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Summary

Stratified mode of combustion in practical applications increases their fuel efficiency and reduces
CO, emissions. However, a better control of stratified combustion requires deeper knowledge
about the propagation of flame through stratified mixture field. So, in order to understand the
stratified combustion and to provide quantitative data for the numerical modeling, the propagation
of propane-air flames through stratified mixture field under laminar and turbulent flow condition
in a constant volume combustion chamber is investigated. Simultaneous PIV/PLIF measurement
techniques have been utilized to calculate combined velocity and equivalence ratio field of flame
propagation. The flow of propane-air mixture is seeded with olive oil particles and anisole vapor,
illuminated by combined PIV/PLIF laser sheets and emitted Mie scattering signal is collected
by CCD camera and emitted fluorescence signal is collected by ICCD camera. The acquired
images are then post-processed to measure combined flow and scalar fields of combustion. The
interference of one technique on other technique are verified and successfully eliminated. All the
parameters of experimental set-up are optimized to produce quantitative data with low uncertainty
and the accuracy of measurements are improved with new post-processing tools developed in this
work.

In the first part of study, turbulent stratified flame propagation in a constant volume combus-
tion chamber is investigated. An axi-symmetrical injection setup has been developed to realize
stratified mixture field and its parameters are optimized to achieve rich mixture condition at the
point of ignition. The evolution of velocity of jet at the entrance of combustion chamber is mea-
sured by hot wire anemometry. The flame is spark-ignited and its propagation through stratified
mixture is acquired by simultaneous PIV/PLIF techniques. In order to isolate stratification effect
from flow turbulence, the flame propagations through six different homogeneous mixtures with
same aerodynamic conditions are also acquired. From the acquired images, combined velocity
and equivalence ratio fields are measured and flame fronts are extracted with sub-pixel resolu-
tion by a new extraction tool. From the extracted flame fronts, global parameters of all the cases
are calculated and compared. The local flame speed, local equivalence ratio and local fresh gas
velocity around the flame fronts are measured for all the cases. The local values of stratified
flames are conditioned by local equivalence ratio and conditioned values are compared with that
of equivalent homogeneous cases to understand the effect of stratification on the enhancement
of flame propagation.

The second part of study is focused on the developments of local measurements of flame
speed and fresh gas velocity in order to investigate laminar stratified flames quantitatively. So in
this part, two original methods have been developed to deduce the local flame speed and local
fresh gas velocity from pair of PIV images. The local flame speed is measured from the distance
between two successive flame front positions. The local fresh gas velocity near the flame front
is extracted from the maximum of the normal velocity profile, located within 1 mm ahead of the
flame front. To achieve the required spatial resolution, a new algorithm based on interrogation
window reshaping technique has been developed which takes into account the flow and flame
front topologies. The accuracy and reliability of the new methods have been evaluated from two
complementary approaches based respectively on synthetic images of particle and on the well-
established configuration of outwardly propagating spherical flames.



The final part of this study is the investigation of laminar stratified flame propagation in a
constant volume combustion chamber. For that, a unique injection setup has been developed
to achieve controllable as well as repeatable laminar stratified mixture field inside a constant
volume combustion chamber. The injection system is optimized to realize very low flow with
very high degree of stratification. The flame is then spark-ignited and its propagation through
stratified mixture is acquired by using simultaneous PIV/PLIF measurement techniques. The
flame propagations through three different stratified fields with same aerodynamics are acquired
to know the effect of degree of stratification on flame propagation. From the particle images,
the local flame speed, local fresh gas velocity and local laminar burning velocity are calculated by
using new PIV algorithms developed in the second part of this work. The local variables of all three
stratified cases are then conditioned based on local equivalence ratio of ¢ = 0.6 and compared
with each other in order to know the influence of degree of stratification on memory effect and
relaxation time of stratified flames. The experimental data gathered in this study provides a useful
validation set for stratified combustion models.

Keywords: Stratified combustion, Local laminar burning velocity, PIV, PLIF, Propane-Air,
Memory effect, Adaptive interrogation window scheme, Local fresh gas velocity, Axi-symmetrical
injection, Hot wire anemometry, Flame front extraction
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Chapter 1

Introduction

1.1 Fossil fuel combustion and pollution

Since the start of industrial revolution, we developed the ability to harness power of fossil fuels,
which eventually influenced our day-to-day life. At the beginning of 18" century, coal is used to
fire the steam engines and coal gas is used as gas lights. Then, transportation sector started to
expand with the application of steam engines and further accelerated by the invention of inter-
nal combustion engines powered by gasoline and diesel oils. Today, energy produced from the
combustion of fossil fuels cover almost 85% of global energy demand [Brown (2006)]. The usage
of fossil fuel is continuously increasing with the development of emerging economies and with
rise of human population. But the burning of fossil fuels produces lot of harmful emissions and
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Figure 1.1: Projections of fossil fuel availability and CO- emissions. Figure taken from Law (2007)

our unsustainable addiction to the consumption of fossil fuel started to impact the environment of
the Earth. Among the pollutants, greenhouse gases (GHG) plays a crucial role in controlling the
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temperature of Earth’s atmosphere. One of the major greenhouse gases is carbon dioxide (CO,).
The historical and projection of CO, emissions after start of industrial revolution is shown in Fig.
1.1. The global mean surface temperature is increased 0.8 °C during the period 1850 to 2000 and
projected to increase around 3 °C if that current pattern of fossil fuel consumption is continued.
This high global temperature could affect the delicate balance of nature of Earth and could lead
to catastrophic situations. So it is important to reduce the fossil fuel consumption, cut down the
emissions and to find alternative energy sources within another two or three decade.

At present, transportation sector consumes around 25% of world’s fossil fuel supplies, burning
them in internal combustion engines and gas turbines, and produces lot of greenhouse gas emis-
sions. The historic and future predictions of CO, emissions by different mode of transportation is
shown in Fig. 1.2. It clearly shows that the road transportation sector is the major contributor of
CO- emissions in to the atmosphere. Since the level of emission is proportional to the consump-
tion, it is important to improve the fuel efficiency of automobiles. So the top priorities of vehicle

15.51C02
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/ Road
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Figure 1.2: CO, emissions by different modes of transportation (source IPCC Fourth Assessment
Report: Climate Change 2007)

manufacturers are increasing the fuel efficiency and reducing the emissions to zero level. Recent
research and developments focus on new strategies to control the combustion and to reduce the
emission. One such technology is the gasoline direct injection (GDI) engines which offers more
fuel efficiency and lower CO, emissions than conventional petrol engines [Zhao et al. (1999),
Alkidas (2007)].

