on vorticity fields presented in

DNS of Lapointe et al. [172].

Comparison of the results in Figs. 4.3 and 4.10 suggests that there may exist a positive

correlation between the mean value of the swirling strength (calculated in both reactants
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4.3. Correlation between the local turbulent flow characteristics and the flame internal structure

and preheat zone) and the preheat and reaction zone thicknesses. In order to investigate

this, the normalized values of δP versus the normalized values of QR and QP were obtained

for each frame of the methane-air flames, and the results are presented by the scatter

plots in Figs. 4.11(a and b), respectively. Similarly, the normalized values of δF versus

normalized QP were calculated and presented in Fig. 4.11(c). The results in Fig. 4.11 are

color-coded based on the utilized turbulence generating mechanism (the blue, green, and red

data points correspond to the first, second, and the third turbulence generation mechanism).

Also overlaid on Fig. 4.11 are the averaged values of the scatter plots, which are shown by

large black square, circular, and triangular data symbols. The results presented in Fig 4.11

suggest that δP and δF are positively correlated with QR and QP. Please note that, since the

seed particles evaporate at the reaction zone, velocity (and as a result the swirling strength

data) is not available in the reaction zone. Thus, variation of δF with swirling strength in the

reaction zone cannot be presented. Also, since the preheat zone is positioned between the

reactants and the reaction zone, the variations of the normalized reaction zone thickness

versus the swirling strength estimated in the reactants are not of interest and are not

presented. In Fig 4.11(a), the data related to the first turbulence generating mechanism

(0 TG) features a relatively larger slope compared to the data pertaining to the second and

third turbulence generating mechanisms. This is because, for the first turbulence generating

mechanism (no perforated plate) and at large mean bulk flow velocities (more than 5 m/s),

see Fig. 4.9, the flame structure is mostly influenced by the turbulence generated in the jet

shear layers [94]. Specifically, for such conditions, the shear layers roll-up (due to the Kelvin-

Helmholtz instability) and the generated eddies reside in the preheat zone as can be seen

in the second column of Fig. 4.9. These eddies feature relatively strong swirling strength

compared to those inside the reactants. As a result, QP related to the first turbulence

generating mechanism can increase up to about 10000 times QR,L while QR only increases to

about 3000 times QR,L (see the extent of the blue data in Fig. 4.11(a and b)). Nevertheless,
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the positive correlations between the preheat and reaction zones thicknesses and the swirling

strength suggest that the broadening of both preheat and reaction zones may be potentially

due to the penetration of the eddies into these zones. This is investigated in more detail in

the following.

Using different turbulence generating mechanisms leads to different turbulent flow char-

acteristics (see Figs. 4.9, 4.10, and 4.11). Considering that the preheat and reaction zone

thicknesses are impacted by the characteristics of the interacting eddies, it can be inferred

that the turbulence generating mechanisms significantly influence the flame structure. In

fact, this is speculated to be the reason for the different trends reported in this thesis,

Zhou et al. [36], and Skiba et al. [8] for the variation of the reaction zone thickness with

u′/SL,0. For example, in the study of Skiba et al. [8], turbulence is generated using a slotted

plate along with impinging jets. However, in the present thesis, combination of perforated

plates are utilized. This difference may cause different turbulence spectra, different eddy

size distributions, and as a result, altered reaction zones thickness.

In order to highlight the effect of the turbulence generating mechanism on the pre-

heat/reaction zones, the eddy size distribution as well as the eddy specific kinetic energy

were estimated here. The equivalent radius of an eddy (R) was estimated using

R = 2
A
C
, (4.3)

where A and C are the area and circumference of eddies with Q > 0 s−2, similar to those

shown in Fig. 4.9(e–h). The lower bound of the Q–criterion is selected to be zero allowing

to visualize all eddies. Please note that, for a perfectly circular eddy structure, R equates to

the radius of the circle. For conditions U5H00T0, U35H00T0, U35H00T1, and U35H00T2,

R was calculated for all of the eddies in all of the frames and the probability density function

(PDF ) of R is shown in Fig. 4.12. As discussed in Appendix F, the smallest eddy diameter
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Fig. 4.12. Probability density functions of eddy size (R) distribution for conditions
U5H00T0, U35H00T0, U35H00T1, and U35H00T2.

that can be resolved in the present thesis equals the interrogation window size, i.e. 0.47 mm.

Thus, the smallest detectable eddy radius is 0.23 mm. For this reason, eddies with radius

smaller than 0.23 mm (diameter smaller than the interrogation window size) are removed

from the analyses. The results in Fig. 4.12 show that the distribution of R is similar for

conditions U5H00T0 and U35H00T0, for which both mesh screens in the settling chamber

and Kelvin-Helmholtz instability are responsible for generation of turbulence. Also, the

distribution of R is similar for conditions U35H00T1 and U35H00T2 for which turbulence

is generated using the perforated plate(s). However, comparison of results related to condi-

tions U5H00T0 and U35H00T0 with those related to conditions U35H00T1 and U35H00T2

suggests that the distribution of R is different for these two different types of turbulence

generating mechanisms, which confirms that different types of turbulence generating mech-

anisms lead to different distribution of eddy sizes. For example, conditions U35H00T1 and

U35H00T2 feature considerable number of eddies with the radius of about 0.4–0.6 mm com-

pared to conditions U5H00T0 and U35H00T0. Similar conclusions were made for the rest

of the tested pure methane-air conditions.

Although knowledge related to the probability density functions of the eddy sizes is

important for elaborating the effect of turbulence generating mechanism on the preheat
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and reaction zone thicknesses, a detailed understanding can be obtained using the specific

kinetic energy of the eddies. The rotational kinetic energy (KEω) and total kinetic energy

(KE), both normalized by mass, of a single eddy are given by the following equations.

KEω =
1

2

ne∑
i

(riζi)
2, (4.4a)

KE =
1

2

ne∑
i

(
u2
i + v2

i + w2
i

)
, (4.4b)

where index i indicates the ith resolved data point inside a single eddy, and ne is the

total number of the data points resolved inside the same eddy. ζi is the rotational speed

corresponding to the ith data point; and, by definition, the rotation vector is half of the

vorticity vector [72]. As a result, ζi = ωi/2, where ωi is the vorticity calculated corresponding

to the ith data point. ri refers to the spatial distance between the ith data point and the

eddy’s center of area. In Eq. (4.4b), ui, vi, and wi are the velocity components of the ith

resolved data (inside the eddy) along y, x, and z directions, respectively.

The values of specific rotational and total kinetic energies were estimated for each eddy

and for pure methane-air conditions in Fig. 4.12. The logarithmic (with a base of 10) joint

probability density functions (JPDF) of KEω and KE versus R are presented in the first

and second rows of Fig. 4.13, respectively. The first, second, third, and fourth columns

pertain to conditions U5H00T0, U35H00T0, U35H00T1, and U35H00T2, respectively. The

results in Figs. 4.13(a) and (e) show that eddies related to condition U5H00T0 are not

energetic; and as a result, they cannot disturb the flame structure, which is in agreement

with the results presented in Figs. 4.1(a–d), Fig. 4.3, and Fig. 4.6(a and e). Compared

to condition U5H00T0, results in Figs. 4.13(g) and (h) show that conditions U35H00T1

and U35H00T2 feature a relatively large number of energetic eddies with radius larger than

0.23 mm. Conditions U35H00T1 and U35H00T2 also feature similar logarithmic JPDFs of

KE, which is due to both flames are featuring relatively large mean bulk flow velocity of
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Fig. 4.13. Logarithmic joint probability density functions of (a–d) rotational kinetic energy
(KEω), and (e–h) total kinetic energy (KE) versus eddy sizes (R) for conditions U5H00T0,
U35H00T0, U35H00T1, and U35H00T2.

35 m/s. However, comparing the results in Figs. 4.13(c) and (d) suggests that the rotational

kinetic energy of the eddies related to condition U35H00T2 (Ka = 76.0) is significantly

larger than that related to condition U35H00T1 (Ka = 13.7). The results in Fig. 4.13

along with those in Fig. 4.3 show that compared to the total kinetic energy, the rotational

kinetic energy plays a more dominant role in determining the quality of the interaction

between turbulent eddies and the internal structure of the investigated turbulent premixed

flames. Results also suggest that for a given turbulence generating mechanism, increasing

the Karlovitz number increases the number of the energetic eddies with radius of R &

0.23 mm.

For the largest tested Karlovitz number (condition U35H00T2, see Table 2.1), compari-

son of the values of the integral (Λ = 5.1 mm) and Kolmogorov (η = 0.01 mm) length scales

estimated in the cold flow with the smallest flow structure diameter that can be detected

(0.47 mm, see Appendix F) suggests that the diameter of the smallest eddies resolved in the

current thesis is about 10 times smaller than the corresponding integral length scale and is

about 50 times larger than the Kolmogorov length scale. This means that our resolution

cannot resolve the smallest eddies in the flow. The smallest detectable eddy (diameter of
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0.47 mm) is on the order of the Taylor length scale estimated in the cold flow, see lT in

Table 2.1. Thus, it can be inferred that the measurements allow for resolving eddies with

size close to the Taylor length scale and larger. In fact, as shown in Fig. 4.9, such eddies

penetrate into the preheat zone. Values of the Kolmogorov and Taylor length scales were

also estimated at 1500 K (ηK
∗ and lT

∗, see Eqs. (1.15) and (1.16)). The results suggest

that for condition U35H00T2, both ηK
∗ = 0.1 mm and lT

∗ = 0.38 mm are smaller than

the measured preheat and reaction zone thicknesses (2.25 and 1.13 mm, respectively). The

relatively small size of ηK
∗, lT

∗, and the resolved eddies (with diameter larger than 0.47 mm)

compared to the reaction zone thickness (1.13 mm) along with the relatively pronounced

rotational kinetic energy of the resolved eddies shown in Fig. 4.13(d) could suggest that

vortices may have also penetrated into the reaction zone.

Interaction of the Taylor-size eddies with the reaction zone was hypothesized by Zi-

mont [173] and reviewed by Driscoll [6]. For premixed flames of a different fuel (n-heptane),

Lapointe et al. [172] performed DNS. The value of u′/SL,0 for their most turbulent condition

is similar to that tested in the present study. Two instantaneous iso-surfaces of temperature

overlaid on the contours of vorticity presented in Fig. 4 of [172] show that increasing the

turbulence intensity increases the vorticity of eddies in the reactants/preheat zones, and

increases the distance between the iso-surfaces (which is related to the reaction zone thick-

ness). These two observations are in agreement with the results presented in Figs. 4.3, 4.10,

and 4.11. However, the velocity data inside the reaction zone is not available in the present

thesis, and as a result, broadening of the reaction zone being due to penetration of turbu-

lent eddies is not experimentally demonstrated. Also, since the eddy size is obtained based

on the planar PIV measurements, the flow three-dimensionality can influence the reported

eddy sizes as well. Both the three-dimensional nature of the eddies (and its influence on the

reported eddy size) and their penetration into the reaction zone remain to be investigated

experimentally.
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4.3. Correlation between the local turbulent flow characteristics and the flame internal structure

Comparing the specific kinetic energy for conditions U35H00T0 and U35H00T1 (see the

second and third columns of Fig. 4.13) shows that the number of high energy eddies is larger

for U35H00T1 compared to U35H00T0. However, the results presented in Fig. 4.3 showed

that the preheat and reaction zone thicknesses of condition U35H00T0 are larger than those

of U35H00T1. This implies that, other than the specific kinetic energy of the eddies, there

should be another reason for the broadening of these zones. The analyses show that while

the reaction zones in condition U35H00T1 are surrounded by hot products, reaction zones in

condition U35H00T0 are exposed to room air (compare the yellow regions, which pertain to

the combustion products, in Figs. 4.9(f) and (g)) and this may play a role in the broadening

of preheat and reaction zones. In fact, it is hypothesized that air entrainment dilutes the

reactants and decreases the local φ [49, 124, 125] generating stratification. The local burning

rate and adiabatic temperature decrease, local Ka increases, and the preheat and reaction

zone thicknesses increase (similar arguments are provided in [49]). Thus, in addition to

the relative size and energy of turbulent eddies (compared to preheat and reaction zones

thicknesses) discussed in this section, the lack of back-support and air entrainment may

play a role in the broadening of preheat and reaction zones reported in this thesis. The air

entrainment can be accompanied by flame extinction events at large background turbulence

intensities. For such conditions, eddies may locally extinct or broaden the reaction zone. It is

speculated that flame extinctions and broken reaction zones lead to incomplete combustion.

