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Chapter 1

Introduction

1.1 Energy and environmental issues

Energy and environmental problems constitute one of the most crucial issues in

our society. After the Industrial Revolution, the energy demands of the society and

accordingly energy supply have been continuously growing. Figure 1.1 shows the

trend of the primary energy consumption for the last several decades in the world

[1, 2]. Although fossil fuels such as coal, oil and natural gas are the dominant

fuel, several problems have been posed. Energy and environmental issues such

as the drain of fossil fuel, greenhouse gas emission leading to climate change and

energy security become increasingly severe.

Recently, renewable energy is gathering worldwide attention as a new energy

resource. The power generation using solar energy and wind force do not emit

greenhouse gases. However, the share of renewable is not enough high to become

dominant energy source at this stage although it shows a rapid growth. Nuclear

energy is one of the possibilities to overcome these issues with its non-emission

power generation method at the low cost. In Japan, the power generation using

nuclear energy appeared promising to improve self-sufficiency as well. However,

after nuclear disaster at the Fukushima 2011, the energy supply by the nuclear

energy drops and is now 0 %. While the share in the primary energy over the

world had been growing until around 2000, it has been declining until now. It is
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CHAPTER 1. INTRODUCTION

expected that very few new plants are built in OECD countries [3]. The stringent

safety requirements make it difficult to be competitive in the markets. Therefore,

fossil fuel energies still dominate the energy supply with the share of 86 % in

2012. According to BP Energy outlook 2035 [3], fossil fuels lose share but they

are still the dominant form of energy in 2035 with a share of 81 %.

Natural gas is now regarded as a promising resource with its abundance and

the low carbon emission. In addition to conventional natural gases, productions

of unconventional natural gas resources such as tight gas, shale gas and coalbed

methane (CBM) become feasible. Figure 1.2 shows world natural gas resources

by major region [4]. World recoverable total resources of conventional and un-

conventional natural gas are estimated to be equal to over 250 years of current

production. As can be seen in Fig. 1.2, the global natural gas resource bases are

widely dispersed geographically. It will help to improve energy security. Another

merit is that the natural gas emits less carbon dioxide and pollutants when it burns

in comparison to other fossil fuels. It mainly consists of methane (CH4) whose

carbon number is small. From the point of view of the global warming issues,

natural gas is effective resource.

Therefore, majority of the energy in the world is produced by combustion up

until now and from now on. The development of highly efficient and low-emission

combustor has a large contribution to the energy and environmental issues.
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1.2 Combustion models for the numerical simula-
tion

Computational fluid dynamics (CFD) increasingly plays an important role in the

design process of combustor involving reacting flows. An application of large-

eddy simulation (LES) to realistic combustion systems is becoming possible through

recent developments in computation technology. In LES, unsteady large-scale

phenomena are calculated by filtering the physical quantities and separating them

into grid scale (GS) and subgrid scale (SGS) components.

Peters [5] proposed a combustion diagram and four regimes for the classifi-

cation of flame structure. The structure of flame is classified based on the ratio

of the turbulent intensity to the laminar burning velocity (u′rms/SL) and the ratio

of the characteristic length of turbulence (the integral length scale) to the lami-

nar flame thickness (l/δF ). The four regimes are wrinkled flamelets, corrugated

flamelets, thin reaction zones and broken reaction zones as shown in Fig.1.3. In

wrinkled flamelets and corrugated flamelets regime, the flame thickness is smaller

than the smallest turbulence scale (Kolmogolov scale). Fundamental flame ele-

ments hence retain the laminar flame structures. The flame fronts are subject to

stronger flame–vortex interaction in corrugated flamelet regimes since u′rms > SL.

When flame zone thickness reaches to the scale of Kolmogolov eddies in thin re-

action zone regimes, the smaller eddies can now penetrate into the preheat zone

and broaden it. However, the reaction sheet is still only wrinkled with its structure

unaffected by eddy motion as long as the reaction layer thickness is smaller than

Kolmogolov scale.

In the case of LES of turbulent premixed flame in flamelets regime, the flame

thickness is assumed very thin compared to the LES filter size. It is impossible to

determine the inner structure of the flame in LES, and the flame structure in SGS

must be modeled.

G-equation [6] is often used to describe the flame front wherein the reaction

zone is represented by an infinitely thin scalar iso-surface, based on the flamelet

4



CHAPTER 1. INTRODUCTION

concept. In LES with G-equation approach, a filtered G-equation has to be solved

and a SGS combustion model is required. Since turbulent flame structure has not

been fully clarified yet, SGS combustion model that can be applied to turbulent

combustion field with various conditions has not be developed yet.

Shiwaku et al. [7] have proposed a SGS combustion model based on hierarchi-

cal structure of turbulent premixed flame. In the model, a SGS turbulent burning

velocity is estimated based on fractal characteristics such as fractal dimension and

inner cutoff in the flamelet regimes. The model is further developed by introduc-

ing the determination procedure of the fractal dimension, which is given by the

Fractal Dynamic SGS combustion model of Miyauchi et al. [8]. In addition, a

dilatation effect is separately modeled and the two models are combined [9]. he

model has been evaluated by the 3D DNS result and the superiority to the conven-

tional models has been indicated. However, due to the limitation of computation

resources, DNSs under high pressure and/or in high Reynolds number turbulence,

which are the case in the realistic combustion devices, are hardly conducted yet.

Therefore, experimental investigations on flame and flow dynamics are necessary

to validate the model with realistic conditions in engineering applications.
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1.3 Gas turbine combustor with high-efficiency and
low-emission

In engineering applications, a gas turbine has an advantage with its high power

density. With heavy duty, jet engines and industrial gas turbines are utilized in

aircraft, ships and electricity generation. To enhance the efficiency, turbine inlet

temperature has been increasingly raised in industrial gas turbines. However, in-

creasing operation temperature leads to a large emission of nitrogen oxide (NOx).

To prevent local hot spots within the combustor that causes of significant ther-

mal NOx formation, a lean premixed (LP) combustion is considered as a strong

candidate. Uniform lean mixture of fuel and air is formed that burns with lower

temperature than in the non-premixed combustion. Therefore, to reduce NOx

emissions, the LP combustion is widely employed [10, 11].

In many industrial combustors, liquid fuel is used such as gas turbine engines,

diesel engines and direct injection engines. It has advantages in the applicability

to various configurations and the easiness of transportation. In new generation

combustors, lean premixed prevaporized (LPP) combustion are considered [12–

14].

One of the main problems of LP or LPP combustion is the susceptibility to

dynamic phenomena such as blow-off, flashback [15, 16] and thermoacoustic in-

stability, which can even cause damage in the combustor. Candel [17], Huang and

Yang [18] made the extensive reviews about the combustion instability. To under-

stand and control the combustion instability is one of the most important issues to

achieve stable operation of the gas turbine combustor.

It has been known that the thermoacoustic instability is caused by the feedback

interaction between natural acoustic modes of the combustor and an oscillation of

a heat release rate [19].

The heat release rate and the acoustic pressure interact with each other in the

combustor. The acoustic oscillation in the combustion chamber vibrates the re-

actant gas and flame, leading to the oscillation of the heat release. The unsteady

7



CHAPTER 1. INTRODUCTION

heat release and flame generate pressure wave that propagates in the chamber. The

conditional expression of the thermoacoustic instability is denoted as the equation

that is known as Rayleigh criterion,∫
t

∫∫∫
Ω

p′q′dΩdt > 0, (1.1)

in which the heat release rate and the acoustic pressure oscillate in phase. Then a

self-sustained instability occurs growing the oscillation amplitudes.

On the other hand, in many industrial applications including gas turbine com-

bustor, swirling flow is used to stabilize flame. The general concept of the swirl-

stabilized combustor is to anchor flame with recirculation zone by strong radial

momentum of the flow. The aerodynamic structure has also a large effect on the

stabilization of the system.

A non-reacting annular jet exhibit asymmetrical vortex rings, which are caused

by Kelvin-Helmholtz instability because of shear between the jet and the ambient

air. When swirling motion is introduced, the flow field exhibits helical waves,

which replace the vortex rings to become the dominant structure. Beyond a critical

strength in the swirling motion, axial and radial pressure gradients are set up,

leading to the formation of the inner recirculation zone (IRZ) [20, 21].

IRZ plays an important role in swirl-stabilized combustor to ignite the inlet

reactants flow by transporting hot products and radicals back. In a strong swirling

motion, the precession of the vortex core of the mean swirling motion around the

burner axis has been observed in experiments and simulations. The motion is

refereed as precessing vortex core (PVC) and has gathered great interest. Syred

[22] made an extensive review about PVC. The aerodynamic instability mode

causes an oscillation of IRZ, which can relate to PVC.

The presence of combustion makes the flow structure much more complex

with gas expansion, density variation and an acoustic pressure. It is reported that

the helical aerodynamic mode and PVC have a significant effect on a mixing pro-

cess in the gas turbine model combustor [18, 23, 24]. Hence, such coherent struc-

tures in swirling flow largely affect the flame instability. To understand and control

8



CHAPTER 1. INTRODUCTION

the combustion instability phenomena, it is required to understand the flame and

flow dynamics in turbulent combustion.

1.4 Laser diagnostics in combustion

Turbulent flames are often experimentally investigated by planar laser induced

fluorescence (PLIF) [25, 26] of molecules and radicals produced in chemical re-

actions, such as OH [27], CO [28], CH [29–31] and CH2O [32]. Since OH radicals

exist in the burned gas, OH PLIF is useful to separate the unburned and burned

region. On the other hand, CH radicals are produced at the flame front and have

very narrow width to represent flame front. Therefore, combining OH and CH

radical detection, the flame structure can be investigated [33]. Simultaneous PLIF

and particle image velocimetry (PIV), which gives instantaneous velocity maps,

has enhanced the understanding of flame-turbulence interaction in non-premixed

jet flame [30], lifted non-premixed flame [34] and swirl-stabilized combustor [35].

For investigating 3D flame structures, a system based on simultaneous dual-plane

CH PLIF, single-plane OH PLIF and dual-plane stereoscopic PIV (SPIV) [36] is

developed. The flame characteristics such as curvature and strain rate at the flame

front are then discussed.

Although previous simultaneous measurements have clarified the instanta-

neous flame structure, they are typically limited to acquisition rates of approxi-

mately 10 Hz. To resolve the temporal development of a turbulent flame, repe-

tition rates must exceed kHz order over long-duration. One approach to achieve

high temporal resolution is multi-shot measurement with short time separation by

laser cluster. High temporal resolution was achieved with multi-shot PLIF mea-

surement of OH [37], CH [38, 39] and acetone as a fuel tracer [40]. Double-pulsed

CH PLIF measurement has been realized to investigate local flame displacement

speed in turbulent premixed flame by Tanahashi et al. [41]. These measurements

clarify instantaneous flame dynamics. However, their duration time is not enough

high to investigate unsteady evolution of turbulent flame.

9
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Long-duration time-resolved measurements have become possible through re-

cent developments in solid-state lasers, high-speed cameras and image intensi-

fiers. Since the OH radical shows a high concentration in burned gas, OH PLIF

with multi-kHz acquisition rate has been developed. Frequency-quadrupled Nd:YLF

laser [42], dye lasers pumped by frequency-doubled Nd:YLF lasers [43] and

frequency-doubled Nd:YAG lasers [44, 45] are used for high repetition rate OH

PLIF. These techniques are combined with time-resolved PIV and used to inves-

tigate spatio-temporally unpredictable phenomena such as flashbacks [16], flame

extinction [46] and flame hole dynamics and reignition events of non-premixed

turbulent jet flame [47, 48]. These measurements also largely contribute to inves-

tigate the instability of gas turbine model combustors [49–51]. Recently, dual-

plane OH PLIF at 10 kHz has been used to measure local flame displacement

speeds [52, 53].

However, OH PLIF may not sufficiently investigate flame structures in high-

Reynolds-number turbulence [30], which severely distorts the flame front and

leads to complex flame structures. The OH radical does not directly indicate the

primary reaction zone but the post-flame gases. In contrast, CH radicals are re-

stricted to a narrow reaction layer of the reaction zone. Since burned and unburned

gases are not easily distinguishable from CH images alone, combined CH-OH

PLIF is important.

There exist few works have achieved high temporal resolution with CH PLIF.

A possible way to generate UV pulses with high energy is by custom-built opti-

cal parametric oscillator (OPO) systems [54, 55]. Jiang et al. [54] have pumped

OPO by a custom burst lasers and collected sets of ten CH images at 10 kHz in

a non-premixed flame. Miller et al. [55] pumped the OPO system by a cluster of

four double-pulsed, Q-switched Nd:YAG lasers. They excited theA-X(1, 1) band

directly at 10 kHz and obtained sets of four CH images in a non-premixed flame.

Such multi-shot PLIF measurements have high temporal resolution and they

can temporally resolve the flame development, whereas the issue is now the mea-

surement duration time. Carter et al. [56] recently demonstrated a capability of a

10



CHAPTER 1. INTRODUCTION

long duration measurement to choose C-X(0, 0) band using Nd:YAG laser with

an acquisition rate of 10 kHz.

1.5 Objectives

The main objective of the present study is clarifying the flame and flow dynamics

in turbulent combustion by high-speed laser diagnostics in order to contribute the

development of highly efficient and low-emission combustor. The objectives in

each chapter are as follows.

In chapter 2, high-speed laser diagnostics consisting of CH–OH PLIF and

stereoscopic PIV, which can measure flame structure and 3-component of velocity

at 10 kHz, is developed. Its capability to investigate flow and flame dynamics is

shown by applying the measurement to methane–air turbulent jet premixed flame.

In chapter 3, to clarify the flame and flow dynamics of turbulent premixed

flame in high Reynolds number turbulence, the rapid consumption of the fine scale

unburned mixtures, which are observed around the flame tip of the turbulent jet is

investigated.

In chapter 4, to clarify the instability of liquid-fueled swirl-stabilized combus-

tor, two dominant instabilities that are acoustic and aerodynamic instability are

investigated by high–speed laser diagnostics.

11



Chapter 2

Development of high-speed laser
diagnostics in turbulent combustion

2.1 Introduction and objectives

To investigate local flame structure and its dynamics in high Reynolds number

turbulence, simultaneous planar laser induced fluorescence (PLIF) of CH and OH

radical and particle image velocimetry (PIV) with high temporal resolution is im-

portant. However, the high repetition rate CH radical detection is hampered by

the low density.

The capability of high-speed CH PLIF techniques that are overviewed in Sec.

1.4 have been demonstrated mostly in non-premixed flame. Since the density

of the CH radical is significantly lower in premixed than that in non-premixed

flames, CH PLIF in premixed flames is more difficult. In addition, they must be

successfully combined with velocity measurement at the same temporal resolution

to investigate flame-turbulence interactions.

The objective of this chapter is to develop simultaneous CH–OH PLIF and

stereoscopic PIV with an acquisition rate of 10 kHz and a measurement duration

exceeding 1.0 s, and to demonstrate its capability to investigate flame and flow

dynamics in turbulent combustion. In Sec. 2.2, the basic theory of the measure-

ment techniques used in this study is summarized and the measurement setups

are shown in Sec. 2.3.1. The developed simultaneous measurement is applied to

12
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methane–air turbulent jet premixed flame in Sec. 2.3.1.

2.2 Basic theory

In the present study, a measurement system for high-speed simultaneous laser

diagnostics have been developed, which is composed of CH–OH planar laser in-

duced fluorescence (PLIF) and stereoscopic particle imaging velocimetry (PIV).

In this chapter, basic theories of LIF and PIV are firstly given. Then, stereoscopic

method to obtain out-of-plane component of velocity is described.

2.2.1 Planar laser induced fluorescence (PLIF)

Fluorescence is a radiation emitted by atoms or molecules when it relaxes by spon-

taneous emission of a photon from a higher to a lower energy level. Laser induced

fluorescence (LIF) excites an atom or molecule to an excited quantum state with

laser radiation and observes the fluorescence of a particular atom or molecule tak-

ing an advantage of the nature that each atom and molecule has a specific spectral

feature of absorption and emission line. LIF is firstly proposed by Wood [57] and

is extended to two–dimensional (2D) measurement, named Planar LIF (PLIF),

with laser light shaped geometrically thin to excite molecular transitions in the il-

luminated plane. PLIF is applied to determine different variables of the flow field

in the plane of a laser light sheet: concentration (mole fraction) [58], temperature

[59], pressure distribution [60] can be derived from calibrated LIF images.

In this study, PLIF is used to measure radical distribution qualitatively. The

detailed description for the concentration measurement can be found in Daily [58].

The basic method to obtain the concentration of chemical species is briefly sum-

marized here. The simplest system, illustrated in Fig. 2.1, is the two–level atom.