1.2 Gasoline direct injection engines

Mitsubishi was the first gasoline direct injection engine manufacturer who introduced the GDI en-
gines to the Japanese market in 1996 and to the European market in 1997 [lwamoto (1997)]. This
was followed by manufacturers throughout the world due to its improved efficiency compared to
port-fuel-injected (PFI) engines. The major difference between GDI engine and PFI engine is the
way of preparing fuel-air mixture inside a combustion chamber. In the PFI engine, fuel is injected
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into the intake manifold which partially evaporates and mixes with throttled air flowing to the cylin-
der during intake stroke. This injection strategy indirectly controls the fuel-air mixture condition and
that leads to cold starting problem, fuel wall wetting, incomplete burning and higher emissions.
Those problems can be avoided by direct injection of fuel inside the cylinder. In GDI engine, fuel
is directly injected inside the combustion chamber like diesel engine which helps to provide pre-
cise control on fuel-air mixture condition at each cylinder based on the requirements. The main
advantages of GDI engines over PFI engines are the elimination of pumping loss, charge cooling
effect, higher volumetric efficiency, higher compression ratio, lower octane requirement, improved
transient response of engine, faster cold starting and lower CO, emissions [Zhao et al. (1999)].
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(a) GDI engine operating map (Zhao et al. (1999)) (b) Ford 3.5L EcoBoost engine

Figure 1.3: Gas direct injection engine

One example of GDI engine operating regimes is shown in Fig. 1.3. The potential of GDI en-
gine is realized by advanced combustion strategies which switch the engine operating condition
from homogeneous regime to stratified combustion regime whenever possible. Under low engine
load and low engine speed conditions, the engine operates in the stratified mode by delayed in-
jection. In this mode, the overall mixture is lean but the mixture is rich around the spark plug at
the time of ignition, which ensures the combustion. This strategy results in less fuel consumption
and lower C Oy emissions. Under normal load conditions, the engine operates in the homoge-
neous mode by injecting the fuel during intake stroke. This homogeneous combustion mode of
GDI engine is also effective due to the direct injection which improves the overall performance of
engine.

In GDI engine, fuel-air mixing strategy plays a key role in determining the performance of en-
gine. Three major strategies have been developed as shown in Fig. 1.4. Spray guided systems
are realized by a special arrangement where the spark plug and injector are located close to-
gether. The equivalence ratio around the spark plug is controlled by the spray penetration so the
distribution of fuel-air mixture depends on the spray characteristics. The performance of spray
guided system is affected by spark plug wetting, shortened spark plug life, high cost of resistant
materials and so on. The wall guided system relies on the shape of piston crown in order to
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N

Figure 1.4: Classification of GDI combustion systems: spray-guided (left), wall-guided (middle) and
flow-guided (right) system. [Hentschel (2000)]

achieve the rich mixture around the spark plug. The piston crown is shaped like bowls to direct
the flow toward the spark plug. This creates tumble motion inside the plane which reduces the
wall wetting effect by directing the hot flow toward the wall which promotes the evaporation of
fuel droplets. The wall guided system is intensively used due to its advantages over spray guided
system. In the flow guided system, the fuel spray is guided to the spark plug by air motion. The
inlet valves are designed in such a way that they create an air flow that rotates around the spark
plug. The problem with this strategy is the fuel deposit on the wall due to centrifugal force of air
motion. So in all the methods either fuel flow or air flow pattern plays a key role in achieving the
stratification of mixture field around the spark plug. An optimum GDI engine needs precise con-
trol of fuel-air mixture around the spark plug which depends upon various parameters of injection
system, cylinder and piston geometries, valve timings, engine operating conditions. Therefore,
potential advantages of GDI engines are constrained by the difficulties in controlling the stratified
mixture around spark plug, complexity of injection and combustion controlling systems needed for
smooth operation, and so on [Zhao et al. (1999)].

1.3 Background

The stratified combustion mode of GDI engine improves the fuel efficiency and reduces CO-
emissions significantly. However, to achieve the benefits of stratified combustion, the engine con-
figuration must be able to generate favorable stratified mixture condition around the spark plug,
otherwise knock and misfire can occur. Indeed, numerical simulation tools can be very helpful
to optimize the engine design parameters but the selection of desired mixture conditions around
the spark plug for different engine operating conditions is difficult and that requires deeper knowl-
edge about the stratified combustion. Actually, stratified combustion is very complex one where
the flame front propagates through non homogeneous mixture field and subjected to various tur-
bulent scales. Unlike premixed flames, stratified flames exhibit memory effect which means the
characteristics of propagation is affected by the burned products of previous timings of propaga-
tion. This memory effect combined with flow-flame interactions and complex engine geometries
make the stratified combustion very difficult to model. So it is necessary to investigate the strat-
ified combustion and to develop experimental database for further improvements of GDI engine
technology.
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1.4 Objectives of this study

The main objective of this experimental study is to investigate the stratified flame propagation
in simplified configuration in order to understand the stratified combustion and to provide useful
data for the numerical simulations. Quantitative analysis of combustion parameters can be very
helpful in that regard and those parameters can be measured from the flow and scalar fields of
flame propagation [Pasquier et al. (2007)]. So, one of the main tasks of this study is to mea-
sure the combined flow and scalar fields of flame propagation by utilizing simultaneous PIV/PLIF
measurement techniques.

D, () P,
" I % O, |
q)l
(a) Case 1: Turbulent stratified com-  (b) Case 2: Laminar premixed com-  (c) Case 3: Laminar stratified com-
bustion bustion bustion

Figure 1.5: Case studies.

The main aim of this study is to analyze the flame propagation through stratified mixture field
under laminar and turbulent flow conditions. So the work is divided into three cases (Fig. 1.5) as
given below:

1. To achieve a turbulent stratified mixture field inside a constant volume combustion cham-
ber and to analyze the flame propagation through stratified and equivalent homogeneous
mixture fields in order to gain the knowledge of stratification effect on flame propagation.

2. To develop a direct experimental approach to measure the local instantaneous laminar burn-
ing velocity of stretched premixed flames in order to extend the application of this approach
to the laminar stratified flames.

3. To establish a laminar stratified mixture field inside a constant volume combustion chamber
and to investigate the flame propagation through different stratified mixture fields in order to
know the effect of degree of stratification on flame propagation.

1.5 Outline of the thesis

The present thesis is organized into eleven chapters.

Chapter 2 contains a brief summary about the fundamentals of laminar premixed combustion,
turbulent combustion and the partially premixed combustion. A literature review about the
experimental and numerical investigations on stratified flame propagation is provided.

Chapter 3 gives a brief introduction of experimental configurations used in this work.
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Chapter 4 describes the principle of PIV technique, its subsystems and the post-processing
schemes used to measure the velocity vector field. The uncertainty and spatial resolution of
velocity measurements are provided.

Chapter 5 describes the PLIF technique, its subsystems and the fluorescent tracer used in this
work. The new LIF image error correction algorithm for the measurement of equivalence
ratio field is presented. The uncertainty and spatial resolution of equivalence ratio measure-
ments are provided.

Chapter 6 describes the way of combining the PIV and PLIF techniques in order to achieve the
simultaneous measurement of velocity and equivalence ratio field of flame propagation.