As a result, the combustion temperature decreases, and this also facilitates broadening of

the reaction zone [6, 49]. The relation between the occurrence of local extinction events and

possible broadening of the preheat and reaction zones (and the non-flamelet behavior) are

not well understood in the literature and is discussed in Chapter 6.
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Chapter 5

Burning velocity of turbulent

premixed flames at large

turbulence intensities

This chapter is divided into four sections. In the first one, the local consumption speed

is investigated for premixed flames. In the second section, a parameter is introduced, which

allows to estimate the burning velocity of the premixed flames and does not depend on

the flamelet behavior. In the third section, the reason for the underprediction of local

consumption speed and the existing discrepancy between this parameter and the global

consumption speed is investigated. In the fourth section, the bending behavior for the

burning velocity of the premixed flames is studied.

5.1 Local consumption speed

Prior to calculation of the heat release rate marker/burning velocity and for comparison

purposes, the local consumption speed is estimated here first. This requires calculation of

the mean progress variable field and the two dimensional flame surface density. The reduced

OH PLIF images were utilized to obtain the mean progress variable (cOH) in the present

thesis similar to the studies of [11, 91, 92]. In order to obtain the cOH contours, the OH

PLIF images were binarized and the binarized images were averaged over 500 frames. To

80



5.1. Local consumption speed

select a threshold value for OH PLIF signals, Cantera simulations of freely propagating

laminar flames (with φ = 0.7 and H2 ranging from 0% to 70%) were used. The freely

propagating laminar flame simulations show that, for all of the tested hydrogen-enrichment

percentages, the location of maximum heat release rate (flame front location) corresponds to

a location at which the normalized value of the synthetic OH PLIF signal attains ∼30% of

the corresponding maximum value. Nevertheless, due to the steep gradient of the OH PLIF

variation across the flame region, the mean progress variable is not substantially sensitive

to the selected threshold value. More details are provided in Chapter 1.

The two-dimensional flame surface density (used in Eq. (1.19b)) was estimated by con-

sidering an interrogation window with the size of 1.5×1.5 mm2 at a given point (see Fig. 1.4

and the relevant discussions in Chapter 1). Then, the averaged flame front length inside

that window was calculated. The ratio of the average flame front length to the interrogation

window area was used to estimate the flame surface density, similar to, e.g. [174, 175]. It was

confirmed that increasing this window size upto about 4×4 mm2 does not change the flame

surface density results considerably. The two-dimensional variation of Σ pertaining to test

conditions of U5H70T0, U35H70T1, and U35H70T2 are shown in Fig. 5.1(a–c), respectively.

As can be seen, at a fixed H2% and mean bulk flow velocity (compare Figs. 5.1(b) and (c)),

increasing the turbulence intensity (by increasing the number of turbulence generators) sig-

nificantly increases the flame brush thickness, while the maximum flame surface density

remains constant and about 0.45 1/mm.

Equation (1.19b) pertains to integration in the η − ξ coordinate system. The integral

of flame surface density in the η − ξ coordinate system is equal to that in the Cartesian

coordinate system, see for example [11]. Thus, following Wabel et al. [11], Eq. (1.19b) can

be simplified, allowing for calculations in the Cartesian coordinate system (instead of η − ξ
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5.1. Local consumption speed
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Fig. 5.1. Flame surface density estimated for test conditions of (a) U5H70T0, (b) U35H70T1,
and (c) U35H70T2.

coordinate system). This equation can be written as

ST,LC =
SL,0I0

Lξ

∫ ymax

ymin

∫ xmax

xmin

Σ(x, y)dxdy. (5.1)

In Eq. (5.1), xmin = −30, xmax = 30, ymin = 21, and ymax = 60 mm, which mark the extents

of the integration domain. Please note that in Eq. (5.1), the stretch factor (I0) is assumed

to be unity, similar to [11], since the effective Lewis number is close to unity for the tested

conditions of the present study (please see the last columns of Tables 2.1 and 2.2 as well

as the discussions provided in Chapter 1). The significance of using a proper laminar flame

speed for local consumption speed calculation is highlighted in the study of Chakraborty et

al. [176]. Also, studies of [177, 178] suggest that even for pure methane-air flames, stretch

factor can increase upto about 50%. Nevertheless, measuring the stretch factor is one of the

limitations of the current thesis and future investigations are required to study the effect

of locally varying stretch factor on ST,LC. In addition to the effect of stretch factor, two

other factors can lead to uncertainty in calculation of the local consumption speed. These

are the three dimensional nature of the flames and the limitation for resolving the flame

surface area. Three dimensional simulations of the premixed flames suggest that the two

dimensional flame surface density would have been 15 to 30% larger provided the 3D data

was experimentally available, see for example [76, 160, 165]. For the integral length scales

similar to those of the present study, Wang et al. [12] show that improving the imaging
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5.1. Local consumption speed

resolution from 42 to 24 µm increases the flame surface density by about 10%. Also, Skiba

et al. [179] showed that, for the turbulence intensity of about 124 (which is larger than

those tested in the present study), improving the resolution from 330 to 54 µm increases

the estimated flame surface density by about 33%. In essence, combination of the above

factors can potentially lead to about 140% increase in estimation of the local consumption

speed values. Nevertheless, further investigations are required to study the effects of the

aforementioned factors on the local consumption speed. Similar to several past studies (for

example [11, 12]), such effects are not considered in here.

The local consumption speed was estimated using Eq. (5.1), and the results are presented

in Fig. 5.2(a) for all tested conditions of Table 2.1. The results in the figure suggest that,

generally, increasing the hydrogen-enrichment percentage increases the local consumption

speed, which is due to the increased unstretched laminar flame speed of the reactants.

Variation of the local consumption speed normalized by the freely propagating laminar flame

speed versus the turbulence intensity is presented in Fig. 5.2(b) for the tested conditions

of Table 2.1. The maximum uncertainty in estimation of the local consumption speed is

related to the test condition of U35H00T2, and is shown by the error bar in Fig. 5.2(b). The

procedure for estimation of the error bar is similar to that discussed in Chapter 4 and does

not take into account the three dimensional nature of the flames and the limited imaging

resolution. The results in Fig. 5.2(b) are also color-coded based on the integral length scale

of the test conditions and presented in Fig. 5.2(c). Overlaid on both Figs. 5.2(b) and (c)

are the data points and trends of variations extracted from Wabel et al. [11] and Wang et

al. [12], which are highlighted by the red and blue colors, respectively. The integral length

scale in the study of Wabel et al. [11] varies between 6.1 and 41 mm and that in Wang et

al. [12] is 2.9 mm. As can be seen, variation of ST,LC/SL,0 is significantly dependent on the

integral length scale and follows two trends. For Λ . 4 mm, our results suggest that the

normalized local consumption speed plateaus at about 2 following [12]; and, for Λ & 4 mm,
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5.2. Heat release rate marker of premixed flames
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Fig. 5.2. (a) Local consumption speed (ST,LC) versus u′, (b) normalized local consumption
speed (ST,LC/SL,0) versus u′/SL,0, and (c) presents results in (b) color-coded based on the
corresponding tested integral length scale.

ST,LC/SL,0 plateaus at about 5 following [11]. Plateau of the normalized local consumption

speed with increase of the turbulence intensity (evident in Fig. 5.2) has been a matter of

discussions in the literature. Several investigations [6, 9, 11, 12] suggested the reason for this

plateau is saturation of the flame surface area with increase of u′/SL,0 at large values of this

parameter. However, the results presented in Fig. 4.3 as well as those in [12, 36, 37, 43–49]

suggest that increasing the turbulence intensity broadens both the preheat and reaction

zones, and as a result, the flamelet assumption may not hold for such conditions. This

means that Eq. (1.19b), which is developed based on the flamelet assumption, may lead to

an inaccurate estimation of the local consumption speed. Instead, in the next section, we

propose a new formulation that does not rely on the flamelet assumption, which is discussed

in the following.

5.2 Heat release rate marker of premixed flames

In order to develop a formulation that does not take into account the flamelet assump-

tion, first, similar to [11, 12, 91, 92] and identical to the procedure discussed in the previous

section, the OH PLIF images are binarized and the mean progress variable field (cOH) is

obtained by averaging the binarized images. Please note this binarization is only performed

84



5.2. Heat release rate marker of premixed flames

to calculate the mean progress variable fields, is conducted for flames that are reported

to be both relatively thin [11] and thick [12], and does not necessarily imply a presumed

structure for the reaction zone. Then, a curvilinear coordinate system (ξ− η), with ξ and η

being respectively tangent and normal to cOH contours are constructed. The time-average

heat release rate is integrated along η−axis, which is locally normal to the mean progress

variable contours of cOH = 0.5. This integral depends on ξ and is given by

BT,ξ(ξ) =

∫ ηmax

ηmin

HRRT(η, ξ)dη, (5.2)

where HRRT(η, ξ) is the mean heat release rate of turbulent flames estimated locally. ηmin

and ηmax are the extents of the η−axis in the domain of investigation. The turbulent flame

burning rate (BT) is defined as the spatially averaged (along ξ) value of BT,ξ(ξ) and is given

by

BT =
1∫ ξmax

ξmin

dξ︸ ︷︷ ︸
Lξ,T

∫ ξmax

ξmin

∫ ηmax

ηmin

HRRT(η, ξ)dη︸ ︷︷ ︸
BT,ξ(ξ)

dξ. (5.3)

In Eq. (5.3), ξmin and ξmax correspond to the boundaries of ξ−axis in the domain of in-

vestigation. In the denominator of Eq. (5.3), Lξ,T is the length of cOH = 0.5 contour and

depends on the tested condition. Similarly, the laminar flame burning rate can be estimated

from

BL =
1

Lξ,L

∫ ξmax

ξmin

∫ ηmax

ηmin

HRRL(η, ξ)dηdξ, (5.4)

where HRRL(η, ξ) and Lξ,L are the mean laminar flame heat release rate estimated locally

and the laminar flame length estimated using the length of cOH = 0.5. Estimation of the

turbulent and laminar burning rates requires information regarding the true heat release

rate, which can be available from DNS studies, see for example [84, 90, 97, 180]. However,

the true heat release rate is not available experimentally, and the planar laser induced
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5.2. Heat release rate marker of premixed flames

fluorescence of OH and CH2O is used to visualize the heat release rate, see for example [59,

66]. This is because the reaction of OH and CH2O leads to generation of the formyl radical

which is directly related to the heat release rate [59, 60] (see Chapter 1) for small and

moderate turbulence intensities. However, at large turbulence intensities, recent studies [47,

66] suggest that the reaction of OH and CH2O is not the only pathway to generation of

heat. Thus, it is acknowledged that IHRR (with details of estimation discussed in Chapter 3)

is merely an approximate local marker of the heat release rate. Considering the above

discussions, HRR in Eqs. (5.4) and (5.3) is replaced by IHRR.

ML =
1

Lξ,L

∫ ξmax

ξmin

∫ ηmax

ηmin

IHRR,L(η, ξ)dηdξ, (5.5a)

MT =
1

Lξ,T

∫ ξmax

ξmin

∫ ηmax

ηmin

IHRR,T(η, ξ)dηdξ. (5.5b)

where ML and MT are referred to as the laminar and turbulent heat release rate markers,

respectively. The integral of the heat release rate marker in the η − ξ coordinate system is

equal to that in the Cartesian coordinate system. As a result, Eqs. (5.5a and 5.5b) can be

further simplified to

ML =
1

Lξ,L

∫ ymax

ymin

∫ xmax

xmin

IHRR,L(x, y)dxdy, (5.6a)

MT =
1

Lξ,T

∫ ymax

ymin

∫ xmax

xmin

IHRR,T(x, y)dxdy. (5.6b)

Although the true heat release and burning rates cannot be estimated in this thesis, the

values of the heat release rate marker estimated for nearly laminar flames of this thesis can

be compared against the laminar burning rate of a freely propagating flame (BL,0) as well as

the unstretched laminar flame speed, both obtained from Cantera simulations using GRI-

Mech 3.0. Values of ML compared against BL,0 and SL,0 are presented in Figs. 5.3(a) and

(b), respectively. As can be seen, increasing the hydrogen-enrichment percentage from 0%
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5.2. Heat release rate marker of premixed flames
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Fig. 5.3. Variations of the heat release rate marker estimated for nearly laminar premixed
flames versus hydrogen-enrichment percentage compared against (a) burning rate of the cor-
responding freely propagating laminar flame and (b) the corresponding unstretched laminar
flame speed. φ = 0.7 for all presented data points.

to 70% increases ML, BL,0, and SL,0 by about 3.4, 2.8, and 2.4 folds, respectively. Results

presented in Fig. 5.3 suggest that, for nearly laminar premixed flames, the formulation

presented in Eq. (5.6a) for estimation of the nearly laminar premixed flames heat release

rate marker yields similar results to laminar burning rate and the unstretched laminar flame

speed.