The model has a ground state 1, and an excited state 2. The overall rate of the

process is given by the product of a rate coefficient and the concentration of the

molecule and photons. The radiative processes include absorption, induced emis-

sion and spontaneous emission. The rate coefficients of these processes are W12,

13
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W21 and A21, respectively. Induced emission arises when the presence of a radia-

tion field, such as laser light source, forcing the molecule to the lower energy state.

In addition, collisions play an important role and Qij denotes the rate coefficient

of the energy transfer from an initial state i to a final state j.

Real molecular behavior is considerably more complex with attendance of vi-

brational and rotational sub-levels. The simplest molecular structure to consider

is the two electronic level diatomic molecule, shown in Fig. 2.2. N1(i) and N2(i)

denote the numbers of photons of each rotational sub-level i in the ground and

excited electronic states, respectively. The index e is used specifically referring

to the laser coupled states. Ignoring losses due to chemical reactions or predisso-

ciation, the rate equations, which are the conservation equation of the population

density, then become:

dN2(i)

dt
=
∑
j 6=i

N2(j)Q22(j, i) +
∑
k

N1(k)Q12(k, i)

−N2(i)

{∑
j 6=i

Q22(i, j) +
∑
k

(Q21(i, k) + A21(i, k))

}
(2.1)

dN2(e)

dt
= N1(e)W12 +

∑
i 6=e

N2(j)Q22(j, e) +
∑
k

N1(k)Q12(k, e)

−N2(e)

{∑
j 6=e

Q22(e, j) +
∑
k

(Q21(e, k) + A21(e, k)) +W21

}
(2.2)

dN1(i)

dt
=
∑
k

N2(k) {Q21(k, i) + A21(k, i)}+
∑
j 6=i

N1(j)Q11(j, i)

−N1(i)

{∑
j 6=i

Q11(i, j) +
∑
k

Q12(i, k)

}
(2.3)

dN1(e)

dt
= N2(e)W21 +

∑
k

N2(k) {Q21(k, e) + A21(k, e)}

+
∑
j 6=e

N1(j)Q11(j, e)−N1(e)

{∑
j 6=e

Q11(e, j) +
∑
k

Q12(e, k) +W12

}
(2.4)

whereQ11(i, j) andQ22(i, j) are the ground and excited state rotational collisional
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rates. Q12(i, j) andQ21(i, j) are the electronic collisional energy transfer rates and

A21(i, j) is the Einstein A coefficients from level i in the excited electronic state

to level j in the ground electronic state which is the probability of decay in any

direction. The conservation of total population is as followings.

NT =
∑
i

N1(i) +
∑
i

N2(i) (2.5)

The fractions of population of electronic states 1 and 2 are represented by α and

β, respectively are then,

α =
N1(e)

N1

(2.6)

β =
N2(e)

N2

(2.7)

where, N1 and N2 are the total population of electronic states 1 and 2.

N1 =
∑
i

N1(i) (2.8)

N2 =
∑
i

N2(i) (2.9)

Assuming the steady state, and using Eq. (2.2) to solve for N2/NT ,

N2

NT

=

α

β
W12{

Qeff (e) + A21(e) +

(
α

β
+
g1(e)

g2(e)

)
W12

} (2.10)

where g1(e) and g2(e) are the degeneracies of the ground and excited laser coupled

state respectively, and

Qeff (e) ≡ Q22(e) +Q21(e)−
∑
j 6=e

N2(j)

N2(e)
Q22(j, e)−

∑
k

N1(k)

N2(e)
Q12(k, e)

(2.11)

Q22(e) ≡
∑
j 6=e

Q22(e, i) (2.12)
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Q21(e) ≡
∑
k

Q21(e, k) (2.13)

A21(e) ≡
∑
k

A21(e, k) (2.14)

Qeff (e) and A21(e) are the net collisional energy transfer and spontaneous emis-

sion rates from sub-state e respectively. Saturation excitation can be defined as

W s
12 ≡

Qeff + A21(e)

{α
β

+ g1(e)
g2(e)
}

(2.15)

so that

N2 = NT{
α
β

α
β

+ g1(e)
g2(e)

}{ W12

W12 +W s
12

} (2.16)

The rate of absorption per molecule between state 1 and 2 can be related to the

laser irradiance,

W12 ≈ B12Eνφ(ν) (2.17)

B12 is the Einstein coefficient for absorption, Eν the local spectral irradiance,

φ(ν) the normalized spectral line shape function and ν the optical frequency of

the transition. Here, laser line width is assumed narrower than the absorption line

width [61].

In the limit of weak excitation (W12 � W s
12), Eq. (2.16) will become:

N2 ≈

α

β
W12

Qeff (e) + A21(e)
NT (2.18)

while in the strong excitation limit (W12 � W s
12):

N2 ≈

α

β
α

β
+
g1(e)

g2(e)

NT (2.19)

From Eq. (2.19), if the laser irradiance is enough high, then N1 and N2 will occur

in a fixed known ratio, independence of quenching rate, Qeff (e).

16



CHAPTER 2. DEVELOPMENT OF HIGH-SPEED LASER DIAGNOSTICS
IN TURBULENT COMBUSTION

The spectral radiant power, QF (ν), an optical system collect is

QF (ν) = εhν(
A21

4π
)ΩC

∫
∆t

∫
VC

N2φ(ν)dVCdt (2.20)

where ε is the efficiency of the collection optics, h is Plank’s constant, ΩC is the

solid angle of the collection optics. The integral is over focal volume defined by

the intersection of the laser beam and the collection optics and over time. Thus, if

a calibration constant is defined as

C ≡ hν(
A21

4π
)ΩC

∫
∆νDet

∫
VC

εφ(ν)dVCdν (2.21)

then

QF = C

∫
∆t

∫
VC

N2(t)dVCdt (2.22)

The fluorescence signal provides a measure of the population of the excitation

state N2, through Eq. (2.22). If a relationship can be found between the number

density of all quantum states under excitation conditions, the total number density

of the species can be deduced.

Einstein coefficients can be found in a number of sources. A large number

of atomic transitions are listed in Wiese et al. [62, 63]. Radzig and Smirnof [64]

give data for both atomic and molecular transitions. For molecules, the individual

Einstein coefficients are a function of vibrational and rotational states as well. The

transition probability data can be found in LIFBASE [65].

If the laser beam is spread into a sheet, then it is possible to image an entire

plane onto an array of detectors. Here each focal volume is defined by the thick-

ness of the laser sheet and the collection optics. In this Planar LIF (PLIF), Eq.

(2.22) becomes

QF (x, y) = C

∫
∆t

∫
VC

N2(x, y, t)dVCdt (2.23)
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Q12 Q21

A21W21W12

2: Excited state

1: Ground state

Absorption

Induced 
emission

Spontaneous 
emission

Collisional 
excitation 

Collisional 
de-excitation 

Figure 2.1: The two-level atom.

Figure 2.2: The two-electronic level molecule.
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2.2.2 Particle imaging velocimetory (PIV)

Particle image velocimetry (PIV) is a non-intrusive measurement technique of

flow visualization. Tracer particles ,which are seeded in the fluid, are assumed to

follow the flow dynamics. The fluid with particles is illuminated by light source

and the velocity field in the measurement plane is calculate the motion of the seed-

ing particles. For PIV, pair of laser light are required. When a single frame that

captures both exposures is used, the process called “auto–correlation” method.

This method has a merit on temporal resolution. However, the direction of the

flow is unclear since the first and the second exposures are not distinguishable is

the frame. Alternatively, “cross–correlation ” method uses two frames for each

exposure.

In this section, the cross–correlation method to calculate two–dimensional

(2D) velocity distribution from discrete images is described.

The images are split into interrogation areas, or windows. In each interroga-

tion window, the correlation coefficient in any direction between the time intervals

is calculated. To generate the correlation map, the interrogation window (from the

first image) is shifted pixel by pixel over the search area (from the second image),

and a correlation coefficient is calculated for each (m,n) shift according to the

discrete formula:

φfg(m,n) =

∑
k

∑
l

f(k, l)g(k +m, l + n)∑
k

∑
l

f(k, l)
∑
k

∑
l

g(k, l)
(2.24)

Where f and g are the intensity values from the two frames obtained at t0 and

t0 + ∆t, respectively. Variables m and n are indices indicating the window offset.

Iterating m and n over the entire correlation domain, a correlation map φfg(m,n)

is generated. Calculating the offset of the correlation peak from the center of the

domain gives the average distance (dxfg,dyfg) the particles in the interrogation

window traveled between frames. Dividing by the time interval ∆t, the velocity

vector of in the interrogation window (ufg,vfg) can be obtained.
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In practice, correlations are calculated via fast Fourier transforms (FFT) to en-

hance the computation speed [66]. Figure 2.3 shows a schematic of PIV algorithm

with cross–correlation method using FFT. For the interrogation windows f(x, y)

and g(x, y), Fourier coefficients F(kx, ky) and G(kx, ky) are computed. Then, the

product Φfg are calculated as

Φfg = F (kx, ky)G
∗(kx, ky) (2.25)

whereG∗(kx, ky) is the the complex conjugate ofG(kx, ky). By Wiener–Khinchin

theorem, applying inverse FFT to Φfg, the correlation coefficient in the physical

field φfg can be obtained.

To improve the sub-pixel accuracy of the displacement estimation, three point

Gaussian fit is used. The correlation coefficient distribution is fitted with a Gaus-

sian function and the peak position is estimated with a sub–pixel resolution [66].

The estimated displacement (dxfg,dyfg) will be as followings.

dxfg = i+
ln ci−1,j − ln ci+1,j

2 (ln ci−1,j + ln ci+1,j − 2 ln ci,j)
(2.26)

dyfg = j +
ln ci−1,j + ln ci+1,j

2 (ln ci,j−1 + ln ci,j+1 − 2 ln ci,j)
(2.27)

Here, (i,j) is the position at which the correlation coefficient has a maximum

value, ci,j .
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G (kx,ky) 

F (kx,ky) 

Cross-correlation 

Φfg(kx,ky) 

     =F(kx,ky)G*(kx,ky) 

frame 1 

(t0) 

frame 2 

(t0+∆t) 

f (x,y) 

g (x,y) 

FFT 

FFT 

φfg(x,y) 
(dxfg,dyfg) 

-1 

FFT 

Φfg(kx,ky) (ufg,vfg) 

Figure 2.3: Schematic diagram of the high spatial resolution PIV algorithm.
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High spatial resolution PIV algorithm

Since the size of the interrogation window is directory related to the spatial res-

olution, it has to be as small as possible to obtain high spatial resolution. On the

other hand, the maximum particle displacement within the time interval ∆t using

the window size X × Y is approximately X/4× Y/4 [67] to minimize the effect

of the particle pair loss. This poses the lower limit on the window size. Too small

window size will then give spurious vector estimates in the region of the fast flow

field. To achieve the high spatial resolution, especially in a flow field that has wide

range of in velocity magnitude, processing algorithm which can estimate a large

range of particles displacement using small interrogation windows, such as 2–step

hierarchical method [68] and window–offset method [69], have been developed.

In this study, high spatial resolution PIV algorithm developed by our previous

study [70] based on the 2–step hierarchical method is used. It includes the elim-

ination scheme of the spurious vectors and noises, which is established by a PIV

simulation based on direct numerical simulation (DNS) of particle–laden homo-

geneous isotropic turbulence. The velocity vector at position (x, y) is calculated

as follows,

1. The particle displacement (dx1(x, y), dy1(x, y)) is calculated by the cross–

correlation method with a first interrogation window size that is enough

large to capture particle displacement in the high velocity field. The overlap

of the interrogation regions is introduced.

2. The spurious vectors and noises introduced into the velocity field by the

first interrogation region are removed by applying a spatial low-pass filter

(sharp cutoff filter). The cutoff filter width is selected to be the size of the

first interrogation region.

3. The position of the interrogation window in the second frame is shifted by

the displacement estimated by the first step (g(x+dx1(x, y), y+dy1(x, y))),

and the particle displacement (dx2(x, y), dy2(x, y)) is calculated by the cross–
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correlation method with a second interrogation window size that corre-

sponds to an appropriate spatial resolution. The interrogation regions are

overlapped.

4. The spurious vectors and noises introduced into the velocity field by the

second interrogation region are removed again by applying a spatial low-

pass filter (sharp cutoff filter). The cutoff filter width is selected to be the

size of the second interrogation region.

5. Finally, the velocity component (u(x, y), v(x, y)) is calculated as

u(x, y) =
dx1(x, y) + dx2(x, y)

∆t
(2.28)

v(x, y) =
dy1(x, y) + dy2(x, y)

∆t
(2.29)

2.2.3 Stereoscopic PIV

PIV is a two–dimensional two–components measurement. On the other hand,

stereoscopic PIV is a two-dimensional three-component measurement using two

cameras with separate viewing angles to extract the out-of-plane displacement

component [71].

There are two basic configurations of stereoscopic PIV systems: the transla-

tion method (Fig. 2.4(a)) and the angular-displacement method (Fig. 2.4(b)). In

the translation method, two cameras are arranged that their object planes, the lens

planes, and the image planes are all parallel to each other and orthogonal to the

light sheet [72]. In this method, the views of both cameras are common and it

is possible for both cameras to focus an entire image plane. In the second con-

figuration, called the angular-displacement method [71], two cameras locate at an

arbitrary angle to the plane perpendicular to the object plane. In this method, it

is more difficult to obtain well-focused images across the image plane since the

object plane is not parallel to the lens plane. A simple way to focus the entire
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image plane is increasing the depth of field (DOF), δz, which is given as [73]

δz = 4
(
1 +M−1

n

)2
f#2

λ (2.30)

whereM is the camera magnification, f# is the f -number and λ is the wavelength

of the illuminating laser. This requirement either decreasing the magnification or

increasing the f -number may cause a lack of image intensity. A second way to

focus the entire image plane is applying Scheimpflug condition where the object

plane, the lens plane and the image plane are collinear as shown in Fig.2.4(b).
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Object Plane

Lens

Right CameraLeft Camera

(a) Translation method

Object Plane

Lens

Left Camera Right Camera

(b) Angular-displacement method

Figure 2.4: The basic configurations for stereoscopic PIV systems: (a) Translation
method, (b) Angular-displacement method.
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Sheimpflug condition

In this section, the Sheimpflug condition which can be used to obtain a well-

focused image in the entire image plane is described [74]. As shown in Fig. 2.5,

x axis is defined along to the lens plane and z axis along to the line-of-sight of

the lens. The origin of the coordinate system is placed at the center of the lens, O.

Any point A′(xo,−zo) in the object plane (O′C) will form an image at A′′(−xi, zi)
in the image plane (O”C) when their common point of intersection, C, also lies in

the lens plane, OC. From Fig. 2.5, we have the following expressions:

For the object plane,

zo = −xo tan θ + do (2.31)

For the image plane,

zi = xi tanα + di (2.32)

where do and di are the nominal object and image distances, respectively. In the

above expressions, do, di, θ, and α are all positive quantities.

Here,4OA′B′ and4OA′′B′′ are similar,

xo
zo

=
xi
zi

(2.33)

Using Eqs. (2.31 - 2.33),

1

zo
+

1

zi
=

1

do
+

1

di

(
=

1

f

)
(2.34)

which is the condition that particle images will be in sharp focus in the image

plane, f being the focal length of the lens. The local magnification −zi/zo varies

across the image plane and only equals the nominal magnification M = di/do for

xo = xi = 0.
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Figure 2.5: Schematic of Scheimpflug condition
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Image correction methods

Scheimpflug condition causes significant non-uniformity in the local magnifica-

tion across the image plane as shown in the previous section. However, the non-

uniformity can be accounted for by using the mathematical manipulations [75].

There are several ways to reconstruct three components of velocity from the

two pair of particle images. There are two different processes: (i) geometric re-

construction, and (ii) calibration–based reconstruction. As it will be described

later, geometry of recording configurations is required to be completely known

and mathematically modeled in the geometric reconstruction. On the other hand,

calibration–based reconstruction requires calibration precedes and simplifies ge-

ometric reconstruction. As a result, it allows the recording devices locate more

flexibly. Calibration–based reconstruction can be further classifies as 2D and

3D calibration based reconstruction. In the 3D calibration based reconstruction,

knowledge of system geometry is unnecessary.

In this section, these reconstruction methods are summarized except for the 3D

calibration based reconstruction since it is not used in this study. In the geometric

reconstruction, to project the displacements from the image plane (X, Y ) to the

object plane (x, y) the following mapping function f is needed:

(x, y) = f(X, Y ) (2.35)

Figure 2.6 shows a schematic of the geometric reconstruction in the angular-

displacement method without Scheimpflug condition, that is, image plane and

lens plane are parallel to each other. A point on the image plane (X, Y ) can be

mapped on to the object plane (x, y) by,

x =
SX

L cos θ −X sin θ
(2.36)

y =
SY cos θ

L cos θ −X sin θ
(2.37)

Here, S is the distance between the origin of the object plane and lens plane, L

is the distance between image plane and lens plane. In the angular-displacement
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method, non-uniform magnification can be corrected in a coordinate X ′Y ′ as fol-

lows,

X ′ =
L

S
x =

LX

L cos θ −X sin θ
(2.38)

Y ′ =
L

S
y =

LY cos θ

L cos θ −X sin θ
(2.39)

One needs to input S, L and θ of both sensors accurately in the geometric recon-

struction as shown in Eq. (2.38) and (2.39).