Chapter 7 provides the details of axi-symmetrical injection setup developed for the preparation
of turbulent stratified mixture field inside a constant volume combustion chamber. The ve-
locity and equivalence ratio of stratified mixture field at the time and position of ignition are
presented.

Chapter 8 analyzes the turbulent flame propagation through stratified and homogeneous mixture
fields. The global and local variables of stratified and homogeneous flames are measured
and the results are compared in order to gain knowledge of effect of stratification on flame
propagation.

Chapter 9 introduces a new direct experimental approach developed for the measurement of
local instantaneous laminar burning velocity of stretched flames. Two original methods for
the measurement of local flame speed and local fresh gas velocity near flame front are
presented. The validations of new methods are provided.

Chapter 10 provides the details of injection setup used for the realization of laminar stratified jet
inside a constant volume combustion chamber. The flame propagations through three differ-
ent stratified mixture fields with same flow conditions are analyzed. The local variables are
calculated by using new PIV algorithms. The local conditioned velocities of three different
stratified cases are compared in order to know the effect of degree of stratification on flame
propagation.

Chapter 11 contains a summary of the different tasks carried out in this work and the relevant
conclusions drawn from each task. In the end, some possible research perspectives are
suggested.



Chapter 2

Literature review on stratified
combustion

Abstract. The combustion of fossil fuels converts the chemical energy into heat, but also pro-
duces lot of pollution. The need fo reduce emission and fuel consumption motivates the scientific
research community to develop new technologies. One such technology is the direct injection
gasoline engine which uses stratified combustion strategy for the part load operations. This strat-
ified mode of combustion is complex and the optimization of its various parameters requires more
fundamental understanding of the flame propagation through spatially non-homogeneous mixture
conditions. The characteristics of the stratified combustion depend strongly on the local variations
of mixture and also on the length-scale of these variations. In this chapter, the basic parameters of
combustion process such as laminar burning velocity, flame stretch rate, turbulent burning veloc-
ity and turbulent premixed combustion regimes are reviewed. The effects of equivalence ratio on
the burning velocity, wrinkling of flame front due to the turbulence and the flame front instabilities
are discussed. Few experimental and numerical investigations on the stratified combustion are
reviewed.

2.1 Introduction

The combustion of fossil fuels produces energy that meets almost 85% of global energy demand.
But the combustion process produces lot of greenhouse gases too, which are impacting the cli-
mate of earth [Brown (2006)]. So, the most important concern is to minimize the emissions as
well as improve the efficiency of the combustion processes. A lot of interesting solutions have
been developed in the automobile sector which contributes major part of fossil fuel usage. The re-
cent developments are homogeneous charged compression ignition engines and direct injection
gasoline engines [Zhao et al. (1999, 2003)]. The direct injection gasoline engine technology helps
to realize low fuel consumption as well as low CO, emissions [Takagi (1998), Zhao et al. (1999),
Alkidas (2007)]. But the design parameters of direct injection engine need to be optimized for
the maximum benefits [Duclos et al. (1999)]. In that regard, computational fluid dynamics (CFD)
tools play a key role in optimizing the various parameters like piston crown shape, injector loca-
tion, spray parameters, spark plug orientation and so on. However, numerical modeling requires
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fundamental understanding of the complex combustion processes happening inside the combus-
tion chamber [Barlow (2007)]. Experimental investigations on the simplified configurations can be
very useful to understand the fundamental combustion process [Dégardin et al. (2006), Pasquier
et al. (2007), Anselmo-Filho et al. (2009)]. This chapter covers some of the basic concepts of
combustion and more about the partially premixed flame propagation in laminar and turbulent
flow conditions to examine the availability of data to understand the stratified combustion.

2.2 Laminar premixed combustion

The combustion can be classified as premixed and non-premixed combustion based on the fuel
and air mixing process. In the premixed mode of combustion, the fuel and air are mixed prior to
entering the flame front zone. So in this mode, the flame propagation is more like a wave phenom-
ena and the most important parameter is the laminar burning velocity [Law (2006)]. This laminar
burning velocity is related to the physico-chemical properties of the fuel-air mixture, therefore
many of the premixed flame characteristics such as extinction, flashback, blow-off and turbulent
burning velocity can be computed from the laminar burning velocity.

2.2.1 Structure of laminar premixed flame

The conceptual structure of planar laminar flame is shown in Fig. 2.1. The two important zones
of premixed flame are the preheat zone and the reaction zone. All the chemical processes are
take place in the reaction zone where the fresh mixture burns and produces high temperature
which is around 2000K for the hydrocarbon fuels. This high temperature continuously heats up
the chemically inert premixed zone. Typical value of flame front thickness (d;) which comprises
both reaction and premixed zone is around 0.1 to 1mm [Law (2006)].

The preheat zone thickness of flame front can be related to the properties of fuel-air mixture
by the following expression [Lecordier (1997)]:

A

Oy = ——— 2.1
b= s (2.1)

where ) is the thermal conductivity of mixture, C, is the specific heat, p is the mass density of
fresh mixture and S? is the planar laminar burning velocity. The reaction zone thickness (,) can
be related to the preheat zone thickness (d,) by:

5, =6,/ (2.2)

where 3 is Zeldovich number which is in the order of 10. The thickness of preheat zone and the
laminar burning velocity can be related to the chemical time scale as:

The important characteristic dimensions of laminar premixed flames are 4,, §,, and 7., very essen-
tial for the modeling of turbulent combustion.
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Figure 2.1: Planar laminar premixed flame structure.

2.2.2 Planar laminar burning velocity

The velocity of a perfect one-dimensional, planar, adiabatic, unstrained and steady flame is de-
fined as the planar laminar burning velocity. The first theoretical analysis of planar laminar burning
velocity is proposed by Mallard and Le Chatelier in 1886. Further works are carried out by Zel-
dovich, Frank-kamenetskii, Semenov and Clavin [Glassman (1987)]. The theoretical prediction of
laminar burning velocity is expressed as [Clavin (1985)]:

Pb Dy,

S0 2
Pu ﬁn+17-r

(2.4)

where p, is the density of burned gas, p., is the density of fresh gas region, Dy, is the heat diffu-
sivity of reactive mixture, ( is Zeldovich number, n denotes the reaction order of the limiting com-
ponent and 7. is the chemical reaction time. The above expression also indicates the relationship
between the laminar burning velocity and the equivalence ratio of mixture. The measurement of
planar laminar burning velocity is very difficult due to the practical limitations to achieve adiabatic,
unstrained, steady laminar flame. So, various experimental configurations have been developed
to calculate the laminar burning velocity from the global measurements. The different methods
and the accuracy of measurements are given in the next section.