Dividing Eq. (5.6b) by Eq. (5.6a) leads to

MT

ML
=
Lξ,L
Lξ,T

∫ ymax

ymin

∫ xmax

xmin
IHRR,T(x, y)dxdy∫ ymax

ymin

∫ xmax

xmin
IHRR,L(x, y)dxdy

. (5.7)

Equation (5.7) allows for estimation of the turbulent flame heat release rate marker normal-

ized by that for the laminar flame counterpart. It was argued in Chapter 3 that IHRR was

thresholded by 30% of the global maximum. Our sensitivity analysis shows that changing

this threshold value between 27% and 33% (i.e. ±10% of the selected threshold) changes

MT/ML by a maximum of about ±4% for all tested conditions. Equation (5.7) does not

presume a given internal flame structure. In fact, in the following, it is shown that for

flames whose internal structure follows the flamelet assumption, Eq. (5.7) leads to variation

of the heat release rate marker with turbulence intensity similar to those obtained utilizing

the formulation proposed by Driscoll [34], i.e. Eq. (1.19b).
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5.2. Heat release rate marker of premixed flames

Variation ofMT versus u′ for all tested conditions are presented in Fig. 5.4(a), highlight-

ing the effect of hydrogen-enrichment. As can be seen, generally, increasing the hydrogen-

enrichment increasesMT. Variation ofMT/ML, estimated from Eq. (5.7), versus u′/SL,0 is

presented in Figs. 5.4(b). The maximum uncertainty associated with calculation ofMT/ML

pertains to test condition of U35H00T2, which is shown by the error bar in the figure. Among

the formulations proposed in the literature, see for example the review paper by Driscoll [34],

derivation of the global consumption speed formulation does not necessarily depend on the

flamelet assumption, and as a result, ST,GC/SL,0 can be compared to MT/ML. Since the

field of view of the present investigation is relatively small, the normalized global consump-

tion speed values cannot be estimated for the present investigation; however, ST,GC/SL,0

associated with the studies of [11, 12] are overlaid on Fig. 5.4 by the red dotted-dashed and

blue dotted curves. It is important to note that, although extinctions (and as a result fuel

escape) can occur for the test conditions of the present study (see for example the results

in Fig. 4.1(l and p)), the values of the heat release rate marker can be compared against

the normalized global consumption speed reported in, e.g. the study of [55], in which a

significant flame extinction is not reported. This is because, once extinctions occur, both

the numerator and the denominator of Eq. (5.6b) change accounting for such occurrence.

In fact, compared to Eq. (1.19a) that may not be appropriate for calculation of the global

consumption speed for events that extinctions and fuel escape happen, Eq. (5.6b) allows for

such calculations.

Two trends can be observed for the variation of the normalized heat release rate marker

versus the turbulence intensity. In order to highlight these trends, the data presented

in Fig. 5.4(b) is color-coded based on the tested integral length scale and presented in

Fig. 5.4(c). The results in the figure show that, at a fixed value of u′/SL,0, increasing the

integral length scale increases the normalized heat release rate marker and the normalized

global consumption speed. A similar observation for the global consumption speed was
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Fig. 5.4. Variations of (a) the heat release rate marker versus u′ and (b) the normalized heat
release rate marker (MT/ML) versus u′/SL,0. (c) presents the results in (b) color-coded
based on the tested integral length scale.

also reported in Kim et al. [181]. As evident in the figure, for Λ . 4 mm, the values of

MT/ML are close to the normalized global consumption speed pertaining to the study of

Wang et al. [12]; however, for Λ & 4 mm, the results are closer to those of Wabel et al. [11].

Comparison of the results presented in Fig. 5.4 with those in Fig. 5.2 suggests that the

values of MT/ML and ST,GC/SL,0 are similar, and they are both significantly larger than

those of ST,LC/SL,0. The reason for this discrepancy is investigated in the next section.

5.3 Discrepancy between the local and global consumption

speeds/heat release rate marker

In order to study the reason for the disparity between the values of the normalized heat

release rate marker and the normalized local consumption speed, the following parameter

is defined.

J =
MT/ML

ST,LC/SL,0
. (5.8)

Variation of J versus u′/SL,0 for the tested conditions of Table 2.1 is shown in Fig. 5.5 by the

open black circular data symbol. The results presented in the figure show that the values of

J are larger than unity, and this parameter, generally, increases with increasing u′/SL,0. As
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Fig. 5.5. The normalized heat release rate marker predicted by Eq. (5.7) or the global
consumption speed divided by the local consumption speed versus turbulence intensity.

can be seen, for moderate turbulence intensities, the values of J are scattered. The reason

for this is linked to the different utilized turbulence generating mechanisms whose relation to

the internal flame structure (related to the heat release marker and local consumption speed)

is studied in Chapter 4. Variation of the normalized global consumption speed divided by

the normalized local consumption speed (i.e. ST,GC/ST,LC) is extracted from the studies

of Wabel et al. [11] and Wang et al. [12], and their results are presented in Fig. 5.5 by the

solid dark red and blue triangular data symbols, respectively. The trends of their results

are also obtained and overlaid on the diagram (see dashed and dotted curves). Agreeing

with the results of this thesis, those of past investigations [11, 12] also suggest that the local

consumption speed underpredicts the turbulent premixed flames burning velocity.

The potential underlying reason for the underprediction of the burning velocity by the

local consumption speed has been a matter of discussion over the past decades, see the review

paper by Driscoll et al [6]. Gülder [10] and Nivarti et al. [9] suggested that the reason for the

observed difference between the local and global consumption speed values can be explained

by taking into account the enhanced diffusivity of the reactants due to penetration of small
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5.3. Discrepancy between the local and global consumption speeds/heat release rate marker

scale eddies into the flame region. Using the mathematical formulations proposed by Nivarti

et al. [9], see Eq. (1.23), and Gülder [10], see Eq. (1.22), as well as the non-dimensional

parameters related to the test conditions of the present thesis (Ka, u′/SL,0, and RelT =

u′lT/ν), the ratio of the global to local consumption speed was estimated and the results

are presented in Fig. 5.5 by the green dot-and-circle as well as the pink double circle data

symbols, respectively. As can be seen, the ratio of the normalized heat release rate marker to

normalized local consumption speed in this study (J , the black circular data points) is close

to the ratio of the global and local consumption speeds reported in the literature [11, 12].

Also, the results estimated based on the mathematical formulation proposed in Nivarti

et al. [9] for ST,GC/ST,LC agrees well with J obtained in the present thesis. However,

values of the global consumption speed divided by the local consumption speed obtained

based on Gülder’s formulation [10] deviates from those of the thesis and other experimental

results [11, 12] at large turbulence intensities. The reason for the deviation of the results of

this thesis and past investigations [11, 12] from the prediction of the formulation provided

by Gülder [10] is speculated to be possibly linked to the assumptions made for derivation

of the formulation in [10]. Specifically, Gülder [10] assumed that the enhanced diffusivity

occurs only at the Taylor length scale, while Nivarti et al. [9] considered enhancement of

diffusivity at all length scales smaller than the laminar flame thickness.

The reason for the increasing trend pertaining to variations of J and ST,GC/ST,LC with

u′/SL,0 is hypothesized to be linked to the internal structure of the tested flames. In order to

investigate this hypothesis, variations of J verses the preheat and reaction zone thicknesses

are shown in Figs. 5.6(a) and (b), respectively. As can be seen, δP/δP,L and δF/δF,L are

positively correlated with J . Such correlation is even more pronounced for the reaction zone

thickness and follows a linear trend (J ≈ 1.9(δF/δF,L)− 0.9). One may argue that the pos-

itive correlations presented in Fig. 5.6 are self-fulfilling as both J and the preheat/reaction

zone thicknesses are estimated from the PLIF measurements, and that broader flames au-
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Fig. 5.6. The ratio of the normalized heat release rate marker and the normalized local
consumption speed versus (a) the preheat and (b) the reaction zone thicknesses normalized
by those of the corresponding laminar flame counterparts. Overlaid on (b) is the linear fit
to the data.

tomatically generate larger integrand of Eq. (5.6b). In order to elaborate the reason the

correlations in Fig. 5.6 are not self-fulfilling, the ratio of the global and local consump-

tion speeds (ST,GC/ST,LC) were estimated using the formulations of Nivarti et al. [9], see

Eq. (1.23), and Gülder [10], see Eq. (1.22). This parameter is independent of the heat

release rate marker and depends on the test conditions of the present thesis. Variations of

ST,GC/ST,LC versus the normalized preheat and reaction zone thicknesses are presented in

Figs. 5.7(a) and (b), respectively. The results estimated from the formulations of Nivarti et

al. [9] and Gülder [10] are shown by the green dot-circle and pink double circle data points,

respectively. The results presented in Figs. 5.7(a) and (b), similar to those in Fig. 5.6, also

suggest a positive correlation between the preheat/reaction zone thickness and the ratio

of the global and local consumption speeds. It is important to highlight that ST,GC/ST,LC

presented in Fig. 5.7 is not estimated based on the PLIF measurements of the present study,

and the positive correlations seen in Fig. 5.6 are not self-fulfilling.

The correlation between J and δF/δF,L suggests that, at the limit of δF = δF,L, where the

flamelet assumption holds, the normalized heat release rate marker estimated from Eq. (5.7)
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Fig. 5.7. The ratio of the global and local consumption speeds versus (a) the normalized pre-
heat and (b) the reaction zone thicknesses. ST,GC/ST,LC is estimated from the formulations
in the studies of [9] and [10].

equals the normalized local consumption speed estimated from Eq. (1.19b). However, in-

creasing the reaction zone thickness leads to larger values of the normalized heat release rate

marker compared to the normalized local consumption speed. This means that thickening of

the turbulent premixed flames is linked to the deviation of the normalized heat release rate

marker (and the normalized global consumption speed) from the corresponding normalized

local consumption speed values. In fact, the reason for this deviation being linked to the

internal flame structure was speculated by Wabel et al. [11] earlier. However, compared to

Wabel et al. [11] who suggested the reason for the difference between ST,GC and ST,LC may

be due to the broadening of the preheat zone, our results show such difference is linked to

the broadening of both the preheat and reaction zones. It was experimentally shown that

(see Chapter 4) with increasing the turbulence intensity, the eddies can penetrate into the

preheat zone. This is expected to increase the gas turbulent diffusivity, which increases the

burning rate [6, 9, 10, 18], and as a result, the larger than unity values of J presented in

Fig. 5.6(a). It is speculated that, similar to the preheat zone, the turbulent eddies may

also penetrate into the reaction zone, leading to increase of δF (as evident in Fig. 4.3(b) as

well as the results presented in [12, 36]), increasing the turbulent diffusivity, and as a result
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Fig. 5.8. Comparison of the normalized heat release rate marker values estimated from
Eqs. (5.7) and (5.9).

increasing the flame burning rate. However, the above speculation (that is penetration of

turbulent eddies into the reaction zone) remains to be investigated experimentally.