On the other hand, 2D calibration provides a mapping function between the

2D object plane and each 2D image plane using calibration grid. An advantage of

the calibration–based reconstruction is that it can also correct optical aberration.

The calibration data for each camera is

(xi, yi) = f(Xi, Yi) (2.40)

where (xi, yi) and (Xi, Yi) are corresponding points on the object and image planes

respectively. The calibration grid, a thin overhead projector transparency with

black line rulings at a 5 mm square spacing, is placed inside the light sheet. A

center of the target is indicated by a black dot as shown in Fig. 2.7(a). At first, to

detect the location of intersection of the rulings (Xi, Yi) and the center point (X0,

Y0) , the calibration grid images are cross–correlated with a binary correlation

mask. The correlation masks are numerically generated cross for the position of

the line crossings, and cross plus dot for that of the origin, respectively. The grid

points and the center point in the calibration image can be found as correlation

peaks. Once the center point is detected, it can be related to the origin in the

object coordinate (xo, yo) = (0, 0). The adjacent 4 points are then, (x±1, 0) =

(±0.5, 0) and (0, y±1) = (0,±0.5). All grid points can be related to the image

plane coordinate, iteratively.

A first order mapping is

Xi = MxXo + Cx (2.41)

Yi = MyYo + Cx (2.42)
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where M and C are the magnification and shift respectively. The first order map-

ping cannot correct non-uniform magnifications and other non-linearity such as

an optical aberration. In this study, a second order mapping

Xi = a1X
2
o + a2Y

2
o + a3XoYo + a4Xo + a5Yo + a6 (2.43)

Yi = b1X
2
o + b2Y

2
o + b3XoYo + b4Xo + b5Yo + b6 (2.44)

is employed. The coefficient a1, a2, . . . , a6 and b1, b2, . . . , b6 can be determined

using a least square solution.

The particle images for both cameras are corrected by the mapping function

Eq. (2.43 and 2.44), and the particle displacements are calculated with the PIV

algorithm described in Sec. 2.2.2.

In this study, the 2D calibration method is also applied to PLIF images to

correct optical aberration. Since lenses of the image intensifier are subject to a

distortion, a third order mapping

Xi = a1X
3
o + a2Y

3
o +a3X

2
oYo + a4XoY

2
o + a5X

2
o

+ a6Y
2
o + a7XoYo + a8Xo + a9Yo + a10 (2.45)

Yi = b1X
3
o + b2Y

3
o +b3X

2
oYo + b4XoY

2
o + b5X

2
o

+ b6Y
2
o + b7XoYo + b8Xo + b9Yo + b10 (2.46)

is employed.
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Figure 2.6: Schematic of the geometric reconstruction in the angular-displacement
method without Scheimpflug condition
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(a) A grid image taken with Scheimpflug condition

(b) A corrected image by 2D calibration method

Figure 2.7: Grid image
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Reconstruction methods

In this section, the geometric relationship between the true particle displacements

(dx, dy, dz) and the apparent displacements measured by left (dxL, dyL) and right

(dxR, dyR) cameras are presented. In this study, two cameras are placed on either

side of the light sheet. Because scattering efficiency is significantly higher in for-

ward scatter, both views can have high and equal signal intensity [76]. Figure 2.8

shows the stereoscopic relationship between lenses, the position of a particle and

the projection plane.

Setting O as a coordinate origin, L and R denote the center of the left and

right lenses, A and B is the position at time t and t + ∆t, respectively. Ai and

Bi (i = L,R) denote the projected position on the left and right cameras. These

points can be denoted with the vector expression as:

−→
OA =

xy
z

 ,
−→
OB =

x+ dx
y + dy
z + dz

 ,
−→
OL =

 x0

0
−L

 ,
−→
OR =

x0

0
L

 (2.47)

where L and xo are the distance between the center of the lenses and x and z axis,

respectively. Therefore,

−→
LA =

x− x0

y
z + L

 ,
−→
RA =

x− x0

y
z − L

 (2.48)

Using Eqs. (2.47), (2.48), the projected position of the particle on the left and
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right cameras can be as follows:

−−→
OAL =

−→
OL + k

−→
LA =

x0 + k(x− x0)
ky

−L+ k(z + L)



=


x0 +

L

L+ z
(x− x0)

L

L+ z
y

0

 =

xLyL
0

 (2.49)

−−→
OAR =

−→
OR + k

−→
RA =

x0 + k(x− x0)
ky

L+ k(z − L)



=


x0 +

L

L− z
(x− x0)

y

L− z
0

 =

xRyR
0

 (2.50)

From Eqs. (2.49), (2.50), a mapping function from projected plane to the actual

position of the particle is

xy
z

 =


x0 +

2(xR − x0)(xL − x0)

xR + xL − 2x0
2yRyL

yR + yL
xR − xL

xR + xL − 2x0

L

 (2.51)

By taking the partial derivative of Eq. (2.51), 3D displacements (dx, dy, dz) can

be obtained.

dxdy
dz

 =


2{(xL − x0)2dxR + (xR − x0)2dxL}

{(xR − x0) + (xL − x0)}2

2(yL
2dyR + yR

2dyL)

(yR + yL)2

2{(xL − x0)dxR + (xR − x0)dxL}
{(xR − x0) + (xL − x0)}2

L

 (2.52)

Dividing Eq. (2.52) by the time interval ∆t, 3 components of velocity (u, v, w)

can be obtained.
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Figure 2.8: Geometric description used for reconstruction of the 3D displacement
vector in forward scattering mode.
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2.3 Measurement techniques

In this study, high repetition rate simultaneous CH–OH PLIF system is developed

to investigate local flame structure and flame dynamics in turbulent combustion.

The measurement setup will be described in Sec. 2.3.1. The time–resolved stereo-

scopic PIV, which is developed in our previous study [77] will be described in Sec.

2.3.2. Combining these measurement techniques, kHz measurement system con-

sists of two laser-based measurement systems, PLIF for OH and CH detection

and stereoscopic PIV, is developed. The schematic diagram of the measurement

system for the high repetition rate simultaneous CH–OH PLIF and stereoscopic

PIV is shown in Fig. 2.9. The measurement system comprises high-speed lasers,

cameras and image intensifiers as shown in Fig. 2.10.
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Figure 2.9: Schematic diagram of the high repetition rate simultaneous CH–OH
PLIF and stereoscopic PIV measurement.

Figure 2.10: Photos of the high repetition rate simultaneous CH–OH PLIF and
stereoscopic PIV measurement system.
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2.3.1 High repetition rate simultaneous CH–OH PLIF

In high repetition rate CH PLIF measurements, the Q1(7, 5) transition of the

B2Σ−-X2Π(0, 0) band at 390.30 nm is excited and fluorescence from the A-

X(1, 1), (0, 0) and B-X(0, 1) bands between 420 and 440 nm is detected. In OH

PLIF, the Q1(7) transition of the A2Σ−-X2Π(1, 0) band at 282.93 nm is excited

and fluorescence from the A-X(1, 1), (0, 0) and B-X(0, 1) bands between 306

and 320 nm is detected. The laser system consists of an Nd:YAG laser (Edge-

wave, HD-40-III) and two dye lasers (Sirah, Credo) for high repetition pumping.

A laser module converts the fundamental output of the Nd:YAG laser to the third

(355 nm) and second (532 nm) harmonic wavelengths, which are independently

and simultaneously emitted at 6 and 5 mJ/pulse, respectively. The dye lasers are

pumped by the laser beams emitted from the Nd:YAG laser. A blend dye of Ex-

alite 389 and Exalite 398 in p-dioxane solvent is used for CH and Rhodamine 6G

for OH.

At 10 kHz, the pulse energies of the 390 and 283 nm laser are 0.60–0.80 and

0.16–0.20 mJ/pulse, respectively. According to the dye laser specifications, the

full divergence angle of the laser beam and the shot-to-shot laser energy variation

are 500 µradians and 5 % rms, respectively.

The separate laser beams are guided to the same axis by a dichroic mirror,

and then expanded by sheet forming optics, comprising several plano-convex and

-concave lenses. The collection devices are positioned perpendicular to the laser

sheet. The CH radical fluorescence is collected by a 100 mm f/2.0 lens (Carl

Zeiss, Macro Planar T*2/100 ZF) fitted with a band pass filter (Semrock, FF01-

434/17-25) to block flame radiation and particle-scattered light, and is imaged

onto an image intensifier (Hamamatsu Photonics, C10880-03F). The amplified

images are detected by a high-speed camera (Photron, SA-X, 1024 × 888 pixels

at 10, 000 fps). The OH radical fluorescence is collected by a 105 mm f/4.5 UV

lens (Nikon, UV-Nikkor) with a band pass filter (Semrock, FF01-320/40-25) and

imaged onto an image intensifier (Hamamatsu Photonics, C6534). The amplified
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images are detected by a high-speed camera (Photron, SA-5, 896 × 704 pixels at

10, 000 fps).

Because the laser intensity is non-uniform, striped distributions appear in the

vertical direction of the raw images. Because the fluorescence intensity does not

saturate in this measurement, the PLIF signal directly depends on the incident

laser intensity. Therefore, images are corrected by the distribution of the mean

OH fluorescence intensity. However, the correction of the CH PLIF images is

precluded by the large shot noise.

2.3.2 Time–resolved stereoscopic PIV

The laser system for time-resolved Stereoscopic PIV consists of two high-repetition-

rate Nd:YAG lasers (Lee Laser, LDP-100MQG). At 10 KHz, the maximum power

of these lasers is 50 W. Two independent single pulse lasers are combined to make

double pulse laser beam with high pulse energy. Polarization of the laser beams,

which are emitted with short time difference, are originally vertical. One of them

is rotated 90◦ by half wave plates (CVI Laser). They are combined in the same

axis by polarizing beam splitter (CVI Laser) and become double-pulsed beam.

The double-pulsed beams are expanded by the laser sheet optics.

These double-pulsed beams illuminate the measurement region. The scattered

light by the tracer particles is recorded by two high-speed cameras (Photron, SA-

5) with equipping a macro lens (Nikon, Micro-Nikkor 200mm f/4), placed at

±20.0◦ to capture stereoscopic pairs of particle images, and the Scheimpflug con-

dition described in Sec. 2.2.3 is applied. Both cameras record 736×448 pix-

els images at 20, 000 fps. The cameras are fitted with 532 nm band-pass filters

(Shonan Optical Thin Film Laboratories, 532 nm). The tracer particles are 1.0-

µm-diameter SiO2 particles.
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2.4 Simultaneous CH–OH PLIF and stereoscopic PIV

2.4.1 Experimental apparatus and conditions

The developed measurement is applied to the methane-air turbulent jet premixed

flames shown in Fig. 2.11(a). This burner has a main jet nozzle and a surround-

ing nozzle for flame holding. The inner diameters of the main and surrounding

nozzles are 10 and 60 mm, respectively.

In this study, high repetition rate measurements are conducted for three jet

velocities: U0 = 10, 15 and 20 m/s (ReD = 6667, 10, 001 and 13, 333, respec-

tively), where Reynolds number ReD is computed from the nozzle inner diameter

(D) and the mean axial velocity at the jet exit. The equivalence ratio of the main

and surrounding flame is fixed at 1.0 and 0.86, respectively. Figure 2.11(b) shows

a photograph, CH chemiluminescence and OH fluorescence images of the tur-

bulent jet premixed flame. Measurements were conducted at axial distances of

x/D = 5, 7, 8 and 10, which are indicated by gray dotted lines in Fig. 2.11(b).

Here, x is the distance from the jet exit. The turbulence characteristics obtained

at the center of the measurement region are summarized in Table 2.1. The veloc-

ity fluctuation are measured by a hot-wire constant temperature anemometer with

an X-probe (Kanomax Japan, Model0250R, tungsten Φ = 5 µm) preliminary for

inert flow and turbulence properties are estimated by adopting Taylor’s hypothe-

sis. In this table, l, λ and η denote the integral length scale, Taylor micro scale

and Kolmogorov length scale, respectively. Reλ denotes the Reynolds number

computed from λ and u′rms. δF is a laminar flame thickness and SL is a laminar

burning velocity. These conditions are classified into corrugated flamelets regime

and on the border with thin reaction zones regime in the turbulent combustion

diagram by Peters [5], which is shown in Fig. 2.12.
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Figure 2.11: (a) Schematic of a turbulent jet burner and (b) a photograph, CH
chemiluminescence images and OH fluorescence images of turbulent jet premixed
flame.
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Table 2.1: Turbulence characteristics of experimental conditions.

U0 x/D ReD Reλ Um u′rms l λ η l/δF u′rms/SL

[m/s] [m/s] [m/s] [mm] [mm] [µm]
10 5 6667 93.4 11.40 1.15 6.21 0.998 58.0 144.7 3.02
15 7 10001 173.1 14.74 2.12 11.65 1.006 42.9 271.4 5.56
20 8 13333 228.5 17.70 2.81 15.22 0.999 37.2 354.5 7.38
20 10 13333 256.8 14.49 2.87 18.83 1.100 38.6 438.6 7.53
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Figure 2.12: Measurement conditions of the present study on the combustion dia-
gram by Peters.
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2.4.2 Measurement conditions

The measurement conditions were then determined from the turbulent characteris-

tics. The measurement regions of CH PLIF and OH PLIF were set to 62.7× 52.7

and 55.5 × 44.6 mm, respectively, giving an approximate spatial resolution of

60 µm/pixels for both CH and OH PLIF. For SPIV, the camera resolution is de-

termined to be 450 × 550 pixels over a 13.5 × 16 mm region, which means that

the spatial resolution of PIV is 900 µm for a 30 × 30 pixel interrogation region.

Since the velocity vectors are evaluated with 50% overlap, they were obtained at

450 µm intervals.

The intensity profile and position of each laser measured by a beam profiler

(Ophir, FX-50) is shown in Fig. 2.13. The FWHM thicknesses of the laser sheets

in CH and OH PLIF were approximately 400 µm; for the first and second lasers

of SPIV they were approximately 800 µm and 500 µm, respectively. The peak

positions of all laser sheets were separated by less than 100 µm.

Timing control

The timing of the simultaneous measurement is controlled by two delay generators

(Stanford Research Systems, DG535 and DG645), a pulse generator (LabSmith,

LC880) and the delay systems of image intensifiers. Figure 2.14 shows the tim-

ing diagram of simultaneous CH/OH PLIF and stereoscopic PIV measurement.

After CH PLIF, OH PLIF is conducted with 25 ns (= ∆tPLIF ) delay. To opti-

mize signal-to-noise ratio, gate time of image intensifiers CH PLIF (∆tECH) and

OH PLIF (∆tEOH) are set to 180 ns. These PLIF measurements are conducted

between the first and second frames for stereoscopic PIV. The time separation of

PIV ranged from 6 to 9 µs. Thus, the inherent velocity uncertainty in sub-pixel

interpolation was at most 0.33 m/s.
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Figure 2.13: Intensity profile of laser sheets for CH, OH PLIF and stereoscopic
PIV.
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Figure 2.14: Timing diagram of the simultaneous measurement
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2.4.3 Flame dynamics in turbulent jet

The representative PLIF images acquired by this system are shown in Figs.2.15–

2.18. The illustrated area is approximately 13 × 13 mm. The quantized light

intensity in the (a) OH images and (b) CH images is mapped from 0 (minimum)

to 1 (maximum). Figures 2.15(c)–2.18(c) show distributions of fluctuating veloc-

ity. The arrows and background indicate the in-plane (x and y) and out-of-plane

(z) component of the velocity fluctuation, respectively. The mean velocity dis-

tribution obtained from 10, 000 samples was subtracted from the instantaneous

velocity. The largest vector corresponds to 2.3 m/s, 2.5 m/s, 3.2 m/s and 4.0 m/s

in each condition (2.15(c)–2.18(c)), respectively.

The signal-to-noise ratios (SNRs) for PLIF measurement can be evaluated by

the ratio of mean fluorescence intensity to r.m.s. of non-fluorescence region’s in-

tensity. The SNRs of CH PLIF images vary between 6 and 12 for each condition.

They are between 13 and 18 for OH PLIF images. The mean SNRs for OH and

CH PLIF images are approximately 15.1 and 8.8 respectively. Although SNR for

each condition largely varies and the shot noise in the CH fluorescence distribu-

tion is significant, the simultaneous measurement can track temporal development

of the flow and flame structure.