2.3 Influence of flame stretch rate

The important configurations that have been used for the laminar burning velocity measurements
are flat counter-flow flames [Egolfopoulos et al. (1989)], spherically propagating flames in a com-
bustion vessel [Stone et al. (1998)] and flat adiabatic stabilized flames [Bosschaart and De Goey
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(2004)]. Few experimental results obtained from those configurations for the propane/air mixture
at atmospheric pressure and ambient temperature conditions are shown in Fig. 2.2. In general,
the maximum laminar burning velocity is predicted at around ¢ = 1.0. But there are differences
in the magnitude of laminar burning velocities due to the assumptions used for the calculation,
stretch effects on the flame propagation and the presumed values of fuel-air properties.
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Figure 2.2: Influence of equivalence ratio on the propagation of planar laminar flame.

The influence of stretch rate on the flame propagation is well explained by Bradley et al. (1996).
The flame stretch rate, k, is defined as the fractional rate of change of an area element on a flame

surface [Williams (1985)]:
~1dA

T Adt
where A is the area of the surface element of flame. The total flame stretch rate is the combination
of stretch rate due to the curvature (k.) and stretch rate due to the flow field aerodynamic strain
(ks) [Bradley et al. (1996)].

(2.5)

k= ke + ks (2.6)

Locally, flame front is stretched due to the interaction between flame propagation and flow ex-
pansion, which induces local variations in the flame temperature and the mass burning rate. So,
a strong relationship exists between local flame speed and the local flame stretch rate and any
experimentally measured value of the laminar burning velocity should be associated with their cor-
responding stretch rate [Clavin (1985)]. That means the experimental configuration must provide
a well defined relationship between the flame stretch rate and the flame propagation.

10
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2.4 Spherical flame configuration

Among the different experimental configurations, spherical outwardly propagating flame at con-
stant pressure has an advantage of continuous variation of stretch during the flame propagation,
so that the unstretched laminar burning velocity can be obtained through a linear extrapolation to
zero stretch with some assumptions [Markstein (1964)].

The general expression of flame stretch rate (Eqn. 2.5) can be simplified for the case of
spherically symmetrical flames propagating outward at constant pressure from a central ignition

point source [Clavin (1985)] as:
po 24r

S 2.7)

2
r
where S, is the flame speed and r is the radius of flame front as shown in Fig. 2.3.

o

Figure 2.3: Description of the structure of spherically expanding laminar flame front.

The flame speed of a spherical outwardly propagating flame at constant pressure is related to
the flame stretch rate through a linear relationship, in the limit of a moderate stretch and far from
the extinction limit [Clavin (1985)],

Sy(k)=S) —Lb -k (2.8)

where S) is the unstretched flame speed and L’ is the burned gas Markstein length. The un-
stretched laminar burning velocity is then deduced from the unstretched flame speed by consid-
ering mass continuity at zero stretch.

ug, = Sy /(pu/ps) (2.9)

where, (p./pp) is the ratio of the unburned and burned gas densities assuming adiabatic combus-
tion at constant pressure.

The fresh gas velocity u, near the preheat zone of flame front can be related to the laminar
burning velocity by the following expressions [Bradley et al. (1996)]:

_ o, |
tn, () = Ly (k) (2.10)

11
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U, (k) =ub —L" -k (2.11)

where v} is the unstretched laminar burning velocity and L™ is the Markstein length in the fresh
gas region.

The laminar burning velocity can also be determined directly as the difference between the
local flame speed S, and the local fresh gas velocity u, as a function of flame stretch rate [Bradley
et al. (1996), Lecordier (1997)]

un (k) = Sy(k) — ug (k) (2.12)

up(k) =ud — L™ -k (2.13)

where, 1! is the unstretched laminar burning velocity at zero stretch and L™ is the Markstein
length in the fresh gas region.

Markstein length can be expressed in the non-dimensional form, as a Markstein number (Ma)
by normalizing the length by planar flame front thickness (¢;):

Ma™ = L"/§, (2.14)

The Markstein lengths and Markstein numbers are very useful parameters to analyze the flame
front instabilities [Gu et al. (2000)].

2.5 Flame front instabilities

The flame front can be regarded as a boundary which separates the fresh gas mixture from
the burned products. During the combustion, the burned products expand and the coefficient of
expansion (0) is defined as the ratio of fresh gas mixture density (p,,) to the burned gas density
(p») [Bychkov and Liberman (2000)]. It varies from 5 to 10 for most of laboratory flames. This
expansion of burned products is strongly coupled with fuel flow which leads to the different kind
of flame front instabilities.

2.5.1 Hydrodynamic instabilities

The general structure of flame front is wrinkled in many experimental configurations because of
hydrodynamic instability, first studied by Darrieus and Landau (DL theory). All the flame propa-
gations in gaseous mixtures are subjected to this hydrodynamic instability due to the expansion
of burned products [Bychkov and Liberman (2000)]. The streamlines of wrinkled flame fronts are
completely different from planar flame front propagation. The deflection in the streamlines devel-
ops convective fluxes inside the flame in the direction tangential to the tilted front as shown in Fig.
2.4. Also, the deflection of the streamlines induces a hydro-dynamic perturbation in the upstream
and downstream flow. In the convex part, the streamlines are converging in the burned gases
and the reverse happens for the concave part [Clavin (1985)]. The expansion and contraction of
stream-tubes introduce a pressure gradient which amplifies the flame propagation. So the initial
perturbation in the flame front grows rapidly in time and further wrinkles the flame front, leads to

12
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Figure 2.4: Modifications of streamlines produced by wrinkling of flame front (Clavin (1985)).

the DL instability. Experimental investigations of DL instability have shown that the characteristic
length scale of instability is at least twice the order of flame front thickness [Bychkov and Liberman
(2000)]- The solution for the DL instability has been developed by taking into account the thermal
conduction and fuel diffusion [Clavin (1985)].

2.5.2 Thermo-diffusive instabilities

In the case of premixed flames, even though the fuel diffusion is not controlling the burning rate but
still it is an important factor when the fuel diffusion is stronger than thermal conduction. Actually, it
can lead to the thermal instabilities of flame front. For a wrinkled flame front, the diffusive fluxes of
mass and heat are not only in the normal direction of flame front, but also present in the tangential
direction of flame front as shown in Fig. 2.5.

i I --------- Mass flux
‘l ——— Heat flux
Fresh . Burned
gas gas

P

PR

—

Figure 2.5: Thermo-diffusive instabilities (Clavin (1985)).
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Transverse diffusion fluxes of mass and heat are opposite and modify the local temperature
of combustion. In the convex part of upstream side flame front, the diffusion flux of heat has a
tendency to reduce the temperature whereas the diffusion of mass increases the total amount of
chemical energy to be released. The inverse phenomenon happens in the concave part of flame
front.

The competition between thermal diffusivity (a) and mass diffusivity (D) for a particular species
(k) can be understood well by analyzing its Lewis number (Ley).

Ley = /Dy (2.15)

L,<1 L.>1

Fresh gas

— Heat flux
--------- Mass flux

Figure 2.6: Stabilizing or destabilizing effect of Lewis number (L. # 1) (Law (1989)).