Results in Fig. 5.6(b) can be combined with Eq. (5.8) to modify the formulation of the

local consumption speed suggested by Driscoll et al. [34] accounting for the reaction zone

thickening. This equation is given by

MT

ML
=

J︷ ︸︸ ︷
[1.9(δF/δF,L)− 0.9] I0

∫ ymin

ymin

∫ xmin

xmin
Σ(x, y)dxdy

Lξ
. (5.9)

The values of the normalized heat release rate marker estimated from Eq. (5.7) along with

the prediction of Eq. (5.9) are presented by the circular and square data symbols in Fig. 5.8

for all test conditions. This figure shows that the local consumption speed corrected for

the effect of flame thickening (Eq. (5.9)) follows the values of the heat release rate marker

estimated from Eq. (5.7). This suggests the deviation between the global consumption speed

and the local consumption speed is likely due to the thickening of the reaction zone.
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5.4. Bending behavior of the normalized heat release rate marker

5.4 Bending behavior of the normalized heat release rate

marker

As discussed in the previous section, the disparity between the values of the normalized

heat release rate marker/global consumption speed and the normalized local consumption

speed can be reconciled considering the reaction zone broadening. However, the reason for

variation of MT/ML versus u′/SL,0 bending towards the horizontal axis with increasing

the turbulence intensity, see Fig. 5.4, is unclear in the literature, has been a matter of dis-

cussions [6], and is investigated here. This behavior is referred to as the bending behavior

and is reported in past investigations, see for example [11, 12, 78, 101, 103]. Here, first,

the bending behavior is characterized by estimating the difference between the values of the

normalized heat release rate marker and the prediction of the Damköhler’s first hypothe-

sis [18] (shown by the black dashed line in Fig. 5.4). This difference is referred to as D and

is estimated by

D =

�
1 +

u′

SL,0

�
− MT

ML
. (5.10)

For example, at u′/SL,0 = 19.4 and H2% = 50%, D is about 4.6, which is shown by the

double-sided arrow in Fig. 5.4(b). D was estimated for all tested conditions in Table 2.1,

and the variation of this parameter versus u′ is presented in Fig. 5.9(a). As can be seen,

increasing u′ and the hydrogen-enrichment increases and decreases D, respectively. To

normalize for the mixture combustion chemistry, the variation of D is presented versus the

turbulence intensity in Fig. 5.9(b). Also overlaid on the figure is the difference between the

values of the normalized global consumption speed pertaining to the studies of [11, 12] and

the dashed line in Fig. 5.4(b). The estimated values of D are also color-coded based on the

integral length scale of the tested conditions and shown in Fig. 5.9(c). As can be seen, D is

nearly zero for test conditions corresponding to small turbulence intensities, but it increases

with increasing u′/SL,0. Also, the results in Fig. 5.9(c) show that, at a given turbulence
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Fig. 5.9. The difference between the normalized global consumption speed/heat release rate
marker and the prediction of Damköhler’s first hypothesis versus (a) u′ and (b) u′/SL,0.
Overlaid on (b) are the results from the studies of [11, 12]. (c) presents the results in (b)
color-coded based on the tested integral length scale values.

intensity, D nearly decreases with increasing the integral length scale.

The reason for the above observations is hypothesized to be linked to pronounced oc-

currence of flame extinctions and as a result fuel escape at relatively intense turbulence

conditions. The hydroxyl radical is a post flame species and its concentration is expected

to be positively related to the completion of the combustion process [5, 63]. Thus, it is ex-

pected that generation of OH radical should be inversely related to incomplete combustion,

the occurrence of extinction events, and potentially the fuel escape. In fact, occurrence of

extinctions has been investigated using the OH PLIF signal in the past, see for example the

studies of [8, 37, 81, 123, 182–186]. In the present thesis, the number of pixels that feature

relatively large values of OH PLIF signal (more than 15% of the maximum) were obtained

and averaged for all acquired frames of a given test condition, which is referred to as NOH.

In order to facilitate comparison between different test conditions, NOH was normalized by

the number of pixels that are expected to feature relatively large time-averaged OH PLIF

signal, which is referred to as NOH. Variation of (NOH/NOH)−1 versus D, u′, and u′/SL,0 are

presented in Figs. 5.10(a), (b), and (c), respectively for the tested flames of Table 2.1. The

maximum uncertainty for estimation of (NOH/NOH)−1 corresponds to the test condition of

U35H00T2, is estimated using the procedure discussed in Chapter 4, and is shown by the
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Fig. 5.10. Variations of (NOH/NOH)−1 versus (a) D, (b) u′, and (c) u′/SL,0. The results
in (d) are those in (c) color-coded based on the corresponding tested integral length scale
values.

error bar in Fig. 5.10(a). The results in the figure show that (NOH/NOH)−1 is highly corre-

lated with D. One may argue the relation presented in Fig. 5.10(a) may be self-fulfilling as

(NOH/NOH)−1 and D are estimated both based on the OH PLIF measurements. In order to

confirm the positive correlation in Fig. 5.10(a) is not self-fulfilling, D was estimated using

the formulations of [9] and [10] (calculating the global consumption speed using Eqs. (1.23)

and (1.22) and finding its deviation from Damköhler’s first hypothesis [18]), which do not

depend on our PLIF measurements. The results are presented in Fig. 5.11. As can be seen,

the formulations of [9] and [10] also confirm increasing D increases (NOH/NOH)−1. The

observed correlation suggests that the occurrence of extinctions and incomplete combustion

can be potentially related to the observed bending behavior. However, such correlation does

not necessitate a causal relation between the bending behavior and the extinctions. In fact,

the bending behavior is also reported in previous studies (see for example [11, 12]), in which

significant flame extinctions are not reported. Thus, further investigations are required to

study a potential causal relation between the extinctions and the bending behavior.

The results presented in Fig. 5.10(b) suggest that increasing the hydrogen-enrichment

percentage decreases (NOH/NOH)−1. This is because, especially at larger values of u′, adding

hydrogen reduces the amount of extinctions (due to the larger reactivity of hydrogen com-

pared to methane [25]). The results presented in Fig. 5.10(c) show that normalizing u′ by
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Fig. 5.11. Variations of (NOH/NOH)−1 versus D. The horizontal axis is estimated based on
the formulations provided in [9] and [10] (Eqs. (1.23) and (1.22)).

the corresponding laminar flame speed allows for the collapse of the data. Also, it can be

seen that increasing the turbulence intensity increases (NOH/NOH)−1. As this parameter

increases, the possibility of extinction occurrence increases, the fuel can potentially escape

from the flame region, decreasing the generated heat release rate, decreasingMT/ML, and

as a result the pronounced deviation of the heat release rate marker from the prediction

of the Damköhler’s first hypothesis shown in Fig. 5.9. It is acknowledged that for flames

similar to those of the present thesis, the room air entrainment, see [8, 123], can influence

the bending behavior reported here. Specifically, as discussed in Chapter 4, it is hypothe-

sized that the room air entrainment dilutes the reactants, stratifies the mixture, and locally

decreases the fuel-air equivalence ratio [49, 124, 125]. This can locally decrease the burning

velocity, which may contribute to the bending behavior. This point is extensively discussed

in Chapter 6.

Here, it is of interest to develop a model that allows for predicting the effect of the

governing parameters on the occurrence of extinctions, the bending behavior, and as a

result the normalized heat release rate marker. To address these, first, the results presented
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in Fig. 5.10(c) are color-coded based on the corresponding tested integral length scale and

presented in Fig. 5.10(d). As evident in the inset of the figure, (NOH/NOH)−1 does not

change by changing the integral length scale at relatively small values of u′/SL,0. However,

at relatively large values of the turbulence intensity, decreasing the integral length scale

increases the values of (NOH/NOH)−1 (compare the values of this parameters at u′/SL,0 ≈

20 and at different integral length scales). At relatively small turbulence intensities, the

turbulent eddies cannot penetrate into the flame zone, extinctions rarely occur, and the

values of (NOH/NOH)−1 are relatively small and nearly independent of the tested integral

length scales. However, at larger values of u′/SL,0, eddies feature relatively large rotational

kinetic energy and can penetrate into the flame zone (see Section 4.3). Thus, for the large

values of u′/SL,0, decreasing the integral length scale facilitates penetration of relatively

small scale eddies into the flame zone, increasing the occurrence of extinctions, and as

a result the larger values of (NOH/NOH)−1 and D shown in Figs. 5.10 and 5.9(c). In

essence, the above argument suggests that both (NOH/NOH)−1 and D should be positively

(negatively) correlated with u′/SL,0 (Λ). To investigate this, variations of (NOH/NOH)−1 and

D versus (u′/SL,0)(Λ/δL)−1 (which is the inverse of the Damköhler number) are presented

in Figs. 5.12(a) and (b), respectively. These figures suggest that (NOH/NOH)−1 and D data

collapse when they are plotted versus Da−1. Using the least-square technique, third and

second order polynomial curves were fit to the variation of (NOH/NOH)−1 and D versus

Da−1, respectively, and it is obtained that

(NOH/NOH)−1 ≈ 0.35Da−3 − 0.79Da−2 + 0.83Da−1 + 1. (5.11)

D ≈ 3.1Da−2 + 3.5Da−1. (5.12)

Combining Eqs. (5.10) and (5.12), it can be shown that the normalized heat release rate

99



5.4. Bending behavior of the normalized heat release rate marker

0 1 2 3

1

2

3

4

5

0 1 2 3

0

10

20

30

40

Fig. 5.12. Variations of (a) (NOH/NOH)−1 and (b) D with Da−1.

marker is obtained from

MT

ML
≈
�

1 +
u′

SL,0

�
︸ ︷︷ ︸

Term I

−3.1Da−2 − 3.5Da−1︸ ︷︷ ︸
Term II

. (5.13)

In Eq. (5.13), Term I is the prediction of the Damköhler’s first hypothesis (see Eq. (1.24)),

and Term II highlights the negative contribution of the bending behavior to the normalized

heat release rate marker of the tested turbulent premixed flames. This correction to the

Damköhler’s formulation is the contribution of this chapter to the existing literature in

combustion science.

To assess prediction of Eq. (5.13), first, values of the normalized heat release rate

marker color-coded based on the normalized integral length scale (Λ/δL) are presented in

Fig. 5.13(a). Then, the values ofMT/ML obtained from Eq. (5.13) are overlaid on the figure

for several values of Λ/δL by the dotted-dashed curves. The prediction of Damköhler [18] is

also shown by the black dashed line. The results in Fig. 5.13(a) suggest that the formulation

proposed in Eq. (5.13) allows for prediction of the normalized heat release rate marker. The

results also show that, flames with larger Λ/δL feature less pronounced bending behavior;

and, at a fixed value of u′/SL,0, increasing Λ/δL increases MT/ML. In fact, at the limit
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Fig. 5.13. (a) Comparison between the predictions of Eqs. (5.7) and (5.13) proposed in the
present study. (b) Comparisons between the predictions of Eqs. (5.7) and (5.13) with the
normalized global consumption speed obtained from the models proposed in [11, 13–18].

of Λ/δL approaching infinity, Eq. (5.13) suggests that MT/ML approaches the prediction

of the Damköhler’s first hypothesis shown by the dashed line in Fig. 5.13. Also, for a fixed

value of Λ/δL, the variation of the normalized heat release rate marker versus u′/SL,0 fea-

tures a parabolic behavior. For extremely large values of u′/SL,0, the effect of Term II in

Eq. (5.13) becomes dominant, which is equivalent to pronounced occurrences of extinctions,

leading to decrease of MT/ML.

The experimental results of the present study (obtained from Eq. (5.7)), prediction of

Eq. (5.13), as well as the predictions of the normalized global consumption speed using mod-

els developed in past investigations [11, 13–18] (Eqs. (1.24), (1.25), (1.28), (1.29), (1.33),

(1.34), and (1.35)) are presented in Fig. 5.13(b). For example, predictions of the model

developed by Wabel et al. [11] were obtained using their formulation along with our tur-

bulent flow characteristics and preheat zone thicknesses, and the results are shown by the

brown triangular symbol in Fig. 5.13(b). The models developed by Wabel et al. [11] and

Kobayashi [13] are empirical fits to their experimental results and the values estimated by

these models are close to the values of MT/ML obtained in this study, especially at large

integral length scales. The rest of the models [14–18] are obtained using theoretical ar-

guments. These models [14–18] have not considered the flame quench/extinction and the
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non-flamelet behavior, which can significantly influence the global consumption speed/heat

release rate marker, especially at large turbulence intensities, hence the large difference ob-

served between the predictions of the present study along with Kobayashi [13] and Wabel

et al. [11] with those from [14–18].