In the case of relatively low Reynolds number case (U0 = 10 m/s), the un-

burned mixtures convect to downstream with continuous shape (Fig. 2.15). Iso-

late reactant pockets or entrainment of burnt gas in the unburned region is barely

observed. Note that the time interval of each image is 200 µs since every two

images are illustrated in this case, corresponding to a 5 kHz acquisition rate.

However, in the case of moderate Reynolds number (U0 = 15 m/s, Fig. 2.16),

the number of flame wrinkling increases and the flame front turns to exhibit a

very complicated geometry. Due to the entrainment of burned gas in the unburned

region, flame front sometimes appears to be disconnected. Between the discon-

nected unburned mixtures, the velocity field exhibits strong flow motion.

AtU0 = 20 m/s (Fig. 2.17), the unburned mixture in the main jet frequently di-
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vides in two in the stream wise direction. The large scale turbulent structures in the

downstream region are caused by Kelvin-Helmholtz instability of the shear layer.

Consequently, large scale islands of unburned mixture are created and ejected into

the downstream.

Figure 2.18 shows a typical sequence of the flame and flow structure observed

around the flame tip (x/D = 10) for U0 = 20 m/s. Note that the flow condition

is that of Fig. 2.17 but measurements are taken further downstream. In this

region, the continuous shape of the main jet flame is not observed. The large scale

unburned mixture islands are split into many fine scale unburned mixtures. These

fine scale unburned mixtures are expected to be consumed very rapidly; they may

enhance the turbulent burning velocity of the entire jet flame.
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Figure 2.15: Sequential CH–OH PLIF and PIV images in the case of low Reynolds
number at x/D = 5 for U0 = 10 m/s
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Figure 2.16: Sequential CH–OH PLIF and PIV images in the case of moderate
Reynolds number at x/D = 7 for U0 = 15 m/s
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Figure 2.17: Sequential CH–OH PLIF and PIV images in the case of high
Reynolds number at x/D = 8 for U0 = 20 m/s
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Figure 2.18: Sequential CH–OH PLIF and PIV images in the case of high
Reynolds number around flame tip at x/D = 10 for U0 = 20 m/s
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2.4.4 Unburned mixture detected in CH PLIF image

When sequential OH and CH PLIF images are observed simultaneously, some

regions of unburned mixtures are detected only in the CH images. An example

is presented in Fig. 2.19. In Figs. 2.19(a) and (c), small scale unburned mixture

is detected in both OH and CH images (pink dotted circles). After 100 µs, the

unburned mixture is observed in the CH image (Fig. 2.19(d)) but is absent at the

same location in the OH image (Fig. 2.19(b)). The opposite phenomenon was

rarely observed. This demonstrates the fundamental limitations of OH as a flame

marker since OH PLIF are much more easily acquired than CH PLIF. Due to 3D

geometry, the smaller the unburned mixture, the larger the flame surface area per

unit volume. The unburned mixtures in such small structures are rapidly heated.

Within these very small scale hot unburned mixtures, OH radicals may have been

created while the CH fluorescence indicates that there is still unburned mixture

and they are consumed with a significant heat release rate. This emphasizes the

importance of obtaining the distributions of both CH and OH radicals.
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Figure 2.19: Example of fine scale unburned mixture that cannot be detected by
OH PLIF measurement. (a) OH and (c) CH images for a first frame and (b) OH
and (d) CH images for the subsequent frame.
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2.5 Interim conclusions

In this chapter, high repetition rate simultaneous CH–OH PLIF and stereoscopic

PIV with an acquisition rate of 10 kHz and a measurement duration exceeding 1.0

s has been developed. The obtained results are summarized as follows.

(1) With increasing the jet velocity, the number of flame wrinkling increases

and the flame front turns to exhibit a very complicated geometry, leading to

the creation of the large-scale unburned mixture islands in high Reynolds

number turbulent jet premixed flame.

(2) The large-scale unburned mixture islands are split into many fine-scale un-

burned mixtures. These fine-scale mixtures are expected to be consumed

very rapidly, they may enhance the turbulent burning velocity of the entire

jet flame.

(3) When sequential OH and CH PLIF images are observed simultaneously

in high Reynolds number turbulence, some regions of fine-scale unburned

mixtures are detected only in the CH images.

(4) The developed high-speed measurement system based on simultaneous CH–

OH PLIF and stereoscopic PIV can investigate flame and flow dynamics in

turbulent combustion.

In the next chapter, the enhancement of the turbulent burning velocity due

to the formation and rapid consumption of fine scale unburned mixtures will be

investigated in more detail.
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Chapter 3

Dominant flame structure and
dynamics in the tip of the turbulent
jet premixed flame

3.1 Introduction and objectives

In Chap. 2, the formation and rapid consumption of fine-scale unburned mixtures

have been observed around the flame tip of the turbulent jet. The formation of un-

burned mixture caused by vortex–flame interaction has been shown in a numerical

simulation [78] and in an experiment [79] by imposing high stretch on the lami-

nar flame. Not only in simple laminar flames, the formation of isolated pocket has

been also observed in turbulent flames, for example, at the tip of a Bunsen flame

[80, 81] and turbulent jet premixed flame [82]. The fine-scale unburned mixtures

are also observed in a 3D DNS of an H2-air turbulent plane jet premixed flame

[83]. Thermo–diffusive process has a different effect on the local flame structure

because the Lewis number of the H2-air mixture differs from that of CH4-air mix-

ture in the present case. However, they found that the fine scale eddies near the

flame front were related to the unburned mixtures at the flame tip.

These fine-scale mixtures are consumed very rapidly, thickening the flame

blush at the flame tip. Consequently, they may enhance the turbulent burning ve-

locity of the entire jet flame. In SGS combustion model, turbulent burning velocity
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(ST ) is modeled with the flamelet assumption, where the effect of turbulence is to

wrinkle the thin reaction layers. The local structure retains characteristics of a

laminar flame. The increase in ST is accounted for by the increase of the flame

surface area. The recent 3D DNSs [84–86], have revealed the characteristics of

turbulent premixed flames and local flame structures that are hardly expected from

theoretical classifications based on flamelet concept. Nada et al. [85] reported that

3D flame structures, which are caused by strong fine scale eddies in turbulence,

appear even in the laminar flamelet regime from DNS of a freely propagating

H2-air turbulent premixed flame. Since the flame–turbulence interaction has not

been fully clarified yet, the turbulent burning velocity especially in high Reynolds

number turbulence has to be investigated.

In this chapter, the contribution of fine-scale unburned mixtures to enhance

the turbulent burning velocity is investigated by evaluating the local consumption

rate. After showing that the formation and the rapid consumption of the fine-scale

unburned mixtures are dominant phenomena around the flame tip in Sec.3.2.1, the

size and local consumption rate is statistically analyzed in Sec.3.3.

3.2 Dominant flame structure in turbulent jet

3.2.1 Proper orthogonal decomposition (POD) analysis

To investigate the dominant structure of the turbulent jet premixed flame, proper

orthogonal decomposition (POD) analysis is introduced in this study. In POD,

series of data is decomposed, using some mathematical tools, into a set of or-

thogonal basis functions in the most “optimal“ way. POD is based on energy

considerations. If a field has energetic structures that systematically appear, they

will be captured in POD modes. The relative contribution of a given POD mode

to the overall energy is represented by POD eigenvalues.

POD was first introduced by Lumley [87]. The basic idea of the POD is to

express the fluctuating part with a linear combinations of POD modes φi and time
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varying modal coefficients ai,

xn = x̄+
N∑
i=1

ani φ
i. (3.1)

When time-series data are given as

x(t) ∈ Rn; tmin < t < tmax. (3.2)

POD eigenvalues, λ, and eigenvectors, φ can be derived as follows

Rϕk = λkϕk;λ1 ≥ . . . λn ≥ 0. (3.3)

HereR is a covariance n× n symmetric matrix formed as

R =

∫ tmax

tmin

x(t)xT (t)dt ∈ Rn×n, (3.4)

andR is a positive-definite matrix and all the eigenvalues are positive. The eigen-

vectors are orthonormalized as

〈ϕi, ϕj〉 = δij, i, j = 1, . . . , n. (3.5)

The eigenvalues (λk) are ranked in descending order. They are proportional to

the energy of the data so that the most energetic POD mode comes up to the first

mode. The eigenvalue problem to solve by Eq. (3.3) is of size n× n, and hence it

is computationally expensive with high spatial resolution data. Alternatively, with

high spatial resolution data, the snapshot POD method, which was first introduced

by Sirovich [88], is normally applied. With time discrete datasets by tmin =

t1, . . . , tN = tmax, one can appropriate the covariance as (assuming the ensemble

is sufficiently large),

R =
N∑
j=1

x(tj)x
T (tj). (3.6)

With N snapshots consisting of n = l ×m data points, the data can be expressed

with a lm × N matrix for a whole dataset. Each column is a snapshot expressed

by vector field and each row is the data at the different location.

X = [x(t1), . . . ,x(tN)] ∈ Rn×N . (3.7)
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From Eqs. (3.6) and (3.7),

R = XXT . (3.8)

In snapshot POD, the eigenvalue problem ofXTX ∈ RN×N is solved, instead of

XXT ∈ Rn×n,

XTXϕk = λkϕk, φk ∈ RN , N � n. (3.9)

A basis of the POD modes are provided by the eigenvectors,

φk =
Xϕk√
λk
, k = 1, . . . , N. (3.10)

POD analysis has been used to decompose velocity fields into spatial POD modes

for the investigation of the fluid mechanics [88–91] as well as in the combustion

fields [91].

3.2.2 POD analysis on flame structure

Since OH PLIF image correlates to OH radical density, the POD modes describe

the energy of flame fluctuation, which can be represented by OH radical distribu-

tion. In this study, the snapshot POD method is applied to a series of 10, 000 OH

PLIF images. Figure 3.1 shows first ten POD modes computed from OH PLIF

fluorescence distribution obtained around the flame tip. The values next to the

number of each mode show the relative energy of the mode. Since a mean OH im-

age is preliminary subtracted, a positive value means burned gas in the unburned

region and a negative value represents unburned mixture in the burned region on

average. The first mode, which has 43% of the energy, shows uniform distribution

and represents burned region without any unburned mixture. The second, third

and sixth modes show the convection of large scale unburned mixture islands.

The less energetic modes, after seventh mode, represent the formation and rapid

consumption of the fine-scale unburned mixture.

The energetic POD modes indicate that the formation and the rapid consump-

tion of the fine-scale unburned mixture are dominant structures around the tip of

high Reynolds number turbulent jet flame.
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Figure 3.1: First ten POD modes for burned and unburned regions structure at
x/D = 10 for U0 = 20 m/s
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3.3 Consumption of fine-scale unburned mixture

A large effort has been made to measure turbulent burning velocity ST since it

describes a flame dynamics in premixed combustion, which is the basis of tur-

bulent combustion models. It is known that turbulent burning velocity increases

with increasing turbulence intensity. Global consumption rate, which is a type of

turbulent burning velocity, ST,G, is defined by balancing the total mass flow rate

of reactants, ṁR, and the mass per unit time of reactant that was transverse by the

flame surface, ρRST,GA, as followings

ST,G =
ṁR

ρRA
(3.11)

Global consumption rate is traditionally derived as the product of the inlet velocity

and the sine of the angle between the flow direction and the surface of the flame

[92]. In Bunsen burner, the global consumption rate is calculated with defining

A as the area of mean flame surface area [93, 94]. In outwardly propagating

flames (OPFs) formed in fan-stirred bomb, the global consumption rate has been

investigated with high turbulent intensity [95]. The turbulence intensity, u′/SL,

reaches to the order of ten [96, 97], which is not stabilized in the Bunsen burner

under the atmospheric pressure condition.

In general, the local flame structure behaves as a laminar flame propagating

with laminar burning velocity based on the flamelet concept. It is considered that

an increase of flame surface are due to flame wrinkling accounts for the increase

of turbulent burning velocity. It is also known that laminar burning velocity can

be modified by the effect of flame stretch. Analytic, numerical and experimental

studies have been made to evaluate the effect of stretch and determine the value

of SL using a counterflow flame, an outwardly and inwardly propagating flame

and a Bunsen flame [98]. However, it has not been clarified that the flamelet

retains laminar flame nature in high Reynolds number turbulence even with the

consideration of flame stretch.

As mentioned above, high turbulent intensity can be achieved by fan-stirred
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bomb. However, the radius of the flame is often measured by schlieren shadowg-

raphy due to the difficulty of the optical access especially under the high-pressure

condition. In addition, dilatation effects cannot be distinguished from flame dis-

placement in an OPF. On the other hand, in inwardly propagating flame (IPF), the

consumption rate can be more precisely represented by the rate of volume change

[99]. In this section, the fine-scale unburned mixtures are tracked in sequential

images and local consumption rate is estimated from the OH and CH PLIF im-

ages.

3.3.1 Identification of the unburned mixture from the OH PLIF
images

Figure 3.2 explains the identification procedure of fine-scale unburned mixture

islands from OH PLIF. Figure 3.2(a) shows the filtered OH image after the cor-

rection by laser intensity distribution. The OH image is binarized as described

in [100] and shown in Fig. 3.2(b). Here, red region represents burned gas and

blue region shows unburned. The threshold is selected from the probability den-

sity function of OH signals. Since the probability density function is bi-nominal,

the threshold is selected to the value where the probability shows the minimum

between two peaks. This value is about 25% of the maximum OH signal. Only

the unburned regions that are surrounded by burned regions are considered as part

of fine-scale unburned mixture and included in the statistical analysis. Then, a

unique identifier number is then assigned to each detected fine-scale unburned

mixture, indicated by the different colors in Fig. 3.2(c).

For determining the dynamics of the detected unburned mixture, the each

structure is tracked through time. The process is explained in Fig. 3.3. For a

detected structure, the location in the next frame is estimated based on the mean

convection velocity. If the unburned mixture is found in the estimated area in the

next frame, it is regarded as a continuation of the same structure through time.

The method was applied to 10,000 sequential OH images, and approximately
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4,500 unburned mixtures were detected. The cross sectional areas and perimeters

of the detected mixtures are then recorded and their changes within measurement

time resolution (100 µs) are calculated.
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Figure 3.2: An example for the detection procedure of the fine-scale unburned
mixtures from OH PLIF image.
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Figure 3.3: An example for the tracking of the fine-scale unburned mixtures.
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3.3.2 Size of the unburned mixtures

The perimeter of the detected fine-scale unburned region (L) was calculated and

treated as the length of the flame front surrounding the unburned mixture. The

radii (r) of the unburned mixtures were estimated by treating the regions as circles

with equivalent perimeter (r = L/2π). Figure 3.4 plots the probability density

function (PDF) of the radii of the mixtures. The most expected radius of the fine-

scale unburned mixtures is approximately 1 mm, of Taylor micro scale order (λ =

1.10 mm).

Elimination condition based on circularity

The geometrical departure of the cross section from a perfect circle was quantified

by the circularity, defined as the perimeter ratio of the projection area to a circle

of equivalent area as followings:

C =
L

2
√
πA

(3.12)

where A is the cross-section area of the unburned mixture on the measurement

plane. The ratio of a perfectly circular is unity. Figure 3.5 shows PDF of the

circularity calculated from the detected mixtures. In this analysis, the threshold

was set to be two. With this limitation, approximately 2.5 % of the detected

mixtures were excluded in Fig. 3.4.

Figure 3.6 shows joint PDF of the radius and circularity. The scatter plot is

presented only in regions of probability below 0.012. Because larger unburned

mixture tends to have larger circularity, the decrease of the threshold value corre-

sponds to exclusion of larger mixture. Therefore, conducting the same analyses

with a smaller circularity threshold, the PDF of r is narrowed but the peak remains

unchanged.

The following statistical analysis excludes mixtures with radii exceeding 4

mm (6.0 %), which are not regarded as fine-scale mixtures. Because of the spatial

resolution limit of PLIF, very small mixtures are also excluded. Here, the radial
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threshold was set to 0.20 mm (approximately 3 pixels); consequently, 6.4 % of the

mixture was excluded.
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Figure 3.4: PDF of estimated radius of the fine-scale unburned mixtures detected
in OH PLIF images.
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Figure 3.5: PDF of circularity, the ratio of the perimeter of the projection area to
that of an equivalent area circle (L/2πr).
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Figure 3.6: Joint PDF of mean radius of the unburned mixtures and its circularity.
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3.3.3 Consumption rate of the unburned mixture

From the radii of the unburned mixtures in subsequent images (r1 and r2), the

local consumption rate of the unburned mixture can be estimated. In this study,

the local consumption rate was defined as ST,l = ∆V/A, where ∆V is the volume

change of the unburned mixtures in a 100 µs interval and A is the flame surface

area in the first image. There are several ways to estimate ∆V andA. In this study,

two method will be presented: spherical assumption method and pillar assumption

methods.