The effect of Lewis number on the stabilization of flame front is shown in Fig. 2.6. For the
case of Lewis number less than unity, reactants diffuse faster than heat which increases the local
temperature at convex front and reduces at concave front. The outcome of this effect is the
increase of flame speed at convex and vice versa at concave front. The opposite phenomenon
happens for the case of Lewis number greater than unity. So for the fuels having Le > 1 becomes
stable and for the fuels having Le < 1 becomes unstable even without the presence of turbulent
flow.

2.6 Laminar partially premixed combustion

The laminar burning velocity is strongly coupled with equivalence ratio of mixture and the stability
of the flame front is related to the Lewis number which is again based on the fuel-air mixture. So
the variation of laminar burning velocity as well as the stability of flame front can be accessed
from the equivalence ratio of mixture for the homogeneous combustion. But there are applica-
tions where the fuel-air mixture is partially premixed. Combustion of stratified fuel-air mixtures is
common in many applications where the behavior of flame propagation are entirely different from
that of homogeneous case. These applications need experimental and numerical investigations
of partially premixed flames to improve the combustion efficiency and to reduce the pollutions.
Few experimental [Ra (1999), Galizzi and Escudie (2006), Kang and Kyritsis (2007a, 2009)]
and numerical [Pires Da Cruz et al. (2000), Marzouk et al. (2000)] investigations have been un-
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dertaken to study the laminar flame propagation through spatially non homogeneous mixture
conditions. The major findings that have been proposed from the investigations are the widening
of flammability limits, enhanced or reduced flame propagation through stratified mixture and mod-
ification of inner structure of flame. The stratified flames exhibit memory effect which enhances
the flame propagation through very lean mixture field. So the estimation of local variables needs
information of flame history which adds further complication to the numerical simulation. Some
details of experimental and numerical investigations are described in this section.

2.6.1 Experimental investigations

A detailed experimental analysis of laminar stratified flame propagation was carried out by Ra
(1999) using a constant volume combustion vessel (Fig. 2.7). He investigated the flame propaga-
tion from rich methane-air mixture (M) to lean mixture (M) using high speed camera together
with Schlieren technique. The mixtures were separated by a soap bubble and the rich mixture in-
side the soap bubble was ignited by a laser beam. He also carried out numerical calculations using
one dimensional HCT code. He concluded that the flame propagation in stratified charge shows

Inlet Port 1
mixture M, | Inlet Port 2 & Outlet Port

mixture M,

(::I parallel beam
(Schlieren sys.)

bubble(soap), D,

pressure transducer

laser beam

Figure 2.7: Experimental setup for the laminar stratified flame propagation (Ra (1999)).

memory effects so that flame propagates faster from rich to much leaner region. He reported
that the hotter burned gas temperature in richer region back supports the flame propagation in
leaner conditions. He insisted that the flame modeling should consider the previous burned gas
temperature and end gas state.

Samson (2002) investigated the laminar flame propagation through stratified propane-air mix-
ture field using PIV, OH and CH chemiluminescence and PLIF techniques. He examined the
propagation of flame along the direction of mixture stratification by using OH and CH chemilu-
minescence images (Fig. 2.8) and observed oval shape of flame front for stratified cases and
decrease of reaction rate with decrease of local equivalence ratio.

15
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(a) OH chemiluminescence (b) CH chemiluminescence

Figure 2.8: Simultaneous tomography and chemiluminescence images for three different stratifications
at 6 ms after ignition (Samson (2002)).

Another interesting experimental investigation was performed by Galizzi and Escudie (2006)
on an oblique laminar flame front propagating in a stratified mixture. They investigated methane-
air flame propagation using techniques: PIV, laser tomography, C H* chemiluminescence, LDA,
thermocouple measurements, and C H, concentration by NDIR method. One example of homo-
geneous and stratified flame is shown in Fig. 2.9. Their conclusions are: increase of flame speed

(a) Homogeneous flame. (b) Stratified flame.

Figure 2.9: Propagation of V-shaped flame front in homogeneous and stratified mixtures (Galizzi and
Escudie (2006)).

in the stratified case, influence of parallel stratification on the oblique flame propagation and the
formation of peninsula shape in stratified mixture region due to the evolution of parallel to normal
propagation of flame front.
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2.6 Laminar partially premixed combustion

Dégardin et al. (2006) was conducted a simultaneous measurement of temperature and mix-
ture fraction of V-shaped laminar flame using PLIF and Rayleigh scattering techniques. Their
experimental setup is shown in Fig. 2.10. They stabilized a V-shaped flame on a heated rod
at the exit of convergent section. By using injection ramps, they were able to generate differ-
ent stratified mixture conditions. They measured simultaneous temperature and mixture fraction
field of methane-air flame and from that they calculated the flame front thickness. From their

Study zone

Honeycomb

IR

Marbles

Fuel injection on  |olojololololalolo

independent ramp
t Metrological air

Figure 2.10: Laminar stratified V-shaped flame propagation (Dégardin et al. (2006)).

experimental results, they concluded that the flame thickness of the stratified flames becomes
quasi-independent of the local methane mole fraction with decreasing equivalence ratios. But for
the homogeneous flames, the flame thickness strongly increases with a decreasing equivalence
ratio.

Kang and Kyritsis (2007a,b, 2009) have developed a controllable way to achieve the mixture
stratification based on a diffusive-convective balance. They investigated methane-air mixtures
using PLIF and line-Raman imaging techniques. The details of their combustion chamber and the
stratified mixture profiles are shown in Fig. 2.11. They concluded that the flames propagating in
the stratified cases are faster, can reach as much as a factor of two compared to the adiabatic
flame speed corresponding to the local equivalence ratio. The heat input from the burned gas
dominates the flame propagation over the decrease of equivalence ratio of mixture that means
back supported as pointed out by other studies [Ra (1999)].
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Figure 2.11: Combustion chamber for stratified flame propagation (Kang and Kyritsis (2009)).

2.6.2 Numerical investigations

The numerical simulations on stratified combustion modeling are few due to the complexity of this
kind of combustion. Freely propagating laminar methane/air flames through spatially stratified
mixture were modeled by Pires Da Cruz et al. (2000). They studied the propagation of flame
through four different stratified configurations. One of their results of flame propagation from
stoichiometric to lean mixture is shown in Fig. 2.12.
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Figure 2.12: Comparison of laminar burning velocities through Stoichiometric to lean mixture (Pires
Da Cruz et al. (2000)).

They observed difference in laminar burning velocity between homogeneous and stratified
combustion. From their observations, the stratified flame exhibits faster propagation and the lower
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flammability domain of methane-air flame is extended from ¢ = 0.5 to ¢ = 0.42. They also
observed higher burned gas temperatures in the stratified case which attributes to the faster fuel
decomposition and faster flame propagation. They reported that the memory effect of flame front
which propagates from rich mixture to lean mixture plays a key role in the stratified combustion.