The bending behavior shown in Fig. 5.13 and decrease of the heat release rate marker

due to extinctions are consistent with the results of past studies, see for example [15, 41,

104, 105]. The implication of Eq. (5.13) and the results presented in Fig. 5.13 is that

the heat release rate marker cannot increase indefinitely with increasing the turbulence

intensity. However, at very large normalized integral length scales, the amount of bending

(or decrease of the burning velocity) is less pronounced. This conclusion is of relevance to

DNS studies. Compared to experimental investigations, the DNS studies tend to utilize a

relatively small domain of investigation and as a result a relatively small integral length

scale, see for example studies of [83, 84, 98, 99]. Our results suggest, increasing the size

of the domain of investigation and the integral length scale could potentially allow for the

DNS investigations to capture relatively larger values of their burning rate.
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Chapter 6

Lack back-support effects on the

flame structure and burning

velocity

Relatively large background turbulence intensities can lead to flame extinction events,

surrounding air entrainment, and as a result reactants dilution, which can change the flame

structure and the burning velocity. Although some past investigations, see for example [8,

11, 55, 118, 121], considered mitigating the reactants dilution using a large pilot flame

(referred to as back-support), several other investigations did not utilize a back-support

or their back-support could not surround the entire flame, see for example [36]. It was

hypothesized in Chapters 4 and 5 that air entrainment and flame extinction as a result

of the lack of back-support may influence the flame structure (preheat and reaction zone

thicknesses as well as the non-flamelet behavior) and the burning velocity (heat release

rate marker). Studying this hypothesis is challenging since the flame extinction, itself, is

usually influenced by varying background turbulent flow characteristics in past studies. The

objective of this chapter is to investigate the influences of lack of back-support on both the

flame structure and the burning velocity by keeping the background turbulence unchanged.

Aiming to study the effect of the co-flow on the relevant tested co-flow turbulent flames,

the preheat (δP) and reaction (δF) zone thicknesses, the non-flamelet behavior (N%), the

normalized local consumption speed (ST,LC/SL,0, see Eq. (5.1)), and the normalized heat
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Fig. 6.1. Variations of (a) the mean preheat zone thickness, (b) the reaction zone thickness,
(c) the non-flamelet parameter, (d) the normalized local consumption speed, and (e) the
normalized heat release rate marker with the flow rate of the co-flow.

release rate marker (MT/ML) are estimated and presented in Fig. 6.1(a–d), respectively.

The values of δP and δF were estimated following the procedures discussed in Chapter 3.

N% relates to the deviation of the OH and formaldehyde PLIF data from those syntheti-

cally generated from a laminar flame simulation (see Chapter 4). As discussed in Chapter 5,

MT/ML equals the integral over the domain of investigation of the heat release rate esti-

mated from Eq. (5.7) and is a newly proposed parameter for estimation of how fast turbulent

premixed flames burn. The lengths of the error bars in Fig. 6.1 are equal to the standard

deviations (over 500 frames) of the corresponding parameters. The results in Fig. 6.1 show

that, increasing Q̇Co−flow may increase or decrease the above parameters, and a trend cannot

be obtained. The underlying pathways that would allow understanding the effects of co-flow

on the flame structure and the burning velocity are schematically presented in Fig. 6.2. As

demonstrated in the figure, co-flow (top left corner) and background turbulence (bottom

right corner) are the speculated root-cause of changes in the above parameters. The latter is
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Chapter 6. Lack back-support effects on the flame structure and burning velocity

Fig. 6.2. Schematic diagram presenting the possible pathways that the co-flow and the
background turbulence intensity can influence both the flame structure and burning velocity.

unchanged in the present study, and the corresponding pathways rooted in the background

turbulence (shown by the gray color) do not influence the flame structure and the burning

velocity in the present investigation.

In Fig. 6.2, the co-flow leads to the entrainment of cold air and as a result the flame

extinctions (see process (1) in Fig. 6.2). Similarly, adding the co-flow can alter the jet shear

layer dynamics (see process (2)), which can influence the flame stretch (process (3)), and lead

to a pronounced amount of flame extinction (process (4)). Occurrence of local extinctions

as the co-flow is added is visualized in Figs. 6.3 and 6.4 for 0 and 20% of H2%, respectively.

In these figures, the first to fourth columns pertain to the flow rate of the co-flow increasing

from 0 to 300 SLPM in increments of 100 SLPM, while the rest of the tested parameters are

unchanged. Please note that, as discussed in Chapter 2, data is not available for 300 SLPM

of H2 = 20% and as a result, Fig. 6.4 has only three columns. The first, second, and third

rows of the figures present representative OH and CH2O PLIF as well as the corresponding

heat release rate marker (IHRR) images, respectively. In the last rows of Figs. 6.3 and 6.4,
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Fig. 6.3. OH (first row) and CH2O (second row) PLIF images, IHRR (third row), and flame
structure (fourth row) for representative frames of U5H00T2 (first column), U5H00T2C100
(second column), U5H00T2C200 (third column), and U5H00T2C300 (fourth column). In
(b–d), the white arrows highlight the representative regions where flame extinction event
and air entrainment occur. In (m–p), the cyan, red, and yellow regions present the preheat,
reaction, and combustion products zones, respectively.

the flame structures are visualized using the cyan, red, and yellow colors, which correspond

to the preheat, reaction, and combustion products zones, respectively. As can be seen in

Figs. 6.3 and 6.4, for Q̇Co−flow = 0 (test conditions of U5H00T2 and U5H20T2), the pilot

and the combustion products surround the reaction zone. However, with adding the co-flow

(lack of back-support), the surrounding cold air dilutes the combustion products, interacts

with the reaction zone, and flame extinctions take place. Representative locations where

flame extinction events and air entrainment occur are highlighted by the white arrows in

the first rows of Figs. 6.3 and 6.4.

As discussed in Chapter 5, OH PLIF signal can be used to study flame extinction events.

Similar to Chapter 5, the flame extinction is quantified using the normalized area of the

pixels with significant OH PLIF data (compared to the time averaged OH PLIF data), which
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Fig. 6.4. OH (first row) and CH2O (second row) PLIF images, IHRR (third row), and flame
structure (fourth row) for representative frames of U5H20T2 (first column), U5H20T2C100
(second column), and U5H20T2C200 (third column). In (b and c), the white arrows high-
light the representative regions where flame extinction event and air entrainment occur.
In (j–l), the cyan, red, and yellow regions present the preheat, reaction, and combustion
products zones, respectively.

is referred to as (NOH/NOH)−1. This parameter was calculated for each frame of all co-flow

relevant tested conditions, with the corresponding mean values presented in Fig. 6.5. The

error bar length in the figure is the standard deviation of (NOH/NOH)−1. As can be seen,

increasing Q̇Co−flow from 0 to 300 SLPM increases (NOH/NOH)−1 from about 1 to 3.3. The

results presented in Fig. 6.5 allows for quantifying processes (1–4) in Fig. 6.2 and confirm

the observations made in Figs. 6.3 and 6.4 also statistically hold.

Following the diagram shown in Fig. 6.2, flame extinction is the root-cause of several

pathways that lead to alteration of the flame structure and the burning velocity. Thus, for

all the co-flow relevant tested conditions, the mean and instantaneous (estimated for each

frame) values of δP, δF, N%, ST,LC/SL,0, and MT/ML versus (NOH/NOH)−1 are obtained

and presented in Figs. 6.6 and 6.7, respectively. The lengths of the horizontal and vertical

107



Chapter 6. Lack back-support effects on the flame structure and burning velocity

0 100 200 300

1

2

3

4
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Fig. 6.6. Variations of the mean (a) preheat and (b) reaction zone thicknesses, (c) the mean
non-flamelet behavior, (d) the normalized local consumption speed, and (e) the normalized
heat release rate marker versus (NOH/NOH)−1.

error bars in Fig. 6.6 equal the standard deviation of the data pertaining to the parameters

presented along the horizontal and vertical axes. The trends of variations are also presented
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Fig. 6.7. Instantaneous variations of (a) the preheat and (b) reaction zone thicknesses,
(c) the non-flamelet behavior, (d) the normalized local consumption speed, and (e) the
normalized heat release rate marker versus (NOH/NOH)−1.

in Fig. 6.7 by the red cross data symbol and red doted-dashed lines. These trends were

obtained by dividing the data pertaining to the parameter associated with the horizontal

axis, (NOH/NOH)−1, into 7 bins and calculating the mean of δP, δF, N%, ST,LC/SL,0, and

MT/ML for each bin. As can be seen in Figs. 6.6 and 6.7, changing (NOH/NOH)−1 can

alter δP, δF, N%, ST,LC/SL,0, and MT/ML. The reason for these changes is elaborated in

the following using the relevant processes/pathways presented in Fig. 6.2.

As schematically demonstrated in Fig. 6.2, the local extinction events (quantified by

(NOH/NOH)−1) lead to dilution of the reactants (due to air entrainment), and as a result

reduction of the fuel-air equivalence ratio [49, 125] (see process (5) in Fig. 6.2). The fuel-

air equivalence ratio spatial distribution is not measured in the present study. However,

an alternative method is utilized to estimate an effective fuel-air equivalence ratio (φeff).

The results presented in Chapter 5 suggest there exits a unique relation between Da−1 and

109



Chapter 6. Lack back-support effects on the flame structure and burning velocity

(NOH/NOH)−1 for a relatively large number of tested conditions without co-flow, which is

given by (NOH/NOH)−1 ≈ 0.35Da−3 − 0.79Da−2, see Eq. 5.11. This equation relates the

input and output of process (16) in Fig. 6.2. In this equation, Da is estimated based on

the set value of the fuel-air equivalence ratio, which is 0.7. However, once reactants dilution

occurs (due to air entrainment), the effective fuel-air equivalence ratio (φeff) decreases, and

as a result, the effective Damköhler number (Daeff) changes. The relation between these

parameters is given by

Daeff = (Λ/u′)
SL,0(φeff)

δL(φeff)
. (6.1)

Since the background turbulent flow is unchanged in the present study, Λ/u′ in Eq. (6.1)

is fixed, and φeff can be estimated provided Daeff is known. The values of the effective

Damköhler number were obtained using the experimentally measured (NOH/NOH)−1 along

with Eq. (5.11) for each frame and for all co-flow relevant tested conditions. Finally, for

each tested H2% in the present study, Cantera [50] simulations of a freely propagating

laminar premixed flame for several values of φeff was performed, the corresponding SL,0(φeff)

and δL(φeff) were obtained, and the value of φeff that leads to the estimated Daeff was

calculated for each collected OH PLIF image and for all co-flow relevant tested conditions.

The mean values of φeff versus (NOH/NOH)−1 are presented in Fig. 6.8. The lengths of

the vertical and horizontal error bars in this figure are the standard deviations of φeff

and (NOH/NOH)−1, respectively. The corresponding mean effective laminar flames speeds

(SL,0,eff) and thicknesses (δL,eff) are shown in Figs. 6.9(a) and (b), respectively. In these

figures, the lengths of horizontal and vertical error bars are the standard deviations of data

presented along the corresponding axes. The results in Figs. 6.5 and 6.8 show that increasing

the flow-rate of the co-flow from 0 to 300 SLPM increases (NOH/NOH)−1 from about 1 to

3.3, which decreases the effective fuel-air equivalence ratio from about 0.75 to 0.55. The

fuel-air equivalence ratio at the Lower Flammability Limit (LFL) of 100% methane/air and
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Fig. 6.8. Variation of the effective fuel-air equivalence ratio versus (NOH/NOH)−1. The
lower flammability limits are extracted for bomb experiments of [19].
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Fig. 6.9. The mean values of (a) SL,0,eff and (b) δL,eff for the co-flow relevant conditions.

80% methane/ and 20% hydrogen/air mixtures were extracted for the bomb experiments

of [19] and presented in Fig. 6.8 for comparison purposes.

The combined effects of the background turbulence and combustion chemistry on the

flame structure and burning velocity are studied using either the flamelet assumption [5, 34]

or flame thickening models (see Chapter 5). The former and the latter influence the flame
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structure and the burning velocity through processes (24–28, 30, 31, and 33) as well as (20,

21, and 32) in Fig. 6.2, respectively. It is acknowledged that both the flame structure and

the burning velocity can be influenced by the flame stretch. Here, it is assumed and later

verified that the effects of the flame stretch on the flame structure and the burning velocity

are not of leading importance. Thus, the diagram shown in Fig. 6.2 suggests that, provided

the background turbulence is unchanged, and the relations between the flame extinctions,

the effective fuel-air equivalence ratio, and the effective Damköhker number are known, the

influences of the co-flow on the flame structure and burning velocity can be elaborated using

u′/SL,0,eff and Λ/δL,eff .