In Fig. 3.7, consumption rates obtained from two different methods, the spher-

ical assumption and the pillar assumption are compared by their PDF. The most

probable values of both cases coincide well. The relation between consumption

rates for the spherical case and the pillar case is shown in Fig. 3.8. The pillar

case shows slightly higher probability of the higher consumption rate. The dif-

ference tends to increase for higher consumption rate, which is easily expected if

one considers the geometrical difference between two methods.

Figure 3.7 indicates that the fine-scale unburned mixtures has consumption

rate of 1.1 m/s around the tip of the turbulent jet flame, which is very high value

corresponding to 2.7 times the laminar burning velocity (0.39 m/s).

It is noted that, conducting the same analyses with a smaller circularity thresh-

old, the PDF of ST,l is narrowed but the peak remains unchanged. However, the

effect of error for assuming the 3D structure of the unburned mixtures to estimate

volume and flame surface area as sphere or pillar is different for for each case and

they have to be examined.
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Figure 3.7: PDF of the consumption rate estimated by the spherical case and the
pillar case.
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Figure 3.8: The relation between consumption rates obtained for the spherical
case and the pillar case.
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Consumption rate and error estimation based on spherical assumption

First, completely isolated unburned mixtures can be approximated by spheres. In

this case, ∆V = 4π(r3
1 − r3

2)/3 and A = 4πr2
1.

Under the spherical assumption, the error in the consumption rate is chiefly

sourced from the out-of-plane motion of the unburned mixture. Figure 3.9 shows

a schematic explaining the apparent radius change by the out-of-component of the

velocity (Vz). If the unburned mixture is assumed as a sphere and the measure-

ment plane locate at the center of the sphere in the first frame (t = t0), its radius

measured in the subsequent frame (t = t0 + ∆t) is appeared as

rt0+∆t = rt0 (1− cos θ) . (3.13)

Here, rt0+∆t and rt0 are the radii that are measured in the first and second frames,

and θ is the zenith angle of the measurement plane in the second frame with its

origin at the center of the unburned mixture. From Fig. 3.9,

θ = sin−1

(
Vzdt

rt0

)
, (3.14)

From Eqs. (3.13) and (3.14), the apparent consumption rate due to the cross plane

motion of the mixture can be estimated as a function of Vz and rto . Figure 3.10

plots the z–component of the velocities that cause an erroneous consumption rate

of 1%, 5% and 10% of SL as a function of radii of the mixtures. When the mea-

surement plane does not exactly coincide with the center of the unburned mixture

in the first frame, the value of ST,l is overestimated or underestimated because it

is affected by out-of-plane motions.

The velocity of the unburned mixture is estimated from SPIV data. In this

study, the mixture velocity is assumed as the mean velocity in the unburned re-

gion. Figure 3.11 shows the probability density function (PDF) of the velocity of

the pocket. Here, the stream wise component (Vx) represents fluctuation from the

mean value averaged for all detected pockets. The PDFs of all velocity compo-

nents are nearly Gaussian shape. Although the out-of-plane motions of the un-
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burned mixtures produce random variations in ST,l, the contribution to the statis-

tics is canceled out since Vz is symmetrically distributed around zero.

Figure 3.12 relates the consumption rate and the out-of-plane component of

the mixture velocity (Vz) by a joint PDF. No strong correlation appears between

the out-of-plane velocity and the estimated consumption rate. The most provable

consumption rate is approximately 1.1 m/s at Vz = 0. This result suggests that,

in a spherical geometry, the consumption rate of the fine-scale mixture can be

estimated as approximately 2.7 times higher than the laminar burning velocity

(0.39 m/s).
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Figure 3.9: Schematic of apparent radius change for spherical mixture with out-
of-plane component of velocity.
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Figure 3.10: z–component of the velocities that cause an erroneous consumption
rate of 1%, 5% and 10% of SL as a function of radii of the mixtures.
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Figure 3.11: PDF of the velocity of small-scale unburned mixtures.
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Figure 3.12: The joint PDF of the consumption rate and out-of-plane velocity of
the unburned mixture in the spherical assumption.
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Consumption rate and error estimation based on pillar assumption

The consumption rate is estimated using the “pillar assumption” , wherein the

cross sections of a two-dimensional object are cut by the laser sheet. In this case,

ST,l = π(r2
1 − r2

2)/2πr1 for the unit depth. It should be noted that the pillar

assumption is insensitive to out-of-plane motions of the unburned mixture. Figure

3.13 relates the consumption rate and the out-of-plane component of the mixture

velocity (Vz) by a joint PDF. No strong correlation appears between the out-of-

plane velocity and the estimated consumption rate.

Under this assumption, errors mainly arise from the inclination of the mea-

surement plane with respect to the plane perpendicular to the pillar object. If the

unburned mixture is assumed as a circular cylinder, the inclination effect can be

related to the circularity of the detected unburned mixture. In this study, the ef-

fect is corrected by assuming a circular cylindrical flame with laminar burning

velocity SL. In Fig. 3.14, a joint PDF of the consumption rate and circularity is

presented, and it can be observed that the most probable value of the consumption

rate depends on the circularity.

Figure 3.15 shows a schematic explaining the apparent consumption rate by

the inclined measurement plane. When the pillar axis is inclined to the measure-

ment plane, its projected shape on the image plane becomes elliptical. The effect

of inclination appears most significantly on the major axis of the elliptic image.

The maximum apparent consumption rate with the laminar burning velocity, SL

can be represented by SL∆t/e where e denotes ellipticity (e = b/a, a and b stand

for the semi-major and semi-minor axes of the ellipse) and ∆t means the time

separation between two consecutive frames. In Fig. 3.14, the apparent consump-

tion rate of circular cylinder mixture at C = 1 due to the inclination effect is also

plotted by dotted lines. Since it is on the same order of magnitude compared to the

measured values, its effect cannot be neglected and should be taken into account.

When the correction is performed to the detected unburned mixtures, the ratio

of the apparent increase of the consumption rate calculated by the decrement of
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ellipse area dAe in ∆t is adopted:

dAe =
π
(
ab−

(
a− SL∆t

e

)
(b− SL∆t)

)
SL∆tLe

(3.15)

which is a function of e, Le and the area of ellipse. Here in this analysis, e is

obtained from the measured value of perimeter Le. To obtain the functional rela-

tionship between e and Le, it is necessary to solve the so-called elliptic integral of

the second kind:

Le = 4a

∫ π/2

0

√
1− k2 cos θdθ, k2 = 1− b2

a2
(3.16)

Here, instead, the function is numerically integrated. Figure 3.16 shows the rela-

tion between the corrected consumption rate and circularity. Due to this correc-

tion, the most probable value of the consumption rate at certain circularity does

not depend on the circularity itself.

Figure 3.17 shows the joint PDF of the corrected consumption rate and the

out-of-plane velocity in the pillar assumption. It is shown that the most probable

consumption rate, ST,l is 0.72 m/s at Vz = 0, far exceeding SL on the basis of the

pillar assumption as well.
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Figure 3.13: Joint PDF of the consumption rate and out-of-plane velocity of the
unburned mixture in the pillar assumption.
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Figure 3.14: Joint PDF of the consumption rate and circularity for the pillar case.
The dotted lines represent the apparent consumption rate for circular cylinder mix-
ture with the most probable consumption rate at C = 1.
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Figure 3.15: Schematic of apparent consumption rate for circular cylinder mixture
with SL.
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Figure 3.16: Joint PDF of the corrected consumption rate and circularity for the
pillar case.
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Figure 3.17: Joint PDF of the corrected consumption rate and out-of-plane veloc-
ity of the unburned mixture in the pillar assumption.
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Neither assumption yields strong correlation between the local consumption

rate and the out-of-plane components of the velocity fluctuation (cf. Figs. 3.12

and 3.17). When the unburned mixture is neither spherical nor pillar-shaped, the

out-of-plane motions would raise or lower the ST,l depending on the 3D shape.

Consequently, ST,l may vary around the peak.

In the above analysis, radii of the unburned mixture are estimated by the

perimeter of the detected area as described in Sec.3.3.2. As an alternative to the

perimeter, r can be estimated from the area occupied by the unburned mixture

(Ac) as r = (Ac/π)1/2. When the cross-section of the mixture is a perfect circle,

resulting r from these two methods coincide. In the case of non-perfect circle, that

is, the mixtures that have non-unity circularity, the area method results in smaller

radii. Because the perimeter of the cross section of the mixture relates to the flame

surface area and the flame surface area relates to the turbulent burning velocity,

the perimeter method is adopted in this study. Table 3.1 summarize the methods

to calculate r and ST,l. As presented in Fig. 3.18 by PDFs of consumption rate

obtained from both methods, the adaptation of the area does not have a huge effect

on the consumption rate under the pillar assumption (Fig. 3.18(a)), nor under the

spherical assumption (Fig. 3.18(b)).
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(a) spherical assumption
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Figure 3.18: PDF of the consumption rate calculated from the radii estimated with
the perimeter and the area.
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Table 3.1: The estimation methods for radii and consumption rate.

L
2π

By the perimeter

Ac
π

1
2
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c

Spherical assumption
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3 πr 3 )
4πr 2
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2πr
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3.3.4 Consumption rate estimated from the CH PLIF images

In this study, the consumption rate of the unburned mixture can be estimated from

the acquired CH PLIF images. However, as shown in Fig. 2.18(a), the CH images

were very noisy and distributed. Therefore, the consumption rate is estimated

from the CH images with the assistance of the OH images as depicted in Fig.

3.19.

Initially, the CH signals were searched around the unburned mixture identified

from the OH PLIF images and the mean radius of the signal distribution was

calculated. In this calculation, a certain point in the unburned region is selected

to be an origin and distance between the origin and a CH signal detection point

represented by ri. The mean radius is estimated by r = Σri/N , where N is the

number of points at which a CH signal is detected. For the subsequent frame,

the CH signals were searched within the region predicted from the convection

velocity of the unburned mixture, and the mean radius was recalculated. The

consumption rate of the unburned mixture was then estimated from the difference

between the radii, under both spherical and pillar assumptions. It is noted that

the CH fluorescence signal is searched also in a frame after unburned mixture

disappears in OH images since there are fine-scale unburned mixtures that are

only detected in CH PLIF images as shown in the Sec.2.4.4.

Figure 3.20 compares the consumption rates obtained from the CH and OH

images. Note that the number of samples in the CH methods is not as high as that

in OH ones. The CH method gives a flat probability distribution around the peak

obtained from the OH PLIF data. This flattening is caused by the disconnected

CH signal distribution. When calculating the mean radius, the degree of the dis-

connected distribution corresponds to the number of points used to discretize the

continuous flame front. In other words, the degree of the disconnected distribu-

tion represents the spatial resolution of the radius estimation, and induces errors

in flames of low consumption rate. Therefore, the peak of the consumption rate

is obscured in the CH method. However, the mean consumption rate (approxi-
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mately 1.2 m/s) is the same in both CH and OH methods. Consequently, local

consumption rate of fine-scale unburned mixture estimated by CH PLIF images

also indicates much higher burning velocity than SL.

Figure 3.21 is a histogram of the radii of unburned mixtures detectable in the

CH image (excluding those found in the OH image). The most probable value is

approximately 1 mm, which is coincident with Fig. 3.4. Due to 3D geometry, the

smaller the unburned mixture, the larger the flame surface area per unit volume.

The unburned mixtures in such small structures are rapidly heated. Within these

very small scale hot unburned mixtures, OH radicals may have been created while

the CH fluorescence indicates that there is still unburned mixture and they are

consumed with a significant heat release rate.
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Figure 3.19: Schematic of the unburned mixture detection from the CH PLIF
images with an assistance of the OH PLIF images.
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Figure 3.20: PDF of the consumption rate estimated from the OH and CH PLIF
images in the spherical and pillar assumptions.
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Figure 3.21: Histogram of estimated radius of the fine-scale unburned mixtures
detected only from CH PLIF images.
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Radius effect on the consumption rate based on the pillar assumption

Figure 3.22 shows the relation between the size of the unburned mixture and

the consumption rate by joint PDF of the consumption rate and mean curvature

(k = −1/r) of the flame front that. The flame element convex toward the burned

side has negative curvature. The scatter plot is presented only in regions of proba-

bility below 0.002. This plot clarifies the effect of radius on the consumption rate.

The thick solid line in this figure plots the most probable consumption rate as a

function of k, which suggests the increase of the consumption rate with decreasing

k (or decreasing r). When k ≈ −1.6× 103 m−1 (r ≈ 0.63 mm), the consumption

rate reaches 1.25 m/s, which is 3.2 times higher than laminar burning velocity.

When k ≈ −1.8 × 103 m−1 (r ≈ 0.56 mm), the most probable consumption rate

decreases. This may be caused by many unburned mixtures in this range of size

that are completely consumed within measurement time resolution (100 µs). They

may represent high consumption rate but are not included in the estimation of the

consumption rate. It is important to note that heat conduction or even radiation

also has a significant effect in the fine-scale structure. Consequently, heating up

of the unburned mixtures may have a large effect to enhance ST,l.
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Figure 3.22: Joint PDF of the corrected consumption rate and mean curvature of
the flame front. Thick solid line indicates the most probable consumption rate as
a function of mean curvature k.
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3.4 Heating of the fine-scale unburned mixtures

Considering the facts that there are some regions of fine-scale unburned mixtures

are detected only in the CH images, and consumption rate shows increasing trend

with decreasing the size of the unburned mixtures, it can be deduced that the un-

burned mixtures in such small structures are heated because of heat conduction

from surrounding burned hot gases or heat radiation. In this section, an influ-

ence of heating of the fine-scale unburned mixtures is estimated assuming heat

conduction due to surrounding hot gases.

Figure 3.23 shows laminar burning velocity (SL) as a function of preheat

temperature under the same condition of the present measurement, pressure of

0.1 MPa and equivalence ratio of 1.0. Here, SL is calculated by PREMIX of

CHEMKIN package [101] considering GRI Mech3.0 which includes 53 reactive

species and 325 elementary reactions of methane/air reaction. The approximate

curved line fitted to a third degree polynomial equation in the range between 300

K and 800 K, is added. SL generally increases with increasing preheat tempera-

ture. Temperature of the unburned mixtures observed in the present measurement

is estimated using the relationship between preheat temperature and the laminar

burning velocity.

Figure 3.24 shows estimated temperature of unburned mixtures from the most

probable consumption rate conditioned by mean curvature. On the assumption

that the temperature increase of the unburned mixtures themselves is the cause of

the consumption rate, the estimated temperature is about 590 K at r ≈ 0.63mm,

where the consumption rate reaches the maximum within the range of this mea-

surement.

It is known that burning velocity of a laminar flame with curvature is different

from unstretched laminar burning velocity (SL) aside from the effect of flame

stretch. To demonstrate this “pure curvature effect“, the simplest situation is a

stationary spherical flame as shown in Fig. 3.25 [102]. The flame is supported by

a point source of constant mass flow rate ṁ = ρuA, where ρ is the density, u the
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velocity and A the area of streamtube. The one-dimensional balance equation of

energy and species though a radical streamtube across the unstretched flame are

ṁcp(Tb − Tu) = AF qcwF , (3.17)

ṁcpYu = AFwF , (3.18)

where T is the temperature, Y the mass fraction and subscript u and b indicate

values in the unburned and burned state, respectively. cp is the specific heat, AF

the area of flame front, qc the heat of combustion, wF the mass reaction rate in-

tegrated over the reaction zone. Since there is no heat loss in this situation, the

flame is basically one-dimensional planar flame. From Eq. 3.17 and Eq. 3.18,

cp(Tb − Tu) = qcYu , which shows that the burned gas temperature (Tb) becomes

the adiabatic temperature. In this case of stationary spherical flame, since stream-

tube area is varying across the flame, the equation of continuity is,

ρuuuAu = ρbubAb, (3.19)

where Au and Ab denote the stream tube area at preheat zone and reaction zone,

respectively. Comparing Eq. 3.19 from that of unstretched laminar flame (ρuSL =

ρbub), the burning velocity is

uu =
Ab
Au

SL. (3.20)

Since Ab > Au > 1, the burning velocity is hence increased for a flame with

negative curvature.

In a flame with curvature, the increase of the burning velocity is caused by the

unbalance between reactant mass flow rate and the amount of mass needed to keep

a laminar flame due to a varying streamtube area as shown above. However, in

the theory using the stationary spherical flame, the deficient reactant is provided

by a point source, which is physically impossible. Here instead, the laminar flame

propagating with curvature is considered as shown in Fig. 3.26.