Another interesting numerical simulation was carried out by Marzouk et al. (2000) on unsteady
strained flame propagation through stratified mixture. They concluded that the flame speeds in
the stratified cases are faster than their equivalent homogeneous conditions and can burn into
mixtures lower than flammability limit. They suggested that the high temperature in the rich region
acts as a temperature reservoir which back supports the flame propagation and broadens in the
lean side.

So far the available experimental and numerical results indicated the different behavior of
stratified flame propagation compared to the equivalent homogeneous conditions. But the ex-
act nature of combustion and the important factors that govern the flame propagation are still
not clearly understood and needs further quantitative investigation of stratified flame propagation
in well established experimental configurations so that measurements can help to improve the
modeling of combustion.

2.7 Turbulent combustion

The turbulent combustion covers the majority of combustion applications such as gas turbines
and internal combustion engines. The understanding and modeling of turbulent combustion are
major challenge to the combustion research community for many decades. There are consid-
erable improvements in the area of non-premixed and premixed turbulent combustion research.
However, partially premixed turbulent combustion is not well understood yet. Few experimental
and numerical investigations have been carried out to understand the stratified flame propagation.
This section covers some of the important topics of turbulent premixed combustion and the next
section covers few experimental and numerical investigations on the partially premixed turbulent
combustion.

2.7.1 Turbulent burning velocity

u=u+u
— S —A
_m, s— -,
— —A

Figure 2.13: An idealized normal premixed flame in a duct with constant flow velocity.

A schematic representation of turbulent flame front in a duct with constant flow velocity is shown
in Fig. 2.13. The mass flux 7 through the instantaneous turbulent flame surface area A, can be

19



2. LITERATURE REVIEW ON STRATIFIED COMBUSTION

equated to the mass flux through the cross-sectional area A by the following expression [Peters
(2000)]:
m = PuSLAT = p_uSTA (216)

where Sy, is the laminar burning velocity, St is the turbulent burning velocity and p,, is the un-
burned mixture density. By assuming constant density, the above expression can be modified as:

ST AT
2L 2.17
5, ~ A (2.17)
This ratio of turbulent to laminar burning velocity can be expressed as [Poinsot and Veynante
(2005)]:
ST u’ "
— =1 — 2.18
5, St (SL) (2.18)

where v’ is the RMS of the velocity fluctuations and n is the adjustable exponent varies between
0.5 to 1.0. A more detailed correlation between the turbulent burning velocity and laminar burning
velocity for a real wrinkled flame propagation can be expressed as [Driscoll (2008)]:

ST u’ l w t
S (w1 w 2.1
Sg f <Sg7 5l7Ma/T7 I , or (l/u,)> ( 9)

where S is the unstretched laminar burning velocity, [ is the stream-wise integral scale, §; is the
unstretched laminar flame thickness, W is the burner or chamber size and Mar is the turbulent
Markstein number.

Driscoll (2008) reviewed three kind of turbulent burning velocities which are global consump-
tion speed, local consumption speed and local displacement speed. For a spherical flame front
propagation, local displacement speed is the appropriate turbulent burning velocity. The definition
of local displacement speed is given below:

ST,LD = (Vflame - Vgas)LE *NMLE (220)

where Viame is the velocity of flame in the laboratory reference, V., is the velocity of fresh gas
at the leading edge (LE) of flame front and » is the normal vector. In this work the local turbulent
burning velocity is measured based on the Egn. 2.20.

2.7.2 Turbulent premixed combustion regimes

Turbulent premixed combustion can be categorized based on their important characteristics like
integral length scale, turbulent kinetic energy and dissipation rate. Turbulent combustion diagram
in terms of length and velocity scale ratios have been proposed by Barrere (1974), Bray (1980),
Borghi (1984), Williams (1985), Peters (1988), Abdel-Gayed et al. (1989). In the combustion
diagram, various combustion regimes may be identified by the length (I;/6) and velocity scale
ratios (u’/SL) as shown in Fig. 2.14. The important dimensionless numbers in the diagrams are
Damkoshler number (Da), Reynolds number (Re,) and Karlovitz number (Ka).

The Damkgshler number Da is defined as the ratio of integral time scale (7;) to the chemical
time scale (7).

T bSe

Da — (2.21)

T. u
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Figure 2.14: Modified turbulent combustion diagram proposed by Peters (Peters (1999)).

where I; is the integral length scale, v’ is the RMS of velocity fluctuations and ¢ is the thickness of
laminar flame.
The Karlovitz number Ka is the comparison of chemical time scale to the Kolomogrov (smaller

eddies) time scale (3).
. o 3/2 s 1/2
Ka= "< = — (2.22)
Tk St It

The turbulence Reynolds number is defined as:

u' 4§
= —— 2.2
Re S, 1, ( 3)
The three non-dimensional numbers are related as:
Re; = Da’Ka? (2.24)

The turbulent premixed combustion can be divided into three regimes using the Damkéhler
and Karlovitz number [Poinsot and Veynante (2005)]. The three combustion regimes are thin
wrinkled flame or flamelet regime, thickened-wrinkled flame regime and thickened flame regime.

Thin wrinkled flame or flamelet regime is shown in Fig. 2.15. In this regime, the flame is
thinner than all the turbulent scales (Re; > 1, Da < 1 and Ka < 1). This regime can be further
divided into two regions, based on the velocity ratio u’/Sy.

e Wrinkled flamelet regime (v’ < Sp): Flame speed is more than speed of turbulent motion.
The flow eddies cannot wrinkle the flame up to flame interactions.
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Figure 2.15: Flamelet (Thin wrinkled flame) regime (Poinsot and Veynante (2005)).

e Corrugated flamelet regime (v’ > Sp): Turbulent motion velocities are dominating the flame
speed and wrinkles the flame front up to the flame interactions.
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Figure 2.16: Thickened-wrinkled flame regime (Poinsot and Veynante (2005)).

Thickened-wrinkled flame regime is plotted in the Fig. 2.16. This combustion regime is iden-
tified by Re; > 1, Da > 1 and Ka > 1. In this type of flames, the chemical time scale is larger
than Kolomogrov time scale but smaller than turbulent time scale so the eddies can penetrate the
flame front. The flame front is in wrinkled shape and possibly large eddies can quench the flame

locally.
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Figure 2.17: Thickened flame regime (Poinsot and Veynante (2005)).

Thickened flame regime is characterized by Re; > 1,Da < 1 and Ka > 1. The graphical
representation of this regime is shown in Fig. 2.17. Da < 1 indicates that chemistry is slower than
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turbulence and this regime is also called as well stirred reactor. So the mixing is faster and the
overall reaction rate is limited by the chemistry.

2.7.3 Turbulent flow effects on flame propagation

The combustion regime of flame propagation in direct injection engine is in the flamelet regime
[Haworth et al. (2000)]. So the turbulent flame front can be viewed as an ensemble of small
laminar flame elements. The different types of turbulence affect the structure of flame front and
enhance the wrinkling of flame front. The three main interactions, identified by Pope [Pope (1988)]
are shown in Fig. 2.18.