For all collected images and co-flow relevant tested conditions, the instantaneous values

of δP, δF, N%, ST,LC/SL,0, and MT/ML are presented against instantaneous u′/SL,0,eff

in Fig. 6.10(a–d), respectively. The results are color-coded based on the instantaneous

values of Λ/δL,eff . The corresponding trends were obtained by dividing the horizon axis

(u′/SL,0,eff) into 7 bins and calculating the mean value of the data (δP, δF, N%, ST,LC/SL,0,

and MT/ML) for the bins. These trends are presented on the figure by the red cross data

symbols. Also overlaid on the figure are the corresponding mean values of δP, δF, N%,

ST,LC/SL,0, andMT/ML from the results in Chapters 4 and 5 pertaining to the conditions

with the identical setup configuration (two perforated plates). Please note, for the results

of Chapters 4 and 5, SL,0,eff = SL,0 and δL,eff = δL since negligible extinction is observed

for u′/SL,0 . 15, see Fig. 5.10(c). The values of u′/SL,0,eff evaluated at φeff corresponding

to LFL of H2 = 0% and 20% are estimated using Cantera [50] and equal 36.5 and 134.1,

respectively. Similarly, the values Λ/δL,eff at φeff corresponding to LFL of H2 = 0% and

20% are estimated and equal 2.1 and 0.6, respectively. For the fixed background turbulence

of the present study, the above values are the largest and smallest turbulence intensity

and normalized integral length scales that the flames could possibly experience due to the

reactants dilution. The results in Fig. 6.10(a) show that increasing u′/SL,0,eff and decreasing
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Fig. 6.10. Variations of (a) the preheat zone thickness, (b) the reaction zone thickness,
(c) the non-flamelet behavior, (d) the normalized local consumption speed, and (e) the
normalized heat release rate marker versus u′/SL,0,eff . The red data points are the trends
and the black data points are those extracted from Chapters 4 and 5 for the flames without
the co-flow and with two perforated flames.

Λ/δL,eff increases δP. The values of the overall effective Lewis number (the effective Lewis

number calculated at φeff) were estimated following [3]. It was shown that the values of the

overall effective Lewis number changes from 0.95 to 1.06 for the co-flow relevant conditions.

Since Leeff ≈ 1, the effect of curvature on the flame stretch is not pronounced on an averaged

basis, but flame strain could influence the flame structure and the burning velocity. The

increasing trend presented in Fig. 6.10(a), however, suggests that the flame thickening, with

influencing pathways shown by processes (20, 21, and 32) in Fig. 6.2, plays a leading role

compared to the flame thinning (due to strain), with the influencing pathways shown by

processes (24–26, 30, and 31) for the co-flow relevant tested conditions.

Comparison of the results in Fig. 6.10(a) and those of Chapter 4 suggests that for

Λ/δL,eff & 14, the data collapse. This is because such large normalized effective integral

length scales pertain to Q̇Co−flow ≈ 0 in the this chapter and that of Chapter 4. However,
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adding the co-flow decreases φeff and increases δL,eff , decreasing Λ/δL,eff . Since the back-

ground turbulence is unchanged, the large values of δL,eff accommodate the turbulent eddies

to reside inside the flame region; and, as a result, the relatively large values of δP reported

in this chapter compared to those in Chapter 4. In comparison with the preheat zone

thickness, the variations of the reaction zone thickness and N% versus u′/SL,0,eff feature

a modest increase, and the trends are less sensitive to Λ/δL,eff (see Figs. 6.10(b) and (c)).

It is speculated, for the relatively moderate turbulence intensities studied in this chapter

(u′/SL,0,eff . 15), the preheat zone serves as a buffer [119] and does not allow for penetration

of turbulent eddies into the reaction zone, and as a result significant thickening of this zone.

Thus, substantial deviation from the flamelet behavior is not observed. This observation

also agrees with the representative flame structure presented in Figs. 6.3(m–p) and 6.4(j–l),

see the relatively thin red regions.

As shown in [187, 188] and also Chapter 5, the normalized burning velocity (local and

global consumption speeds as well as the heat release rate marker) is positively related to

the normalized integral length scale. Thus, as Figs. 6.10(d) and (e) show, for Λ/δL,eff & 14

(which is related to Q̇Co−flow ≈ 0), the values of the normalized local consumption speed and

the normalized heat release rate marker presented in Chapter 5 can be reconciled. However,

increasing Q̇Co−flow increases the flame extinction events, increases δL,eff , and decreases the

normalized local consumption speed and the normalized heat release rate marker, see the

decreasing trend in Figs. 6.10(d) and (e). Indeed, at the turbulence intensities and nor-

malized integral length scales corresponding to LFL (reported above), ST,LC/SL,0 = 0 and

MT/ML = 0, hence the decreasing trend for u′/SL,0,eff & 9 in Figs. 6.10(d) and (e) is

expected. In essence, for the co-flow relevant tested conditions discussed in this chapter,

adding the co-flow leads to flame extinction, reduces the effective fuel-air equivalence ra-

tio, broadens the preheat zone, does not influence the reaction zone and the non-flamelet

parameter significantly, and eventually decreases the normalized burning velocity.
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Chapter 7

Conclusions

7.1 Concluding remarks

The internal structure and burning velocity of extremely turbulent hydrogen-enriched

methane-air premixed flames were investigated using planar laser-induced fluorescence of OH

and CH2O as well as stereoscopic particle image velocimetry techniques. A Bunsen burner

with an exit diameter of 22.2 mm was utilized in the experiments. The fuel-air equivalence

ratio was set to 0.7 for all tested conditions, and volume-based hydrogen-enrichment per-

centage was varied from 0% to 70% with steps of 10%. Four mean bulk flow velocities of 5,

15, 25, and 35 m/s were examined. Three turbulence generating mechanisms corresponding

to none, one, or two perforated plates were utilized. The turbulence intensity (u′/SL,0) of

the tested conditions varied from 0.3 to 44.6, leading to Reynolds and Karlovitz numbers

ranging from 18 to 2729 and 0.1 to 76.0, respectively. In addition to these, five conditions

were tested using a co-flow setup with the corresponding flow rates of 100, 200, and 300

SLPM to mimic the lack of back-support and explore the effect of air entrainment and flame

extinction on the premixed flames internal structure and burning velocity. For these con-

ditions, the mean bulk flow velocity and streamwise velocity fluctuations root mean square

were 5 m/s and 1.10 m/s, respectively. Also, the volume-based tested hydrogen-enrichment

percentage was set to either 0% or 20%.

Using freely propagating laminar flame simulations, a method was proposed to more

accurately track the heat release rate of the hydrogen-enriched methane-air flames to be
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able to locate the preheat and reaction zones of these flames and estimate their thicknesses.

Then, utilizing this method, the preheat and reaction zone thicknesses were measured for

the tested premixed flames. It was shown that, at large turbulence intensities, both the

preheat and reaction zones feature broadening, and their thickness can increase up to 6.3

and 4.9 times those of the laminar flame counterparts, respectively. The results showed that,

for a given RMS velocity fluctuations (u′), increasing the hydrogen-enrichment percentage

decreases the preheat zone thickness. However, a monotonic behavior was not observed for

the effect of hydrogen enrichment on the reaction zone thickness. While broadening of the

preheat and reaction zones at large turbulence intensities have been reported in the literature

for methane-air flames, broadening of these zones for extremely turbulent hydrogen-enriched

methane-air premixed flames was reported in this thesis for the first time. Also, a framework

was developed to quantify the deviation of the premixed flames from the flamelet behavior,

referred to as the non-flamelet behavior (N%). This was quantified for the methane-air

flames and it was shown that the increase of non-flamelet behavior is accompanied by

broadening of the reaction zone.

The local turbulent flow characteristics and their relations with the flame internal struc-

ture were also investigated for the methane-air premixed flames. The value of the swirling

strength (Q) was estimated for these flames inside both the reactants and preheat zones. It

was shown that Q is correlated with the preheat and reaction zone thicknesses. Specifically,

increasing u′/SL,0 from 0.8 to 44.6 increases Q (estimated inside both reactants and preheat

zone) normalized by those for a nearly laminar flame (estimated inside the reactants) from

about 1 to 8000. This means that increasing the turbulence intensity significantly increases

the swirling strength inside both the reactants and the preheat zone. The effects of the

utilized turbulence generating mechanisms on the distribution of the eddy sizes and their

specific kinetic energy were also studied. The results suggest that different types of tur-

bulence generating mechanisms lead to different distributions of the eddy size and energy.

116



7.1. Concluding remarks

These differences are important and are speculated to cause the controversial results re-

lated to the broadening of the reaction zone that are reported in the literature. The results

show that, for highly turbulent premixed flames, there exists a large number of eddies with

two-dimensionally-resolved sizes close to the Taylor length scale, which feature a relatively

large specific kinetic energy. While it is experimentally shown these eddies enter the preheat

zone, broadening of the reaction zone being due to the penetration of these eddies into this

zone is speculated and remains to be investigated experimentally.

Broadening of the reaction zone observed for the premixed flames suggests that using

the flamelet assumption may not lead to an accurate estimation of the burning velocity

for these flames. A method that does not utilize the flamelet assumption was developed

here and was used to estimate the burning velocity of the tested flames. In this method, a

parameter was introduced for estimating the burning velocity and is referred to as the heat

release rate marker. The values of the local consumption speed were also estimated for all

tested conditions. The results showed that at a given RMS velocity fluctuations, increasing

the hydrogen enrichment percentage increases the local consumption speed and the heat

release rate marker. It was shown that for relatively small turbulence intensities, the value

of the normalized (by that of the corresponding laminar flame) heat release rate marker

follows that of the normalized local consumption speed. However, at larger turbulence in-

tensities, the value of the normalized heat release rate marker followed the normalized global

consumption speed values reported in the literature and they were significantly larger than

the normalized local consumption speed. In fact, similar to past investigations, the results

showed that increasing the turbulence intensity increases the ratio of the estimated values

of the heat release rate marker/global consumption speed and the local consumption speed.

Such disparity has been a matter of discussion in the literature. The results of this thesis

show that the ratio of the normalized heat release rate marker and the normalized local

consumption speed is positively correlated with both the preheat and reaction zone thick-
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nesses, with the latter correlation being more pronounced. This implies that the flamelet

assumption used for the calculation of the local consumption speed may be the reason for

the difference between the values of the global and local consumption speeds reported in the

literature. It was shown that, correcting the formulation of the local consumption speed by

a non-dimensional factor that takes into account the reaction zone thickening, the difference

between the heat release rate marker of the tested flames and the local consumption speed

can be reconciled.

Similar to past investigations related to the normalized global consumption speed, the

results showed that increasing the turbulence intensity does not linearly increase the nor-

malized heat release rate marker, and this parameter features a bending behavior. First,

the amount of bending in the variation of the normalized heat release rate marker versus

the turbulence intensity was quantified. It was hypothesized and shown that the amount

of bending is positively related to the occurrence of extinctions. For a given RMS velocity

fluctuations, the bending behavior and occurrence of the extinctions were less pronounced

for hydrogen-enriched flames. The results showed that both the amount of bending and the

occurrence of the extinctions are related to the inverse of the Damköhlder number. Using

this, a formulation that allows for quantifying the bending behavior and the heat release

rate marker was developed. It was shown that the predictions of the proposed formulation

follow those of past experimental investigations as well. The proposed formulation sug-

gested that, at a given turbulence intensity, increasing the normalized integral length scale

increases the normalized heat release rate marker approaching a limiting value predicted by

the Damköhler’s first hypothesis. At a fixed value of the integral length scale, the proposed

formulation shows that increasing the turbulence intensity, first, increases the heat release

rate marker. However, the proposed formulation (in agreement with past experimental re-

sults) predicted that further increasing the turbulence intensity decreases the heat release

rate marker, which was hypothesized to be due to the pronounced occurrence of the ex-
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tinctions. Although a positive relation between the occurrence of the extinctions and the

bending behavior is reported in here, future investigations are required to study if there

exists a causal relationship between these two parameters.