The differential conservation equation of mass in flame coordinate η = R−x,
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where R is the location of the thin reaction zone, can be expressed as [103]

∂ṁ

∂η
− ρṘ∂A

∂η
= 0, (3.21)

where Ṙ is the propagation speed and ṁ = Aρ(Ṙ − u) the mass flow rate con-

sumed by the flame. Integrating Eq. 3.21 from unburned state to burned state,

ṁu − ṁb = −ρṘAb(1−
Au
Ab

), (3.22)

The streamtube area ratio across the flame is

Au
Ab

= (
R− δT
R

)2, (3.23)

where δT is preheat zone thickness. Equation 3.22 shows that the mass flow rate of

burned gas leaving the reaction zone (ṁb) does not balance reactant mass flow rate

at the upstream boundary of the preheat zone (ṁu) as is the case in a stationary

flame with curvature.

Now, the temperature increase in the fine-scale unburned mixture is estimated

on the assumption that heat of combustion of the excess mass flow shown as Eq.

3.22 is used for the heatup. Further assuming that the temperature increases uni-

formly in the unburned mixture, the rate of temperature increase ∆T/∆t can be

estimated as
∆T

∆t
=
qc(ṁu − ṁb)

ρuV cp
, (3.24)

where V is a volume of the unburned mixture. Figure 3.27 shows a temperature

transition of unburned mixture released into burned gases with an initial size of

r0. The size of the mixtures decreases with unstretched laminar burning velocity

at the preheat temperature. The estimated temperature of the unburned mixtures

from the most probable consumption rate is added with red circle. The estimated

temperature of the mixtures whose size are below 0.8 mm, coincides with the

temperature transition of unburned mixtures that are released with the initial size

of 1.5 ∼ 3.0 mm.
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In this analysis, the laminar flame propagates into quiescent mixture as shown

in Fig. 3.26. An effect of flame stretch is not taken into account since Lewis num-

ber of stoichiometric methane-air mixture is about unity. In actuality, the effect of

flame stretch due to the turbulence may have an effect to the burning velocity. It

has been revealed that the strain rate tangential to the flame surface can be normal-

ized by turbulence characteristics [86]. The most probable tangential strain rate

normalized by Taylor time scale (λ/u′rms) is 1.0 in fully developed turbulence.

This means that many flame elements of turbulent premixed flame is subject to

tangential strain rate about the reciprocal of Taylor time scale. According to the

turbulence characteristics obtained at the center of the measurement region, the re-

ciprocal of Taylor time scale is about 2600 s−1. Although the effect of such strong

strain rate on laminar burning velocity remains to be clarified, it is not expected to

depend strongly on the size of the unburned mixtures. The facts that the estimated

temperature from the most probable consumption rate of larger mixture than ap-

proximately 1.2 mm is far exceeding that is expected considering the effect of the

heatup, and the difference between those does not strongly depend on the size of

the unburned mixtures suggest that the burning velocity could have influenced by

strain rate caused by turbulence.

Structure of coherent fine-scale eddies, which are universal structure of turbu-

lence, and their interaction with turbulent flame have been investigated by recent

3D DNS [84–86]. It has been reported that the coherent fine-scale eddies in the

burned side tend to decay rapidly by the increase of viscosity [85, 86]. It has been

also clarified that the distance between fine-scale eddies in turbulence is about

Taylor micro scale. It is reasonable to suppose that fine-scale eddies in isolated

unburned mixtures smaller than Taylor micro scale decay rapidly due to turbulent

flame and there is no strong turbulence. Taylar micro scale obtained at the center

of the measurement region is 1.10 mm. In unburned mixtures that are smaller than

approximately 1 mm, there is no strong turbulence and therefore, and the effect of

heatup of the mixtures becomes probably dominant.
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Figure 3.23: Laminar burning velocity as a function of preheat temperature.
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Figure 3.24: Estimated temperature of unburned mixtures from the most probable
consumption rate conditioned by mean curvature.
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・

Figure 3.25: Schematic of the stationary spherical flame supported by a point
source.

Figure 3.26: Schematic of the propagating spherical flame.
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Figure 3.27: Temperature transition of unburned mixture released into burned
gases with an initial size of r0.
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3.5 Interim conclusions

In this chapter, to clarify the flame and flow dynamics of turbulent premixed flame

in high Reynolds number turbulence, the rapid consumption of the fine-scale un-

burned mixtures, which are observed around the flame tip of the turbulent jet, has

been investigated. The followings are the obtained results.

(1) The formation and the rapid consumption of the fine-scale unburned mixture

are dominant structures around the tip of high Reynolds number turbulent

jet flame.

(2) The radius of the fine-scale unburned mixtures is approximately 1 mm, of

the order of Taylor micro scale.

(3) Every consumption rate which is obtained from CH/OH PLIF images on

the basis of spherical and pillar assumption, is much higher than the laminar

burning velocity (0.39 m/s).

(4) The most probable consumption rate as a function of mean curvature sug-

gests the increase of the consumption rate with decreasing curvature (or

decreasing radius of the mixture).

(5) There are two dominant effects on the consumption rate, which are heating

up of the mixtures by surrounding burned gas and strain rate due to turbu-

lence.
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Chapter 4

Instability of liquid-fueled
swirl-stabilized turbulent combustor

4.1 Introduction and objectives

In power generation and aircraft gas turbine engines, especially operated on lean

premixed regime, combustion instability is a critical problem.

Secondary fuel injection and fuel staging procedures are considered an effec-

tive combustion control approach. The addition of considerably small amount of

energy has an effect to anchor the main lean flame to locally created near stoi-

chiometric flame leading flame stabilization [104]. It has been revealed that the

frequency control of secondary fuel injection suppresses fluctuations of the high

temperature gas in the recirculation zone and large-scale fluctuation of the heat

release rate [105].

Flame stabilization process is investigated in staged multi-injection combus-

tor [106]. It has been revealed that the fuel distribution because of staging multi-

injection strongly affects the flame stabilization process, modifying the thermoa-

coustic coupling. They also revealed the existence and the dominant influence of

PVC in certain range of operating condition. They inferred that the primary stage

controls the formation of the aerodynamic instability.

In order to achieve a stable operation over wide range of conditions in terms

of input temperature, pressure, equivalence ratio and flow velocity etc., which
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is required in the industrial gas turbine combustor, the dynamic behavior of the

turbulent combustor has to be clarified in various conditions.

While the thermoacoustic instability is described as a system dependent insta-

bility, the aerodynamic instability strongly depends on the whole flow field in the

combustion chamber as well as swirl number, the mode of fuel entry and equiv-

alence ratio. The objective of this chapter is to clarify the instability of liquid-

fueled swirl-stabilized combustor using the high-speed laser diagnostics. The two

types of instability that are acoustic and aerodynamic instability are investigated

in various flow and droplet conditions.

After the measurement techniques and combustor configuration in Sec 4.2, the

operating conditions investigated in this study are shown in Sec. 4.3 and followed

by analytic technique in Sec. 4.4. The global structure of flame and flow, and

acoustic behavior are shown firstly, and the each mode is further investigated using

dynamic mode decomposition (DMD) in Sec. 4.6 and 4.7.

4.2 Experimental setup and apparatus

Figure 4.1 shows a schematic view of the experimental setup. In this section,

experimental burner and diagnostics are introduced.

4.2.1 Time–resolved stereoscopic PIV

The velocity measurement is conducted in the axial plane of the combustion cham-

ber with time–resolved particle imaging velocimetry (PIV). In this study, no seed-

ing is added in the flow, the fuel droplets are used as tracer particle instead. The

basic theory is same as described in 2.3.2 but the measurement system consists of

laser, camera and optics are different.

The laser system consists of two Nd:YAG lasers (Quantronix) with the wave-

lengths of 532 nm, which are emitted at 5 mJ/pulse. A temporal width od the laser

is 120 ns at a frequency of 10 kHz. The laser beams are guided to the measure-

ment region, and expanded by sheet forming optics (Melles Griot). The width and
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thickness are 100 mm and 1 mm, respectively. Large rectangular silica windows

are equipped to both sides of the combustion chamber. The laser sheets cross the

chamber its center line through two small rectangular quartz windows that are

placed on the upper and lower walls. The light scattered by the tracer particles

is recorded by a high speed camera (Photron, SA-5) with a macro lens (Nikon,

Micro-Nikkor, 105mm f/2.8) . The camera records 776 × 448 pixel images at

20, 000 fps. The timing of the measurement is controlled by a delay generator

(BNC 555 pulse/delay Generator) and the delay systems of the high speed cam-

era. The time delay between two pulses, ∆t, has been set to 20 µs. The size of the

interrogation window size is 48 × 48 pixels in this study. Measurement regions

are set to 90 × 150 mm and the camera resolution is determined to be 776 × 448

pixels, which means that the spatial resolution of PIV is about 9 mm for 48 × 48

pixels interrogation region. Note that the velocity vectors are evaluated with 67

% overlap. In this sense, velocity vectors are obtained every 3 mm. The high

spatial resolution PIV algorithm described in Sec. 2.2.2 is used to calculate the

two-dimensional velocity field.

4.2.2 Pressure and heat release fluctuations measurements

To measure pressure fluctuation, three Brüel and Kjær microphones (shown as

M1, M3 and M4 in Fig. 4.1) are placed in semi-infinite water cooled wave-guides.

M1 is flush mounted in plenum while M3 and M4 are placed in the middle and

downstream of combustion chamber to measure pressure fluctuations. These mi-

crophones have an uniform sensitivity in a wide band of frequency between 4 and

20 kHz.

In lean premixed flame, it is known that the chemiluminescence is caused by

the radiation from excited species in the reaction region, such as OH∗, CH∗ and

C∗2 for hydrocarbon flames. The chemiluminescence of these radicals has been

commonly used to characterize combustion flame. It has been shown that for a

lean premixed flame, these intensities are proportional and in phase with its heat
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release rate [107, 108]. Although a complexity in turbulent partially premixed

flame to measure heat release rate especially in turbulence is also shown [109,

110], the chemiluminescence emission gives qualitative information and is a good

indicator of the flame location and behavior [110, 111].

In this study, CH∗ chemiluminescence is measured as shown in Fig. 4.1. A

photo-multiplier (Hamamatsu, H5784-04) is used to measure global CH∗ chemilu-

minescence. A filter (λ = 408±10 nm) is equipped and a spherical lens (f = 300

mm) is used to collect the light emitted by the flame in the combustion chamber.

The signals of the microphones and the photo-multiplier are acquired simultane-

ously on a multi-port acquisition card (National Instruments). The signals are

taken during 1.6 seconds for the PIV measurements at a rate of 16 kHz.

4.2.3 Experimental apparatus

The gas turbine model combustor used in this study was originally developed as a

multi-injection burner and the different stabilization processes were investigated

[106, 112]. The experimental injector is composed of two stages: the pilot stage

and the take-off stage. In each stage, air is injected through a swirler to provide a

rotational movement to the flow and to ensure a better mixing.

A schematic view and a picture of the injection device are given in Fig. 4.2.

In the present study, only the primary (pilot) stage is used to generate a swirl-

stabilized flame while air is provided through both stages. The pressurized nozzle

generates a solid cone spray and fuel can be injected at a maximum flow rate of 6.3

l/h. Its flow number is equal to 1.4 lh−1bar−0.5. The maximum angle of the nozzle

does not exceed 50◦. The air swirler of the pilot stage is composed of 18 vanes,

6 mm wide each and inclined at an angle of 42◦. The inner and outer diameters

of the swirl are respectively 30 mm and 45 mm. The inner diameter of the pilot

mixing area is 15 mm as indicated in Fig. 4.2. It is geometrically designed so

that 13 % of the global air rate flows through this stage. Rest of air is injected

through take-off stage. A swirler composed of 20 equally spaced vanes, 10 mm
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wide and inclined at an angle of 34◦. The inner and outer diameters of the swirl

are respectively 55 mm and 75 mm. The inner diameter of the pilot mixing area is

50 mm as indicated in Fig. 4.2.

The resulting mixture enters a rectangular combustion chamber (500× 150×
150 mm3), composed of two silica windows for optical access and two water-

cooled walls. The water flow rate is regulated so that the water exit temperature

remains constant for all operating conditions. The swirl number S is close to unity

[24] based on geometrical considerations. Preheat temperature of the air is 473 K.
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Figure 4.1: Schematic view of the experimental setup.
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Figure 4.2: Schematic view and photo of the injection device.
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4.3 Conditions

Table 4.1 shows the experimental conditions. To investigate the effect of equiva-

lence ratio on the instability, the measurements are conducted by changing equiv-

alence ratio in the φ = 0.4 to 0.7 range. There are two ways to change equivalence

ratio: decreasing air and increasing fuel. Therefore, there are two series of data

set.

For the first one, the global air flow rates are constant (FC40 ∼ FC70) and the

amount of fuel is varied with the constant global air flow field while the equiva-

lence ratio is varied from 0.4 to 0.7. The other is that the amount of fuel is kept

constant (PC40 ∼ PC70), keeping the power produced by the burner constant. Note

that FC50 and PC50 are both same air flow condition and fuel injection. As a ref-

erence, measurements are also conducted with non-reactive cases with both same

air flow and same fuel injection as FCs and PCs.

The power produced by the burner is calculated from fuel mass flow rate and

lower heating value (LHV) of dodecane, which is 44, 240 kJ·kg−1.
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Table 4.1: Operating conditions

φ ṁa ṁf Pw ṁa ṁf Pw

[g · s−1] [g · s−1] [kW ] [g · s−1] [g · s−1] [kW ]

0.40 PC40 40.4 1.02 45.2 FC40 32.3 0.819 36.2
0.45 PC45 35.9 1.02 45.2 FC45 32.3 0.921 40.7
0.50 PC50 32.3 1.02 45.2 FC50 32.3 1.02 45.2
0.55 PC55 29.4 1.02 45.2 FC55 32.3 1.13 49.7
0.60 PC60 26.9 1.02 45.2 FC60 32.3 1.23 54.2
0.65 PC65 24.9 1.02 45.2 FC65 32.3 1.33 58.7
0.70 PC70 23.1 1.02 45.2 FC70 32.3 1.43 63.2
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4.4 Analytical techniques

In the investigation on combustion dynamics, post-processing tool to filter or

project data to extract coherent components is essential since turbulent and chemi-

cal quantities are experimentally or numerically obtained as two- or three-dimensional

time discrete datasets.

The aim of this section is to describe the analytical techniques used in this

study. Section 4.4.1 describes spectral analysis which is used to extract tempo-

ral information, followed by the basic theory of DMD in Sec. 4.4.2 and multi-

parameter DMD in Sec. 4.4.3.

4.4.1 Spectral analysis

All time-resolved signals are analyzed either through a Fast Fourier Transform

or by computing the Power Spectral Density (PSD) to obtain the spectral content.

The PSD is computed using the Welch method, Hamming window with 50% over-

lap. The number of periodograms and blocks depend on the number of samples.

4.4.2 Dynamic mode decomposition (DMD)

As shown in Chap. 3, POD analysis is widely used to extract energetic structures

from the numerical and experimental datasets. However, POD has limitations in

choosing dynamically active modes since the time component is generally not

resolved.

Dynamic Mode Decomposition (DMD) is one of the most recent post-processing,

which can decompose time-resolved measurements into dynamically dominant

structures. DMD is firstly shown by Schmid and Sesterhenn [113] and followed

by Rowley et al. [114]. The dynamic decomposition is based on the Koopman

modes [114] to extract modes from the data snapshots. The each mode is asso-

ciated to a unique frequency. This is a large advantage of DMD since one of the

major interest is to separate phenomena occurring at different frequencies. The
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extracted information is referred as a generalization of global stability modes that

can be used to characterize the dynamics of a system.

In this study, DMD algorithm that is introduced by Schmid [115, 116] is ap-

plied to the time-resolved data to investigate combustion dynamics.

With time discrete n datasets, a snapshot sequence, given by a matrixXn can

be defined as,

Xn = {x1,x2, ...,xn} , (4.1)

where ui denotes the i th data of the snapshot. DMD assumes the existence of a

linear mapping A connects a snapshot data xi to the subsequent snapshot xi+1,

that is,

xi+1 = Axi. (4.2)

It is also assumed that this mapping is constant over the full sampling interval.

The defined sequence in Eq. (4.2) can be formulated as a Krylov sequence,

Xn =
{
x1,Ax1,A

2x1, ...,A
n−1x1

}
. (4.3)

The goal of DMD is the extraction of the dynamic characteristics, such as eigen-

values and eigenvectors, of the dynamics process described byA.