II
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Figure 2.18: Turbulent flow effects on flame propagation (Pope (1988), Haworth and Poinsot (1992)).

The first kind of interaction is related to the aerodynamics, where flame front is stretched by
the normal stress acting on its surface (bending). The second type of interaction is related to
the propagation of curved flame front. The surface of the flame front could increase or decrease
depends upon the initial curvature and the direction of propagation (Huygens principle). The third
kind of interaction is linked with tangential motion of flow field with respect to the flame front.
So depending upon the direction of velocity gradient, the flame surface could be compressed or
stretched. The influence of vortex pair is also shown in Fig. 2.18. It can change the curvature of
flame front and can modify the strain rate depending upon the direction of vortex pair.

Therefore the turbulence together with hydrodynamic and thermo-diffusive instabilities may
destabilize the flame propagation depending upon the local flow and mixture field conditions (ef-
fect of Lewis number).

2.8 Turbulent partially premixed combustion

Turbulent partially premixed combustion is gaining more attention because of its presence in prac-
tical applications such as direct injection gasoline engines and gas turbines. In direct injection
gasoline engines, charge stratification helps to sustain the flame propagation in the overall lean
mixtures and thereby reduces the fuel consumption and emissions. However, stratification also
introduces cycle to cycle variations and the delicate control of combustion process requires more
fundamental understanding of flame propagation through spatially non-homogeneous mixture. As
discussed earlier, laminar flame propagation through stratified mixture is different from the homo-
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2. LITERATURE REVIEW ON STRATIFIED COMBUSTION

geneous cases and the prediction of their burning velocity needs information of flame history. The
additional turbulence makes the turbulent stratified combustion much more complex. So far, few
experimental and numerical investigations have been undertaken on the partial premixed turbu-
lent flames which are reviewed in this section.

2.8.1 [Experimental investigations

Cho and Santavicca (1993), Santavicca (1995) carried out an experimental study of the effect of
incomplete fuel-air mixing on spark-ignited flame kernel growth in turbulent propane-air mixtures
at atmospheric pressure and 300K conditions. In their work, the flow characteristic was measured
by LDV, rms fluctuation of equivalence ratio was measured by NO,-based LIF and flame kernel
growth was measured by high speed laser shadowgraphy. They evaluated the effect of incom-
plete fuel-air mixing in terms of the flame kernel growth rate, cyclic variations in the flame kernel
growth, and the rate of misfire. They concluded that the fluctuation in the local equivalence ratio
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Figure 2.19: Evolution of mean flame kernel radius (Cho and Santavicca (1993)).

causes wrinkling and distortion of the flame kernel surface. The wrinkling of flame kernel sur-
face increases with increase of RMS fluctuation of fuel-air equivalence ratio. They observed more
cyclic variations in the non-homogeneous case compared to the homogeneous case as shown in
Fig. 2.19.

Zhou et al. (1998) conducted an experimental investigation of flame propagation through strat-
ified mixture field with different turbulence levels. They varied the mean equivalence ratio of the
propane-air mixture from ¢ = 0.7 on the lean side to ¢ = 1.6 on the rich side and they tried differ-
ent levels of turbulence intensity in the combustion chamber. They observed increase of wrinkling
with inhomogeneity as shown in Fig. 2.20. They measured the flame propagation for the different
level of turbulence and inhomogeneity and noted that the flame propagation in stratified mixture
is faster than homogeneous cases. They constructed a map of flame propagation as a function of
mixture condition and degree of inhomogeneity as shown in Fig. 2.20.
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Figure 2.20: Experimental investigation of stratified flame propagation (Zhou et al. (1998)).

Samson (2002) investigated the turbulent flame propagation through stratified propane-air mix-
ture field using tomography and PLIF technique. He studied the effect of stratification on flame
front curvature by comparing the results of stratified flames with equivalent homogeneous condi-
tions. He concluded that the stratified flames are similar in size with homogeneous cases and no
increase of flame wrinkling with stratification.
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Figure 2.21: Experimental setup and maximum pressure of homogeneous and stratified flames
(Moriyoshi and Morita (2003)).

Moriyoshi and Morita (2003) examined a simplified stratified charge conditions with changing
initial turbulence intensity, degree of mixture charge stratification, and kinds of fuels in order to
understand the stratification features. Their experimental setup is shown in Fig. 2.21. The com-
bustion chamber has two partitions and two poppet valves in each volume to generate a tumble-
like flow for turbulence and the mixture was ignited at the center of chamber. They measured
the velocity in the middle of volume using LDV. They measured the gas pressure using pressure
transducer. The maximum pressure for the various mixture stratification conditions and turbulence
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2. LITERATURE REVIEW ON STRATIFIED COMBUSTION

levels is shown in Fig. 2.21. They observed increase of maximum pressure with initial turbulence
and decrease of maximum pressure with extension of charge stratification. They concluded that
the effect of lean-side mixture is stronger than of rich-mixture in stratified conditions.

Pasquier et al. (2007) carried out a fundamental investigation of flame propagation through
turbulent stratified propane-air mixture field. They measured two-dimensional velocity and equiva-
lence ratio field of flame propagation using simultaneous PIV and PLIF measurement techniques.
They achieved mixture stratification by an axi-symmetrical injection of pure propane into a con-
stant volume chamber which was already filled with lean homogeneous mixture (¢ = 0.6). The
mixture was spark ignited at a point close to the stoichiometric condition and they observed the
free flame propagation. One example of instantaneous velocity and equivalence ratio of stratified
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Figure 2.22: Instantaneous velocity and equivalence ratio field of turbulent stratified flame propagation
(Pasquier et al. (2007)).

flame propagation is shown in Fig. 2.22. In their configuration, the flame was subjected to small
scale and large scale variations of mixture field. They compared the global parameters such as
mean flame radius, mean flame propagation, pressure rise, and flame front asymmetry of ho-
mogeneous and stratified flame conditions. They also compared the conditioned local burning
velocities of stratified flames with results of homogeneous flames at different instances. They
concluded that the local turbulent burning velocity may increase or decrease depending upon the
local mixture fraction and mixture distribution along the flame front.

Robin et al. (2008) performed both experimental and numerical studies on the partially pre-
mixed combustion with strong equivalence ratio gradients. They measured flame temperature and
fuel mole fraction of turbulent V-shaped methane-air flame using simultaneous Rayleigh scatter-
ing and acetone PLIF techniques. From the temperature measurements, they deduced the flame
thickness and analyzed the relationship between flame stretch and flame thickness for homoge-
neous and stratified mixture conditions. They concluded that the increase of flame stretch leads to
a decrease of normalized flame thickness. They observed that for a same mean equivalence ratio
condition, stratified flames are thinner than equivalent homogeneous conditions. They also did
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2.8 Turbulent partially premixed combustion

numerical modeling of turbulent reactive flows of partial premixed combustion. From their results
of numerical simulations, they described the mean structure of stratified flames and the evolution
of the mean chemical reaction rate for different partially premixed conditions.
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Figure 2.23: Experimental setup of turbulent stratified V-flame (Anselmo-Filho et al. (2009)).