The effects of lack of back-support on the flame internal structure, non-flamelet behavior,

and burning velocity were investigated using a co-flow setup. For fixed background turbulent

flow conditions, it was shown that the lack of back-support leads to the flame extinctions,

which influence the flame structure and the burning velocity. Specifically, the pronounced

occurrence of the flame extinctions led to the increase of the preheat zone thickness. How-

ever, the reaction zone thickness and the non-flamelet parameter were less sensitive to the

pronounced extinctions and remained nearly unchanged or featured a modest increase. The

burning velocity, however, followed a decreasing trend with pronounced extinctions. The

reduction of the effective fuel-air equivalence ratio due to reactants dilution (as a result of

flame extinction and air entrainment) was argued to be the underlying reason for the above

observations. Addition of the co-flow decreased the effective fuel-air equivalence ratio from

0.75 to 0.55. This increased the effective turbulence intensity from about 5 to 15 and de-

creased the effective normalized integral length scale from about 15 to 4. While the former

can facilitate faster burning of the reactants, the latter decreases the burning rate. It was

shown the effect of the latter on the normalized burning velocity is dominant. The results

presented in this thesis demonstrate and elaborate the important role of the reactants di-

lution on the turbulent flame structure and burning velocity even at relatively moderate

effective turbulence intensities.

7.2 Future directions

Although it was aimed in this thesis to partly address some of the ongoing research

questions regarding the premixed flames, future investigations are required to support some

of the findings of this dissertation, extend them to other studies, and also answer the re-
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maining questions about the turbulent premixed flames. In the following, more details are

provided regarding some of the suggested future investigations.

1. The model developed for the estimation of the heat release rate in hydrogen-enriched

methane-air flames is based on the laminar flame simulations. Direct numerical sim-

ulation studies are required to confirm the accuracy of this model or improve it for

larger turbulence intensities.

2. In this thesis, penetration of eddies into the preheat zone was demonstrated. However,

their penetration into the reaction zone was speculated and not shown experimentally

due to seed particle evaporation in the reaction zone and other issues with particle

image velocimetry. Thus, future experimental efforts are required using solid seed par-

ticles combined with other measurement techniques to study the interaction between

the reaction zone and turbulent flow structures and investigate the potential reasons

for the broadening of the reaction zone.

3. It was shown in this dissertation that the turbulence generating mechanism has signif-

icant importance in the eddy size and energy distribution and it can potentially be the

underlying reason for the conflicting reported results in the literature for the reaction

zone broadening. However, future investigations are required to systematically study

the effect of the turbulence generating mechanism and its influence on the quality of

the interaction of eddies with the reaction zone.

4. To calculate the local consumption speed here and also some of the previous studies

(see for example [11]), it was assumed that the flame stretch factor (I0 = SL/SL,0)

is equal to one. While there exist some studies (see for example [176]) showing the

importance of using a proper stretch factor, future investigations are required to elab-

orate the effect of flame stretch factor and propose a framework for estimating it for

different flame conditions.
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5. The influence of back-support on the premixed flames structure and burning veloc-

ity is not well understood in the literature. The results in this thesis provide a first

step towards understanding the influence of back-support on the premixed flames.

However, they were limited to relatively small turbulence intensities. Further investi-

gations are required to study the effect of this parameter on the flame structure and

burning velocity at large turbulence intensities.

6. In this thesis, in the discussions related to the effect of lack of back-support on the pre-

mixed flames, the effective fuel-air equivalence ratio was estimated using the relation

between flame extinction and the Damköhlder number. Simultaneous measurements

of two-dimensional variations of the fuel-air equivalence ratio as well as the planar

laser-induced fluorescence of OH and CH2O was not performed. However, this will

provide an improved understanding related to the effect of the back-support on the

internal structure and burning velocity of the premixed flames. Integration of a Ra-

man scattering technique with those used in this thesis is useful for understanding the

effects of back-support, reactants dilution, and (even possibly) stratification on the

flame structure and the burning velocity of turbulent flames.

7. In order to stabilize a Bunsen flame, usually, a pilot flame is utilized. In this disserta-

tion and also some previous studies (see for example [8, 11, 36]), the influence of the

pilot flame on the premixed flames structure and burning velocity was not considered.

Future studies are required to investigate if the pilot flame plays a significant role

on the results related to the structure and burning velocity of the premixed flames.

Specifically, the effects chemistry of the mixture utilized for the pilot flame and its

flow rate are required to be investigated in the future.
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[10] Ö. L. Gülder, Contribution of small scale turbulence to burning velocity of flamelets

in the thin reaction zone regime, Proc. Combust. Inst. 31 (2007) 1369–1375.

[11] T. M. Wabel, A. W. Skiba, J. F. Driscoll, Turbulent burning velocity measurements:

Extended to extreme levels of turbulence, Proc. Combust. Inst. 36 (2017) 1801–1808.

[12] Z. Wang, B. Zhou, S. Yu, C. Brackmann, Z. Li, M. Richter, M. Aldén, X. S. Bai,

Structure and burning velocity of turbulent premixed methane/air jet flames in thin-

reaction zone and distributed reaction zone regimes, Proc. Combust. Inst. 37 (2019)

2537–2544.

[13] H. Kobayashi, Experimental study of high-pressure turbulent premixed flames, Exp.

Therm. Fluid Sci. 26 (2002) 375–387.

[14] N. Peters, The turbulent burning velocity for large-scale and small-scale turbulence,

J. Fluid Mech. 384 (1999) 107–132.

[15] D. Bradley, How fast can we burn?, Proc. Combust. Inst. 24 (1992) 247–262.

[16] P. D. Ronney, V. Yakhot, Flame broadening effects on premixed turbulent flame speed,

Combust. Sci. Technol. 86 (1992) 31–43.

[17] V. Yakhot, Propagation velocity of premixed turbulent flames, Combust. Sci. Technol.

60 (1988) 191–214.
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[22] A. Kéromnès, W. K. Metcalfe, K. A. Heufer, N. Donohoe, A. K. Das, C. J. Sung,

J. Herzler, C. Naumann, P. Griebel, O. Mathieu, O. Mathieu, M. C. Krejci, E. L. Pe-

tersen, W. J. Pitz, H. J. Curran, An experimental and detailed chemical kinetic mod-

eling study of hydrogen and syngas mixture oxidation at elevated pressures, Combust.

Flame 160 (2013) 995–1011.

[23] A. L. Sánchez, F. A. Williams, Recent advances in understanding of flammability

characteristics of hydrogen, Prog. Energy Combust. Sci. 41 (2014) 1–55.

[24] A. R. Masri, Challenges for turbulent combustion, Proc. Combust. Inst. 38 (2021)

121–155.

[25] R. W. Schefer, D. M. Wicksall, A. K. Agrawal, Combustion of hydrogen-enriched

methane in a lean premixed swirl-stabilized burner, Proc. Combust. Inst. 29 (2002)

843–851.

[26] D. Cicoria, C. K. Chan, Effects of turbulence and strain rate on hydrogen-enriched

high Karlovitz number lean premixed methane flames, Fuel 211 (2018) 754–766.

124



Bibliography

[27] E. R. Hawkes, J. H. Chen, Direct numerical simulation of hydrogen-enriched lean

premixed methane–air flames, Combust. Flame 138 (2004) 242–258.
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Appendix A

GRI-Mech 3.0 for simulation of

hydrogen-enriched methane-air

flames at atmospheric condition

GRI-Mech 3.0 is developed for natural gas combustion (which mainly contains methane);

however, the analyses show that GRI-Mech 3.0 allows for relatively accurate prediction of

laminar hydrogen-air premixed flames combustion chemistry too (at P = 1 atm). In order

to show this, Cantera simulations were run using GRI-Mech 3.0 as well as the mechanisms

developed and used in [20–23]. The structure of the heat release rate obtained from the above

mechanisms and that from GRI-Mech 3.0 are presented in Fig. A.1. The results pertain

to freely propagating hydrogen-air premixed flames with fuel-air equivalence ratio of 0.7 at

P = 1 atm. As can be seen, the predictions of GRI-Mech 3.0 is similar to the mechanisms

developed for pure hydrogen flames in the studies of [20–23]. Similarly, the laminar flame

speed of freely propagating hydrogen-air premixed flames at φ = 0.7 and P = 1 atm was

obtained and equals to 1.23, 1.33, 1.29, 1.41, and 1.39 m/s using GRI-Mech. 3.0 and those

of [20], [21], [22], and [23], respectively. The similarity in distribution of the heat release

rate and the laminar flame speed suggest that GRI-Mech 3.0 allows for relatively accurate

prediction of these parameters even for freely propagating laminar hydrogen-air premixed

flames for φ = 0.7 and at P = 1 atm. Considering the accuracy of using GRI-Mech 3.0

for laminar methane-air flames, this mechanism can be utilized for simulation of laminar
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Fig. A.1. Cantera simulation results of HRR variation across a freely propagating laminar
premixed flame of hydrogen and air. The results are generated using the GRI-Mech. 3.0
and the mechanisms proposed in [20–23].

hydrogen-enriched methane-air premixed flames as well.
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Appendix B

POD analysis for removing

Kelvin-Helmholtz instability from

non-reacting velocity data

The Proper Orthogonal Decomposition (POD) technique was utilized to remove the

dominant flow structures from non-reacting flow data related to conditions with zero per-

forated plates. These analyses were performed for four mean bulk flow velocities of 5,15,

25, and 35 m/s, which are tested in this thesis. For calculation of the POD modes, similar

procedure to that presented in [94, 127, 156, 189] was utilized. First, the eigenvalue of the

velocity data related to the ith mode (γi) as well as the cumulative mode energy (Σk=i
k=1γk) are

estimated, and the results are presented in Figs. B.1(a–c) and (d–f), respectively. The re-

sults in Figs. B.1(a and d), (b and e), and (c and f) correspond to velocity components along

y, x, and z directions, respectively. The results presented in Figs. B.1(d–f) are normalized

by the total modes energy. The total number of SPIV image pairs used for calculation of

the non-reacting velocity data is 1040, and corresponds to the maximum number of modes

in Fig. B.1. As can be seen, the first two modes are relatively energetic and contribute to

10 to 60% of the total cumulative mode energy depending on the tested mean bulk flow

velocity.

Since the first and second modes are mainly related to the dominant flow structures, the

corresponding mode-shapes for the non-reacting condition and for no turbulence generator
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Fig. B.1. (a–c) are the eigenvalues of the non-reacting velocity data with no turbulence
generator and U = 5,15, 25, and 35 m/s. (d–f) are the normalized cumulative mode
energies.

were calculated and presented in Fig. B.2. Results shown in Figs. B.2(a–f), (g–l), (m–r),

and (s–x) correspond to mean bulk flow velocities of 5, 15, 25, and 35 m/s, respectively.

The first, third, and fifth columns in the figure are the first POD mode of the velocity

fluctuations along the y, x, and z axes, respectively. Also, the second, fourth, and sixth

columns are the second POD mode of the velocity fluctuations along the y, x, and z axes,

respectively. As can be seen, the dominant flow structures are apparent, they are located

near the jet shear layers, and they correspond to the Kelvin-Helmholtz instability. These

vortices have been previously observed and reported for the same burner except for a larger

exit diameter of 48.4 mm and mean bulk flow velocities ranging from 4.0 to 8.3 m/s, please

see [126, 127].

In order to assess the impact of the dominant flow structures on the turbulent flow

characteristics, the first n POD modes were removed from the velocity data (with n varying

from 0 to 1039), the velocity fields were reconstructed, the root-mean-square (RMS) velocity

fluctuations were calculated, and the values corresponding to u′, v′, and w′ were averaged

inside the FCR window shown in Fig. 2.3. Figures B.3(a), (b), and (c) present variations of
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Fig. B.2. Mode-shapes of the non-reacting flow with no turbulence generator related to
U = 5 m/s (a–f), U = 15 m/s (g–l), U = 25 m/s (m–r), and U = 35 m/s (s–x). The first
(second), third (fourth), and fifth (sixth) columns correspond to mode #1 (#2) for u, v,
and w components of the velocity data, respectively.

the averaged u′, v′, and w′ inside the FCR window in Fig. 2.3 for several values of n. For

example, n = 0 means that no POD mode is excluded for the RMS calculations. As can be

seen, the RMS values are relatively insensitive to removing the modes up to about the first

two modes. This is because the RMS values are calculated inside the FCR window, whose

flow field is not significantly influenced by the Kelvin-Helmholtz instability. Nevertheless,

the RMS velocity data were reported in Table 2.1 for n = 2, i.e. the first two modes excluded

from the velocity data for the RMS calculations. These values are extracted from Fig. B.3

at n+ 1 = 3, which is highlighted by the dashed line.