The second assumption, which is made in DMD algorithm is that the vectors

given in Eq. (4.2) becomes linearly dependent in the case with sufficient number

of snapshots, which can capture the dominant features of the underlying physical

process. Beyond a critical number of snapshots, the vector xn can be expressed

as a linear combination of the previous vectors xi, (i = 1, . . . , n− 1), that is,

xn = a1x1 + a2x2 + + an−1xn−1 + r (4.4)

or in matrix form

xn = Xn−1a+ r (4.5)
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where r is the residual vector and aT = {a1, a2, ..., an−1}. From Eq. (4.2) and

(4.5),

AXi−1 = Xi

= {Ax1,Ax2, . . . ,Axi−1}

= {x2,x3, . . . ,Xi−1a+ r}

= Xi−1S + reTi−1

where eTi−1 is the (n− 1) th unit vector and the matrix S is a companion matrix of

order i× i,

S =


0 a1

1 0 a2

. . . . . . ...
1 0 ai−2

1 ai−1

 . (4.6)

The eigenvalues of S are a subset of the eigenvalues of A and the matrix S

is computed as follows: the last snapshot of the data sequence, xn is expressed

as a linear combination of the previous dataset as shown in Eq. (4.5). Its least-

square solution, for a full-rank matrix Xi−1, is given by the economy-size QR-

decomposition of the data sequenceXi−1 as,

a = R−1QHxi, (4.7)

whereQR = Xi−1. The vector a forms the last column of the companion matrix

S. The dynamic modes φ and respective angular frequencies λ are extracted from

S through the expression:

φi = Xi−1vi (4.8)

λi = arg(µi)Fs (4.9)

where vi is the i th eigenvector of the matrix S, µi is the i th eigenvalue and Fs

is the sampling rate. µi are referred as Ritz value and are logarithmically mapped
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on to the complex plane, such that their real part represent exponential growth

or decay (depending on the sign) and the imaginary part contain the temporal

frequency as Eq. 4.9.

4.4.3 Multi-variable DMD

In turbulent combustion, turbulent flame structures have strong interaction with

flow field. To resolve the combustion dynamics numerically and experimentally,

acquiring multi-variables such as intermediate species and radical distribution,

flow field and acoustic pressure fluctuation. In two-phase combustion specifi-

cally, data concerning the liquid distribution, acoustics and heat release may be

exploited to investigate the combustion dynamics. As is discussed by Richecoeur

et al. [117], one way to improve the detection of coherent structures may be to

combine the data. To detect coherent structure in different variables, they used

multi-variable DMD algorithm combining the data obtained by multi-variable di-

agnostics. In this study, the multi-variable DMD is applied to the reactive turbu-

lent flows and its capability is shown.

In this method, the data matrixXi is composed of a superposition of different

variables (velocity field, Mie scattering intensity, pressure fluctuation, ...) placed

one after the other as illustrated in Fig. 4.3. The obtained dynamic modes are

common to all the variables. Thus, it describes not only one variable dynamics

but also the whole system dynamics.
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Figure 4.3: Schematic of data matrix in the multi-variable DMD.
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4.5 Characterization of global flame and flow struc-
ture, and acoustic behavior

4.5.1 Flames and droplets structure

The mean droplet velocity field and reaction zone in the three operating conditions

(FC40, FC45 and FC70) are shown in Fig. 4.4. The mean fields are computed using

5000 images for each operating condition. Contour line of the velocity magnitude

is superimposed on the natural emission, which indicates mean reaction-zone lo-

cation. Although the droplet distribution exhibits asymmetrical distribution be-

tween upper and lower half of the chamber, the mean reaction-zone location was

computed from mean line-of-sight integrated spontaneous emission intensity via

an Abel deconvolution [118]. It reveals the flame structure on a plane across the

axis of the combustor. The droplet velocity is only computed in the region where

the droplet’s Mie scattering intensity signal shows averagely significant value. For

all condition within this measurement, V-shape flame is anchored inside the injec-

tion device where intense reaction takes place. Increasing equivalence ratio, the

droplet becomes widely spread and the mean reaction-zone shifting downstream

region.
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Figure 4.4: The mean velocity field and reaction zones in the three operating
conditions (FC40, FC50 and FC70 in order from the left). Contour line of the
velocity magnitude is superimposed on the mean reaction-zone location with gray-
scale. The mean reaction-zone location was computed via an Abel deconvolution
of the mean line-of-sight integrated natural emission intensity.
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4.5.2 Frequency characteristics of acoustic pressure and heat
release rate fluctuations

To investigate the evolution of frequency characteristics, the acoustic pressure

(M1, M3 and M4) and heat release rate fluctuation (CH∗) are measured in long

duration (64 seconds at 16 kHz) with continuously changing condition. The orig-

inal 214 × 64 point data is split up into 1023 data segments, each of length 2048

with 50% overlap, therefore the spectral resolution is 8 Hz.

Figure 4.5 shows power spectra of CH∗ intensity (a and b) and acoustic pres-

sure measured by M3, which locates in the middle of the combustion chamber (c

and d). Left two figures show the series of data set FCs and right ones show PCs.

Note that only under FC60 case (φ < 0.63) are calculated from continuous data

obtained changing condition at same sampling frequency (16 kHz). PSD of FC65,

FC70 and all the power constant conditions (PCs) are separately calculated with

same spectral resolution and shown in the same figure.

For the operating condition FCs, Fig. 4.5a exhibits three peaks: relatively

broad peak between 200 and 400 Hz strongly in high equivalence ratio condition,

strong distinct peak around 1700 Hz and very weak one around 1300 Hz only

in the low equivalence ratio conditions. The signal from M3 (Fig. 4.5c) shows

stronger peak in lower frequency than in higher one. The peak around 1300 Hz

is not observed in the acoustic pressure fluctuations from neither M1 nor M4.

Instead there is another peak observed around 900 Hz in the higher equivalence

ratio conditions. For the operating condition PCs, Figs. 4.5b and 4.5d show sim-

ilar peaks in low (between 200 and 400) and middle (around 900 Hz) frequency

range to those for FCs. However, the distinct peak appear in the high frequency

range between 1600 and 2100 Hz.

Acoustic oscillation of the combustor

The strong peak centered around 380 Hz corresponds to the frequency of quater

wavelength mode of the chamber. Providakis [119] performed an acoustic anal-
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ysis of the combustor using a simplified one-dimensional model [120] and esti-

mated the eigenfrequency range with the same combustor as used in the present

study. It is assumed that the chamber temperature is 1400 K for a global equiva-

lence ratio of 0.6 and air preheated at 473 K, using measured temperature at the

chamber exit by a thermocouple and an adiabatic flame temperature obtained by

a numerical simulation [121].

According to their assumption, the acoustic frequencies for the present mea-

surement conditions can be estimated within a range of 280 to 350 Hz. Obtained

frequency in the present study is slightly higher than this estimation. The estima-

tion of the average temperature was made in a same equivalence ratio and preheat

temperature as present case but different staging factor (mode of fuel entry). It

is possible that the flame temperature difference attributed to the fuel distribution

causes the inconsistency.

The peak is observed around 900 Hz in acoustic pressure fluctuation for both

cases of FCs and PCs. This peak may not relate to aerodynamic instability but to

one of the acoustic mode of chamber, plenum chamber or some parts of burner

since the frequency remain nearly unaffected by the change of flow rate as shown

in Figs. 4.5c and 4.5d.

Figure 4.6 presents the evolution of the sound pressure level (SPL) measured

by microphones (M1, M3 and M4) as a function of equivalence ratio. SPL, de-

noted Lp and measured in dB is given by,

Lp = 10 log10

p2
rms

p2
0

[dB]. (4.10)

Here, prms is the root mean square of acoustic pressure fluctuation, and p0(=

20 × 10−6 [Pa]) is the reference sound pressure. Throughout the whole range

within present study, SPL measured in plenum (M1) shows slight increase while

that in combustion chamber (M3 and M4) exhibit large increase. SPL remains

almost constant for the low equivalence cases, φ < 0.45, increase drastically

between φ = 0.45 and 0.55 and exhibit constant increase in the case of φ > 0.55.
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Aerodynamic instability

The distinct peak around 1700 Hz (Fig. 4.5a and c) of FCs and between 1600

and 2100 Hz (Fig. 4.5b and b) of PCs in low equivalence ratio conditions rep-

resent aerodynamic instability corresponding to a helical structure. In the same

combustor with different operating condition, Providakis et al. [106] conducted

high-speed PIV and OH PLIF measurement on the several transverse planes in the

combustion chamber. It was revealed that the helical structure precesses around

the chamber axis. However, in this study the measurements are only conducted

in the axial plane, thus it is not possible to examine the existence of PVC in the

specific condition. Nevertheless, it can be said that the distinct peak corresponds

to the helical structure with its non-axisymmetric nature, which will be shown in

Sec. 4.6.3.

It has been known that the rotation frequency of the helical structure and pre-

cessing frequency in the case of PVC are a function of flow rate [22]. The rotation

frequency can be estimated from geometry of the injection devices. Swirl number

is defined as the ratio of the axial flux of tangential momentum to that of the axial

momentum times a characteristic dimension of the swirler. Sheen et al. [122] have

experimentally shown that the swirl number S is linearly proportional to the ratio

of volumetric mean azimuthal (ūθ) to axial velocity (ū) with a radial type swirl

generator, and the relation is,

S =
3

4

ūθ
ū
. (4.11)

Since the swirler was designed so that swirl number, S, is close to unity, one can

estimate azimuthal velocities from the axial velocities as:

ūθ =
4

3
ū (4.12)

Considering geometrical relationship, the mean velocity in the axial direction can

be estimated as,

ū =
ṁ

ρπ(R2 −R2
p)

(4.13)
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where ṁ corresponds to the mass flow, R and Rp are the internal radius of the

pilot mixing area and the external radius of the pilot fuel injection, and are 7.5

and 2 mm, respectively. 13% of the mass flow rate passes through the pilot swirler

so that ṁ = 0.13ṁa.

Using above relationship, the rotating frequency of the flow can be estimated

as:

fh =
uθ

2πR
(4.14)

Figure 4.7 compares the estimation to the experimental value. Black circles

show the frequencies obtained by the measurement of pressure and heat release

rate fluctuation, while red squares are the estimated values from Eq. (4.14). A dif-

ference of 15% between the estimated and the experimental values is found. Still,

this approximation gives a good order of magnitude of the expected frequency.

Dotted line shows a linear regression, f = a × ṁa (a = 50). The rotation fre-

quency has been measured over a wide range of air flow rate in the previous study

(from 10 to 60 [g/s]) [119], and all the cases were on the line, which is consistent

with the present case. Strouhal numbers, St = 2fhR/ū, of the helical mode for

all conditions are St ≈ 0.70 within less than 1.5%.

From Figs. 4.5 and 4.6, one can assume that the aerodynamic instability get-

ting weaker instead of the acoustic oscillation. In addition, the middle range

frequency coincide the difference between that of these two fluctuations (fh −
fac) and they are only seen in the conditions where the aerodynamic oscillation

strongly appear. It seems to represent the interaction between the acoustic oscil-

lation and the helical fluctuation.
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M3 (in the middle of combustion chamber) and M4 (downstream of combustion
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of the air flow rate.
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4.5.3 Frequency characteristics of velocity fluctuation

Figure 4.8 shows PSD of velocity fluctuation near the nozzle exit (X = 12 mm,

Z = −27 mm) for two operating conditions (FC40 and FC70) with fixing the

global air flow rate at 32.3 g/s. In the lowest equivalence ratio condition (FC40,

Fig. 4.8a), the distinct peak is seen at fh = 1680 Hz, which is the same frequency

as the one observed in the heat release and acoustic pressure fluctuation (Figs.

4.5a and 4.5c). With increasing equivalence ratio, the peak corresponding aerody-

namic fluctuation is getting weaker and broader. In the highest equivalence ratio

condition (FC70) shown in Fig. 4.8b, there still exist peak around fh, which is not

observed in the heat release and acoustic pressure fluctuation. In addition, one can

see a strong but relatively broad peak centered at fac = 283Hz.

The spectra show similar tendency in the case with constant power produced

by burner (PC40 ∼ PC70). The spectral analysis on velocity fluctuation also reveals

same tendency that aerodynamic instability seems to be strong in lower equiva-

lence ratio conditions and getting weaker with equivalence ratio increase. How-

ever, the frequency a characteristic of velocity fluctuation strongly depends on

the location of the data is taken. It has been revealed that the helical structure is

formed just after the nozzle exit and propagates downstream [123, 124]. Thus, the

peak corresponding to the helical oscillation does not appear when the spectral

analysis is performed in the downstream region.
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Figure 4.8: PSD of velocity fluctuation near the nozzle exit (X = 12 mm, Z =−27
mm) for two operating conditions (a) FC40 and (b) FC70.
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4.6 Optimal dynamic modes in the swirl-stabilized
combustor

The DMD technique is able to optimally identify and extract the dynamically most

relevant structures. The temporal information is contained in the frequency as Eq.

(4.9), while the spatial information is expressed as dynamic modes as Eq. (4.8).

4.6.1 Optimization of conditions

According to Schmid [116], the principal values of the algorithm are the time sep-

aration between the snapshot, ∆t, and the number of processed snapshots, Ns. In

addition, the sample images are reduced Fr times from its original size. Since ex-

perimental data is used for this analysis, there is an effect of measurement noise.

The resize process can reduce the noise as well as the computational time while

too large value of Fr causes a lack of spatial resolution. The aim here is to op-

timize the analysis conditions by determining the values such as time separation,

number of samples and resize factor.

Time separation, ∆t, can be determined by considering the time-scale of the

phenomena of interest and Nyquist frequency, fn. In this sturdy, the highest fre-

quency that is investigated is that of the helical mode and about 2 kHz, which is

less than half of fn (= 5 kHz in the PIV and Mie scattering measurement). Con-

sequently, it is proper to set the time separation of ∆t = 1/fn = 0.2 ms. The

number of samples (Ns) are set to resolve the mode associated to acoustic oscil-

lation (fac ≈ 380 Hz) and to helical structure (fh ≈ 1600 Hz in the operating

condition FCs) at lowest.

DMD analysis is applied to the Mie scattering distribution varying Ns and Fr.

The 1.5 seconds measurement data is divided into separate blocks that have Ns

snapshots each. Then the DMD technique is applied to these blocks as if they

were different datasets but for the same flow and spray condition. Convergence

of DMD is evaluated in terms of L2 norm of residual r, which is defined as Eq.

(4.5). In Fig. 4.9, the L2 norm of the residual is shown as a function of number
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of samples and resize factor. Note that the residual is logarithmic. The residual

decreases with increasing both Ns and Fr.

Spectral resolution, ∆f , is known as a variable in DMD. When a mode is

distinct and well defined, the local spectral resolution around the frequency tends

to be small. It is then important to check ∆f around the frequency of interest.

Figure 4.10 shows the effects of Ns on the mean and local spectral resolution

around the frequency of helical structure with operating condition FC40. Colored

markers represent the local resolution with different resize factors. The mean fre-

quency resolution constantly decreases with an increase of the number of samples

as classical manner shown as black solid line (Fs/Ns, where Fs is the sampling

frequency). However, the local spectral resolutions disperse and depend on resize

factor. In the case of Fr = 1, which is a raw image, local spectral frequencies are

even higher than mean spectral resolution. In some cases in Fr = 16, one can see

the local spectral resolution much smaller than the average.

From this observation with consideration of spatial resolution, Ns and Fr are

chosen as 500 and 4, respectively. In the following analysis, the local frequency

resolution around the frequency of interest is about 20 Hz. It is known that ∆f

also depends on the last snapshot especially when using an experimental data

[125]. Even with same Ns and Fr, it shows sometimes smaller or larger value. In

this study, the results obtained from 30 data blocks that have 500 snapshots each

are investigated.
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The following analysis in this section focuses on two operating conditions: φ =

0.40 case (FC40) and φ = 0.70 case (FC70) with keeping air flow constant with the

object of demonstrating the capability of the DMD analysis to extract dynamically

dominant phenomena.

4.6.2 Single-variable DMD on Mie scattering intensity and ve-
locity field

Single-variable DMD described in Sec. 4.4.2 is applied to Mie scattering intensity

and velocity field. The relevance of each dynamic mode can be quantified by

computing the amplitude of each structure as, ‖φi‖ and corresponding frequency

is λi/2π.

In Fig. 4.11, the amplitude spectra of the DMD on Mie scattering intensity

for two operating conditions are displayed for FC40 (Fig. 4.11a) and for FC70

(Fig. 4.11b). One can see a strong peak at same frequency (fh = 1690 Hz)

which is observed in spectral analysis of velocity fluctuation (Fig. 4.8a). In the

case of FC70, strong peak at acoustic frequency is seen in the spectral analysis

in acoustic pressure, heat release fluctuation and velocity fluctuation. However,

in DMD analysis on Mie scattering shown in Fig. 4.11b, the peak at frequency

associated to acoustic instability cannot be strongly seen. This might be caused

by the fact that the fuel droplets only present in upstream region just after nozzle

exit where strong helical structure are found. Even though the peak height of the

dynamic modes is smaller in the case of FC70, it is not possible to compare it

quantitatively from that of other cases. Mie scattering intensities are proportional

to the size and the density of droplets, which differ from case to case.

In Fig. 4.12, the amplitude spectra of the DMD on velocity field of case FC40

and FC70 are shown. As expected from the result of Mie scattering intensity distri-

bution, the amplitude spectrum of the DMD on the velocity field detected distinct

peaks at frequency associated to the helical instability for both cases. However, a

peak corresponds to the acoustic oscillation cannot be observed.
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As is mentioned in Sec 4.6.1, the eigenvalues of S is referred as Ritz value, µi,

its absolute value represents exponential growth (|µi| > 1) or decay (|µi| < 1). A

unit magnitude hence represents stationary mode amplitude. Fig. 4.13 compares

Ritz value of DMD on the Mie scattering intensity distribution (black circles)

and on the velocity field (red squares). The operating condition is FC40 and the

data sequences acquired at same timing are used for both cases. All dynamic

modes obtained from velocity field except Mode 0, which is assumed the mean

flow field [115], are decaying (|µi| < 1). On the other hand, the majority of

them cluster on the unit circle in Mie scattering intensity data, which indicate the

dynamic processes are in an equilibrium state [114]. The inconsistency between

these two despite the fact that same physical phenomena are used for both cases

is probably attributed to a lack of spatial resolution. The velocity is calculated

using PIV algorithm with 48 pixel interrogation window and obtained every 16

pixels. Consequently, the spatial resolution is not same between Mie scattering

and velocity magnitude.
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Figure 4.11: Amplitude spectra of DMD on Mie scattering intensity for two oper-
ating conditions (a) FC40 and (b) FC70.
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Figure 4.12: Amplitude spectra of DMD on velocity fields for two operating con-
ditions (a) FC40 and (b) FC70.
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Figure 4.13: Ritz value obtained by DMD analysis with Mie scattering intensity
distribution (black circles) and velocity fields (red squares) with operating condi-
tion FC40.
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4.6.3 Multi-variable DMD

As mentioned in section 4.4.3, one can use the multi-variable DMD algorithm to

detect coherent structure in different variables. In present study, multi-variable

DMD is applied to the Mie scattering intensity distribution, simultaneously mea-

sured acoustic pressure at plenum (M1) and the middle of combustion chamber

(M3) and heat release rate fluctuation (CH∗). The analysis condition such as num-

ber of samples and resize factor are set to be same as the single variable DMD

such that Ns = 500 and the Mie images are reduced by Fr = 4, respectively.

In Fig. 4.14, the amplitude spectra of the multi-variable DMD of case FC40

and FC70 are displayed. The spectrum in the lowest equivalence ratio case (4.14a)

shows a narrow strong peak at fh = 1690 Hz and a low peak at 280 Hz, which

is not observed in the single variable DMD on Mie scattering intensity. The am-

plitude of the peak associate to aerodynamic fluctuation decreases relative to that

of acoustic one with increasing equivalence ratio. In the highest equivalence ratio

case (Fig. 4.14b), the spectra reveals high amplitude and relatively wide peak at

288 and 320 Hz which may represent the one observed from PSD of local velocity

magnitude (fac = 308 Hz).

The both modes, which are of interest in the present study, associate to acous-

tic and aerodynamic oscillation can be detected by multi-variable DMD. Their

characteristics will be investigated using this technique in the following section.
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Figure 4.14: Amplitude spectra of multi-variable DMD on Mie scattering inten-
sity, acoustic pressure and heat release fluctuation for two operating conditions (a)
FC40 and (b) FC70.
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Spatial distribution of dynamic mode

Figures 4.15 and 4.16 show a cycle of reconstructed DMD mode associated to the

frequency of aerodynamic instability mode oscillation every 45◦ for the case FC40

as a example of the case in which aerodynamic instability is a dominant, and for

the case FC70 as a example of the case in which acoustic instability is a dominant.

The corresponding frequency is approximately 1690 Hz for FC40 and 1720 Hz for

FC70. Although acoustic pressure and heat release fluctuation data are also used

for the multi-variable DMD analysis, the DMD mode is reconstructed only on Mie

scattering data. Red regions represent positive value and blue region is negative.

Contours of 25% Mie scattering intensity (black line) are added.

Although lower half of the mode is shown here, all conditions present an op-

posite behavior between the lower and upper region of the chamber. It represents

the asymmetric structure of the helix on the axial plane. In the strong helical os-

cillation condition (Fig. 4.15), the structure lines up alternatively in the direction

of the jet injection. The spatial distribution of the mode is very similar within all

low equivalence ratio conditions (FC40,45,50 and PC40,45,50). On the other hand,

each spatial cell (positive or negative) of the strong acoustic oscillation condition

(FC70, Fig. 4.16) extends in length towards downstream. Whole structure also

stretches and penetrates into deeper region in the chamber. Increasing equiva-

lence ratio lead to the higher flame temperature, rapid evaporation and then better

fuel–air mixing. In addition, higher gas temperature causes stronger gas expan-

sion. These phenomena may help fuel jet and mean reaction zone penetrate into

deeper region of the combustion chamber.

In the same flow and droplet condition with non-reacting flow, spatial distribu-

tion of dynamic modes associated to helical structure do not alter much between

the conditions. The change in the distribution will be further investigated in the

next section.

Figure 4.17 shows reconstructed DMD mode associated to the frequency of

acoustic mode. For this case, opposite half is symmetric. Instead of the alterna-
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tive structure in the case of helical oscillation mode, each structure reaches deeper

region and the fluctuating cycle shows oblique oscillation. The thermoacoustic

instability corresponding to the quarter-wave mode of the combustion chamber

induces longitudinal acoustic oscillation. As a result, the dynamic mode indicates

that oblique angle of the liquid fuel spray is perturbed with the characteristic fre-

quency.
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Figure 4.15: Reconstructed DMD mode associate with the helical mode for the
operating condition FC40.
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Figure 4.16: Reconstructed DMD mode associate with the helical mode for the
operating condition FC70.
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Figure 4.17: Reconstructed DMD mode associate with acoustic mode for the op-
erating condition FC70.
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4.7 Dynamic mode associate to aerodynamic and acous-
tic oscillation

4.7.1 Temporal stability and strength of each dynamic mode

Figure 4.18 shows the frequency associated to helical structure detected in the

amplitude spectra in each case. The black circles and red square represent the

mean frequency for the each data set of FCs and PCs, respectively. The error bars

show standard deviations that are calculated from 30 datasets. The mean helical

oscillation frequencies of power constant cases show almost linear decrease with

equivalence ratio increase while that of FCs almost constant between 1680 Hz and

1700 Hz. In the case of φ < 0.5, the frequency variation is within several Hz for

both data series, FCs and PCs. It indicates that there is a temporally well-defined

helical mode only depending on global air flow rate regardless of equivalence

ratio unless the mode loses its temporal coherence in the case of φ > 0.5 where

the standard deviation of the frequency increases.

On the other hand, the evolution of frequency associated to the acoustic oscil-

lation is shown in Fig. 4.19. In this case, standard deviation (σ) is shown in the

right axis to show clearly the change in each condition. For all cases, the char-

acteristic frequencies are between 280 and 360 Hz with relatively high standard

deviation. In contrast to the helical mode, the standard deviation becomes low

with increase of the equivalence ratio especially in PCs. Therefore, the acoustic

oscillation becomes temporally well-defined in high equivalence ratio conditions.

To analyze the strength of a dynamic mode from the spectra, one must be

careful because the multi-variable DMD contains Mie signal, which depends on

the droplet size. As mentioned in the last section, it changes with spray condition.

To allow comparisons between the runs, an “intensity” of the dynamic mode

that represents helical structure is computed from the amplitude spectrum as a

signal to noise ratio (SNR) of the peak. The height of the peak at the helical

oscillation frequency is divided by the baseline (mean value of the signal range
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between fh −∆f Hz and fh + ∆f Hz). In this study, ∆f is chosen to be 200 Hz.

Figures 4.20 show the intensity of the helical structure in the both cases of FCs

(black circle) and PCs (red square) in the reactive cases (Fig. 4.20a) as well as in

the non-reactive cases (Fig. 4.20b) as a reference. Same analyses with different

∆f are performed within a range, which does not contain other distinct peak.

Consequently, they do not change the result qualitatively.

The standard deviation of this treatment is around ±30%, which is quite high

but the amount of runs enable tendencies to be drawn. For both cases, the strength

is high in low equivalence ratio conditions (FC40,45 and PC40,45) while it seems to

drop between φ = 0.45 and 0.55. On the other hand, the SNRs for both cases in

non-reacting flow remain constant (Fig. 4.20b). One cannot see clear difference

in its tendency between two sets of data: changing equivalence ratio with air flow

rate constant (FCs) or power constant (PCs).

The strength of the acoustic modes is also calculated in the same manner as for

helical oscillation mode. Figure 4.21 shows the SNR of acoustic mode in the both

cases of FCs (black circle) and PCs (red square). The strength of the acoustics

fluctuation shows constant increase with the equivalence ratio. This is consistent

with an evolution of SPL. Furthermore, it is shown that the acoustic oscillation

dominates the whole system in high equivalence ratio condition.
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DMD for each condition.

0

200

400

600

800

0.40 0.45 0.50 0.55 0.60 0.65 0.70

FCs (mean)

PCs (mean)

FCs (standard deviation)

PCs (standard deviation)

30

60

90

120

150

φ

f 
 [

H
z
] σ

  [H
z
]

Figure 4.19: Detected frequency corresponding acoustic mode from multi-
variable DMD for each condition.
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Figure 4.20: The strength of helical mode as a function of equivalence ratio with
FCs (black) and PCs (red).
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Figure 4.21: The strength of acoustic mode as a function of equivalence ratio with
FCs (black) and PCs (red).
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4.7.2 Coherence of helical structure

As discussed in above, the helical structure is temporally well defined and mode

strength is high in the low equivalence ratio condition and its strength decrease

with the equivalence ratio increase while the acoustic oscillation is becoming

stronger and temporally well-defined. A concern here is if the spatial structure

of helix itself alters with equivalence ratio change or the structure is coherent in

any condition and its relative strength just getting weaker. To determine the co-

herence of the spatial distribution of modes associated to the frequency of helical

oscillation in each mode, correlation coefficient of each run is calculated.

Figure 4.22 shows the correlation coefficient of the reconstructed mode be-

tween FC50 and the other cases. Since the dominant mode seems to be different

between higher and lower equivalence ratio of 0.5, FC50 is chosen to be a refer-

ence in this analysis. The correlation coefficient is calculated only in regions of

mean Mie scattering intensity above 25% of the maximum intensity.

Figure 4.22a shows the correlation coefficient for the operating conditions FCs

(black circle) and PCs (red square). Figure 4.22b is for the case of non-reactive

sprays with both same air flow and same fuel injection condition as a reference

case. In the low equivalence ratio conditions, FC40,45 and PC40,45 in Fig. 4.22a,

the correlation coefficient is very high (> 0.9) and its variation is small. It means

that the spatial structure of helical mode is not change, suggesting that the aero-

dynamic instability possesses coherent helical structure in low equivalence ratio

conditions. The correlation coefficient in FC/PC50 distribute with larger standard

deviation while the values itself are still high. With increasing equivalence ratio,

the mean value decreases and the standard deviation increases.

In the non-reactive cases, the mean correlation coefficient remain high (> 0.9)

in the high equivalence ratio conditions. This means that the changes in the spray

do not alter the helical structure. The decrease of the value can be seen higher

equivalence ratio case (φ > 0.5). This corresponds to the change in the mode

strength in Fig. 4.20a. The coefficients are lower in the conditions PCs than that
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in FCs since the global flow rate alters with different equivalence ratio, hence the

mean distribution of the droplets also alters.

One may conclude that there is a temporally well defined and spatially co-

herent helical mode in the low equivalence ratio cases in φ 5 0.5. In higher

equivalence ratio cases, the helical mode loses the coherence, and dominant mode

switches to the acoustic oscillation.

The helical structure has an effect to stabilize flame in upstream of the chamber

by enhancing the mixing of air and fuel [18, 23, 24]. Therefore, weakening the

helical mode leads to modification of the flame anchoring process. The mode

changes coincide with the evolution of SPL with equivalence ratio change, which

is measured by microphones (as shown in Fig. 4.6). This can be the result of

flame–turbulence interaction. The acoustic pressure oscillation vibrates the helical

structure and results in a loss of the stability and the coherence. The weakening the

helical mode changes flame anchoring process, leading to the increase of unsteady

flame fluctuation and the coupling of heat release and pressure oscillation. The

measurement of local flame structure such as CH and OH PLIF is highly required

to investigate such flame–turbulence interaction.
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Figure 4.22: The correlation coefficient of DMD mode associated to helical oscil-
lation between equivalence ratio 0.50 case (FC/PC50) and others. The operating
conditions FCs (black) and PCs (red).
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4.8 Interim conclusions

In this chapter, the two dominant modes that are acoustic and aerodynamic in-

stability have been investigated in the liquid-fueled (dodecane) swirl-stabilized

combustor with varying global equivalence ratio. To give detailed insight into the

flow dynamics, multi-variable DMD has been introduced. The obtained results

are as follows.

(1) In swirl-stabilized combustor, the helical structure associated to the aero-

dynamic instability and the oscillation caused by thermoacoustic instability

exist.

(2) There is a temporally well defined and spatially coherent helical mode re-

gardless of the global equivalence ratio in the case of φ 5 0.50 and aerody-

namic instability is dominant, while in higher equivalence ratio cases, the

helical mode loses the temporal and spatial coherence, and dominant mode

switches to the acoustic oscillation.
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In this study, flame and flow dynamics in turbulent combustion have been investi-

gated by the high-speed laser diagnostics in order to contribute the development of

highly-efficient and low-emission combustor. The results obtained in each chapter

are summarized in the present chapter as follows.

In chapter 2, high repetition rate simultaneous measurement consisting of CH–

OH PLIF and stereoscopic PIV with an acquisition rate of 10 kHz and a mea-

surement duration exceeding 1.0 s has been developed. The obtained results are

summarized as follows.

(1) With increasing the jet velocity, the number of flame wrinklings increases

and the flame front turns to exhibit a very complicated geometry, leading to

the creation of the large-scale unburned mixture islands in high Reynolds

number turbulent jet premixed flame.

(2) The large-scale unburned mixture islands are split into many fine-scale un-

burned mixtures. These fine-scale mixtures are expected to be consumed

very rapidly, they may enhance the turbulent burning velocity of the entire

jet flame.

(3) When sequential OH and CH PLIF images are observed simultaneously

in high Reynolds number turbulence, some regions of fine-scale unburned

mixtures are detected only in the CH images.
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(4) The developed high-speed measurement system based on simultaneous CH–

OH PLIF and stereoscopic PIV can investigate flame and flow dynamics in

turbulent combustion.

In chapter 3, to clarify the flame and flow dynamics of turbulent premixed

flame in high Reynolds number turbulence, the rapid consumption of the fine-

scale unburned mixtures, which are observed around the flame tip of the turbulent

jet, has been investigated. The followings are the obtained results.

(1) The formation and the rapid consumption of the fine-scale unburned mixture

are dominant structures around the tip of high Reynolds number turbulent

jet flame.

(2) The radius of the fine-scale unburned mixtures is approximately 1 mm, of

the order of Taylor micro scale.

(3) Every consumption rate which is obtained from CH/OH PLIF images on

the basis of spherical and pillar assumption, is much higher than the laminar

burning velocity (0.39 m/s).

(4) The most probable consumption rate as a function of mean curvature sug-

gests the increase of the consumption rate with decreasing curvature (or

decreasing radius of the mixture).

(5) There are two dominant effects on the consumption rate, which are heating

up of the mixtures by surrounding burned gas and strain rate due to turbu-

lence.

In chapter 4, the two dominant modes that are acoustic and aerodynamic in-

stability have been investigated in the liquid-fueled (dodecane) swirl-stabilized

combustor with varying global equivalence ratio. To give detailed insight into the

flow dynamics, multi-variable DMD has been introduced. The obtained results

are as follows.
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(1) In swirl-stabilized combustor, the helical structure associated to the aero-

dynamic instability and the oscillation caused by thermoacoustic instability

exist.

(2) There is a temporally well-defined and spatially coherent helical mode re-

gardless of the global equivalence ratio in the case of φ 5 0.50 and aerody-

namic instability is dominant, while in higher equivalence ratio cases, the

helical mode loses the temporal and spatial coherence, and dominant mode

switches to the acoustic oscillation.
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On the importance of temporal context in interpretation of flame dis-

continuities. Combustion and Flame, 156(1):269–271, 2009. doi:

http://dx.doi.org/10.1016/j.combustflame.2008.09.010.

[48] A. Steinberg, I. Boxx, C. Arndt, J. Frank, and W. Meier. Experimental

study of flame-hole reignition mechanisms in a turbulent non-premixed

jet flame using sustained multi-kHz PIV and crossed-plane OH PLIF.

Proceedings of the Combustion Institute, 33(1):1663–1672, 2011. doi:

http://dx.doi.org/10.1016/j.proci.2010.06.134.

[49] A. Steinberg, I. Boxx, M. Stöhr, C. Carter, and W. Meier. Flow–
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