The integral length scale averaged inside the FCR window in Fig. 2.3 was evaluated for
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Fig. B.3. (a), (b), and (c) are the root-mean-square of the velocity data along the y, x,
and z axes after excluding the first n POD modes from the calculations. The results are
calculated inside the red FCR window in Fig. 2.3.

Table B.1. Effect of excluding the first n number of modes from the velocity data on the
integral length scale averaged inside the FCR window on Fig. 2.3. n = 0 means no POD
mode is excluded. The reported values are in mm.

# of excluded modes (n) 0 1 2 5 10 20 100 500

U = 5 m/s 2.3 2.5 2.1 2.2 2.1 2.2 0.5 0.4

U = 15 m/s 4.1 3.8 3.9 3.4 2.9 2.1 0.5 0.4

U = 25 m/s 4.1 3.9 3.9 3.0 3.5 2.2 0.7 0.4

U = 35 m/s 3.9 3.6 3.6 3.0 3.2 2.5 0.8 0.4

several values of n. The values of the integral length scale averaged in the FCR window for

no, 1, 2, 5, 10, 20, 100, and 500 removed modes are tabulated in Table B.1. As can be seen,

the averaged value of the integral length scale is nearly insensitive to the extracted number

of modes up to n = 2. This is because the region inside the FCR window is not significantly

influenced by the Kelvin-Helmholtz instability. The averaged values of integral length scale

related to n = 2 (see the cells with the green font) are presented in Table 2.1 and were used

for locating the tested conditions on the Borghi-Peters diagram.
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Effective Lewis number estimation

The effective Lewis number (Leeff) was estimated following the methodology of [190–

193] and was presented in Tables 2.1 and 2.2. Bouvet et al. [190] suggested that, for

stoichiometric mixture of bi-component fuels (such as CH4 and H2), the effective Lewis

number is given by

Leeff,st = x1Le1 + x2Le2, (C.1)

where xi and Lei are the fuel volumetric fraction and Lewis number of the ith component, re-

spectively. For hydrogen-enriched methane, the former depends on the hydrogen-enrichment

percentage, and the later is obtained from [190]

Lei =
αth

Di,N2

, (C.2)

where Di,N2 is the bi-molecular diffusivity of the ith component and nitrogen molecule. αth

is the thermal diffusivity of the fuel-air mixture, is given by αth = λ/(ρrcp), with ρr, λ, and

cp being the unburned mixture density, thermal conductivity, and specific heat, respectively.

λ and cp of the mixture were estimated from the following equations [190, 194]

λ =
1

2

(
N∑
k=1

Xkλk +
1∑N

k=1
Xk
λk

)
, (C.3a)

cp =
N∑
k=1

Ykcp,k, (C.3b)
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where N is the total number of the species in the fuel-air mixture. Xk, Yk, λk, and cp,k

are the mole fraction, mass fraction, thermal conductivity, and specific heat of the the kth

species, respectively.

For lean mixtures, the effective Lewis number is given by [191–193]

Leeff =
LeO2 +ALeLeeff,st

1 +ALe
, (C.4)

where LeO2 can be estimated from Eq. (C.2) and ALe = 1+βLe(1/φ−1). βLe is the Zeldovich

number and is given by [191] βLe = [Ea(Tb − Tu)]/(RT 2
b ), with Tu, Tb, Ea, and R being the

reactants temperature, products temperature (the adiabatic flame temperature), overall

activation energy, and the universal gas constant, respectively. For all tested conditions,

Tu = 300 K and Ea was extracted from [191].
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Appendix D

Hydroxyl radical versus

formaldehyde molecule scatter

plots for studying the non-flamelet

behavior

Following Peters [5], Driscoll et al. [6] suggest that premixed flames feature flamelet be-

havior provided the variations of species mass fractions versus the reaction progress variable

agree with those of the laminar flame. Here, the non-flamelet behavior is defined as deviation

of the OH versus CH2O PLIF towards OH/OHmax = CH2O/CH2Omax = 1. As discussed

in Section 4.2, such deviation is accompanied by broadening of the reaction zone. However,

in Section 4.2, it is not argued if deviation of the OH versus CH2O PLIF signals towards

OH/OHmax = CH2O/CH2Omax = 0 corresponds to broadening of the reaction zone. In

order to investigate this, data with significant deviation from that of the laminar flame to-

wards OH/OHmax = CH2O/CH2Omax = 1 and towards OH/OHmax = CH2O/CH2Omax = 0

are respectively highlighted by the red and pink colors in Fig. D.1. The first row of the fig-

ure presents variation of OH versus CH2O for representative frames of two flame conditions

that feature non-flamelet behavior (conditions U35H00T0 and U35H00T2). Figures D.1(c)

and (d) present the frames related to the results shown in Figs. D.1(a) and (b), respectively.
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Fig. D.1. (a) and (b) Variations of OH versus CH2O PLIF data for representative frames
of conditions U35H00T0 and U35H00T2. (c) and (d) Regions of the flames shown in the
first row featuring flamelet (green color) behavior, non-flamelet (red color) behavior, and
deviation towards origin (pink color). Also overlaid on the diagram are data related to freely
propagating (I0 = 1) and stretched flames with I0 = 0.1, 5, and 10.

Comparison of the results in Figs. D.1(a and b) with those in Figs. D.1(c and d) suggests

only data deviated towards OH/OHmax = CH2O/CH2Omax = 1 (the red data points) are

associated with broadened reaction zones. Also, the trend in Fig. 4.7(b) suggests that N%

and broadening of the reaction zone are positively correlated. Compared to the red data

points, data closer to OH/OHmax = CH2O/CH2Omax = 0 (pink data points) are associated

with thin reaction zones and do not pertain to the non-flamelet behavior. Please note that

a consistent observation is made for the rest of the frames. As a result, the pink data points

were considered to feature the flamelet behavior and are highlighted by the green color in

Fig. 4.6.

It is expected that changing the stretch factor (I0 = SL/SL,0) can change the variation of

154



Appendix D. Hydroxyl radical versus formaldehyde molecule scatter plots for studying the non-flamelet behavior

OH versus CH2O PLIF signals. Overlaid on Fig. D.1(b) are the predictions of Cantera sim-

ulations for a stretched (opposed jets) laminar flame. In the Cantera simulations, reactants

(with the temperature of 300 K) are injected from one inlet and combustion products are in-

jected from the other inlet. Both inlets inject the same mass flow rate and the stretch factor

is varied by changing the mass flow rate. Variation of the OH versus CH2O synthetic PLIF

signals are presented in Fig. D.1(b) for flames with stretch factors of I0 = 0.1, I0 = 5, and

I0 = 10 and are shown by the purple dotted-dashed, black dotted, and black dotted-dashed

curves, respectively. For lean premixed methane-air Bunsen flames, the mean stretch factor

is expected to be close to unity [6, 11, 34]. However, the instantaneous stretch factor can

be different from unity, and this may contribute to deviation of the OH versus CH2O plots

towards OH/OHmax = CH2O/CH2Omax = 1. The value of q ≈ 0.2 (see Figs. D.1(a and b))

is selected to ensure that the red data points correspond to events for which the deviation

from the freely propagating laminar flame is unlikely to be related to the effect of stretch

factor. Nevertheless, as discussed in the following, using slightly larger or smaller values for

q will not change the reported trends.

In order to study the effect of q on the reported mean N% values, a sensitivity analysis

was performed by changing the value of q to those 5% larger and smaller than q = 0.20.

Specifically, mean N% was obtained for q = 0.21 and q = 0.19 and the corresponding

results (pertaining to the pure methane-air flames in Table 2.1) are shown in Fig. D.2.

Figures D.2(a–c) pertain to the first, second, and third turbulence generating mechanisms,

respectively. The results in this figure show that changing q changes the values of mean

N%, however, the reported trends remain unchanged.
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Fig. D.2. Variation of the average non-flamelet behavior (N%) with turbulence intensity
(u′/SL,0) for different values of the threshold, q. 0 TG, 1 TG, and 2 TGs pertain to the
pure methane-air conditions in Table 2.1 with zero, one, and two turbulence generator(s),
respectively.

156



Appendix E

Effect of the Kelvin-Helmholtz

instability on the non-flamelet

behavior

In order to investigate the reason why the value of mean N% decreases by changing from

condition U15H00T0 to condition U35H00T0 (see Fig. 4.8), representative frames related

to conditions U15H00T0 and U35H00T0 were considered and are shown in the first and

second rows of Fig. E.1, respectively. The first column of the figure presents the vorticity

contours. The second column of the figure shows the vortices detected by the Q–criterion

with the blue color (Q ≥ 1 s−2). Also in the second column of the figure, preheat zone,

reaction zone, and combustion products are shown by the cyan, red, and yellow colors,

respectively. The third column represents the regions featuring flamelet and non-flamelet

behaviors, by the green and red colors, respectively. The fourth column shows the variation

of the OH versus CH2O PLIF signals. As the results in the last two columns of Fig. E.1

suggest, condition U15H00T0 features more pronounced non-flamelet behavior compared

to condition U35H00T0, which is also statistically consistent with the results shown in

Fig. 4.8. As the first and second columns of Fig. E.1 show, the vortices interacting with

the flame front are significantly different for conditions U15H00T0 and U35H00T0. The

Kelvin-Helmholtz vortices apparent in conditions U15H00T0 pull the reactants towards

the reaction zone, leading to a very thin preheat zone, and enlarged reaction zone due to
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Fig. E.1. Vorticity (first column), flame structure and location of vortices (second column),
regions featuring flamelet and non-flamelet behaviors (third column), and the variation of
the OH versus CH2O PLIF signals (fourth column) for representative frames of conditions
U15H00T0 (first row) and U35H00T0 (second row).

flame merging compared to laminar flames. The decreased preheat and increased reaction

zone thicknesses are also statistically consistent with the results presented in Fig. 4.3. The

increased size of the reaction zone, which is apparent by the red regions in Fig. E.1(b), leads

to significant deviation from the laminar flame predictions and causes the more pronounced

non-flamelet behavior of conditions U15H00T0. However, the interaction of large scale

coherent structures with the flame front is less pronounced for condition U35H00T0, and as

a result, mean N% values are smaller for this flame compared to conditions U15H00T0.

158



Appendix F

Size of the smallest detectable eddy

Figures F.1(a and b) present a test u and v velocity data, which are the velocity com-

ponents along y and x directions, respectively. The domain consists of 100 (10×10) inter-

rogation windows. Assuming a vector spacing (and interrogation window size) of 0.47 mm,

the vorticity (ω), strain rate (ε∗ = ∂u/∂x + ∂v/∂y), and swirling strength (Q) were cal-

culated and are shown in Figs. F.1(c–e). The regions of Q > 0, where swirling strength

dominates the strain, were used to identify vortices. The detected vortex is highlighted by

the pink color in Fig. F.1(f). As can be seen, a resolution of 0.47 mm allows for detecting

a square-shaped vortex with a side length of l′ = 0.47 mm. Thus, the vortex perimeter is

C = 4× l′ = 4×0.47 = 1.88 mm, and its area is A = l′× l′ = 0.47×0.47 = 0.22 mm2. Using

Eq. (4.3), the equivalent radius of this eddy is given by R = 2A/C = 0.23 mm, which is

half of the interrogation window size. Its diameter is 0.47 mm. Similarly, for a vortex that

corresponds to two interrogation windows, the radius is given by R = 2A/C = 2l′× l′/6l′ =

0.31 mm. The diameter of the eddy corresponding to two side-by-side located interrogation

windows would be 0.63 mm. In essence, the diameter (radius) of the smallest detected

vortex is equal to one (half of) interrogation window length for zero-overlap between the

interrogation windows.
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Fig. F.1. Test velocity data along (a) y and (b) x directions. (c) vorticity, (d) strain rate,
and (e) swirling strength of the velocity field shown in (a and b). (f) Q > 0.
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