Anselmo-Filho et al. (2009) studied premixed and stratified methane-air V-flames at a mean
equivalence ratio of 0.77, within low turbulent intensity. They utilized acetone PLIF technique for
the measurement of mixture fraction of cold field and OH PLIF for the measurement of flame
front position. Their experimental setup is shown in Fig. 2.23. They measured flame brush
thickness, flame surface density (FSD) and flame curvature of both premixed and stratified flame
propagation. They concluded that the stratification increases the FSD above the premixed flame
in all cases. There is a little variation of flame brush thickness with stratification. The distribution
of flame curvature in stratified flames is broader and more symmetric than premixed cases. They
suggested that the FSD and flame curvature effects may be attributed to the differential rates of
propagation of lean and rich mixture pockets.

2.8.2 Numerical investigations

Numerical simulations of partially premixed flames focus either on the direct injection engine con-
figurations or on the simple configurations. Some of the numerical modeling approaches and their
findings are reviewed in this section.

Hélie and Trouvé (1998) studied the spark-ignited turbulent flame propagation through a par-
tially premixed mixture by using direct numerical simulations. They described the combustion
process takes place in two stages, first stage is the premixed flame propagation and the second
stage is the non premixed combustion which consumes all the excess fuel and oxidizer left behind
the premixed front (Fig. 2.24). In their simulations, they used different degrees of scalar inhomo-
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geneity around mean stoichiometric conditions. They tried to study the effect of partial premixing
on both turbulent flame topology and the mean reaction rate and the way to include the informa-
tion to the flamelet models. They concluded that the partial premixing has a net negative impact
on the overall mean premixed reaction rate. They proposed modifications to the coherent flame

Unburnt gas Fartially burnt gas
F + 02 excess 02
o Q + products
excess F

inhomogeneous + products
mixture composition /

1st stage : 2nd stage :

Premixed Flame Diffusion Flames

Figure 2.24: Turbulent flame propagation into non homogeneous reactants (Hélie and Trouvé (2000)).

model (CFM) to account the effects of variable mixture strength on primary premixed flame and
the formation of non premixed flame propagation in their work [Hélie and Trouvé (2000)]. From
their findings, they concluded that the non-homogeneity tends to have a net negative impact on
the turbulent flame speed close to the stoichiometric conditions and opposite for the flammability
limits where the non-homogeneity in that conditions tends to have a net positive impact on the
turbulent flame speed.

Haworth et al. (2000) performed numerical simulations of turbulent propane-air flames propa-
gating into regions of non-homogeneous mixture. They considered the part load, low speed gaso-
line direct injection (GDI) engine operating conditions as their initial conditions of model. Their
simulations included complex chemical kinetics, realistic molecular transport, and fully resolved
hydrodynamics. Their schematic representation of flame propagation through non-homogeneous
mixture is shown in Fig. 2.25.
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Figure 2.25: Turbulent stratified flame propagation (Haworth et al. (2000)).

Their findings of primary heat release rate shown that for the non-homogeneous case, the
global heat release is initially higher than equivalent homogeneous case and later adjusts to
the reactant non-homogeneity and finally drops to lower level than homogeneous case. They
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2.8 Turbulent partially premixed combustion

concluded that the differences in global heat release rate and flame area between homogeneous
and non-homogeneous cases are very minimal. They suggested that the combustion occurs in
two stages. The first stage consumes all the primary fuel and produces most of the heat release
and in this stage the combustion takes place in the laminar premixed flamelet regime. Next is the
secondary stage, which consumes fuel fragments from rich zones, oxidizer from lean zones and
this secondary stage is governed by the turbulent mixing and the kinetics of CO, production.
Jiménez et al. (2002) carried out a direct numerical simulations (DNS) of combustion in globally
lean non-homogeneous propane-air mixtures with initial conditions close to the part load, low
speed GDI operating conditions. Their simulation is based on the flamelet models that includes
detailed transport, thermodynamics, chemistry and thermal NO production. They studied the
propagation of initial lean laminar flame in the homogeneous and non-homogeneous turbulent
mixture configurations which are shown in the Fig. 2.26. In that figure, white represents ¢ = 0
and black represents ¢ = 2.0 and the gray scale represent intermittent values. The thin black
line corresponds to the stoichiometric line and the vertical lines represent the initial laminar flame.
They reported substantial differences in the heat release rate between homogeneous and non-
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Figure 2.26: Initial spatial distribution of equivalence ratio field (Jiménez et al. (2002)).

homogeneous cases. They found a strong influence of the PDF of mixture distribution and shown
that appropriate distribution can lead to more than 60% efficiency gain. They concluded that the
spatial distribution of the non-homogeneity is an important factor to determine the wrinkling of
flame and found more NO concentration in the non-homogeneous case.

Figure 2.27: Comparison of experimental and LES results (Li et al. (2009)).

Li et al. (2009) investigated the structure and dynamics of a turbulent partially premixed
methane/air flame in a conical burner using laser diagnostics and large-eddy simulations (LES).
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2. LITERATURE REVIEW ON STRATIFIED COMBUSTION

They utilized CH and CH,O PLIF techniques to examine the flame structure and a high speed
video for the chemiluminescence imaging. They studied the flame structure using LES based on
a two-scalar flamelet model, with the mixture fraction for the mixing field and level-set G-function
for the partially premixed flame front propagation. Their experimental setup and their experimen-
tal and numerical results are shown in Fig. 2.27. They detected thin CH layers in the cone and
above the cone by PLIF measurements and they found similar results from LES results. From the
LES results, they found a shear layer formed by large scale vortices, which effectively stabilized
the triple flame front. They found similar results from the chemiluminescence and CH PLIF re-
sults. Their work shows the effectiveness of using experimental and numerical investigations to
understand complex combustion phenomena.

2.9 Summary on stratified combustion

A summary of few experimental and numerical findings from the literature are given below:

e The flammability limits are extended by the presence of rich mixtures in the lean mixture
field.

e The stratified flame propagation and their flame structure are different from equivalent ho-
mogeneous conditions.

e The stratified flames exhibit memory effect.

e The correlation of burning velocity versus flame stretch rate from homogeneous cases can-
not be applicable to the stratified flames.

e The heat input of burned gases back supports the flame propagation through lean stratified
mixture field.

e The heat release rates of stratified flames are more than equivalent homogeneous cases.

e The flame front wrinkling may increase or decrease with increase of non-homogeneity of
mixture field.

e The local turbulent burning velocity depends on the distribution of mixture field along the
flame front.

e The modeling of stratified combustion needs time history of flame propagation and variation
of mixture field.

So from the literature survey, it becomes clear that further investigations are needed to improve
the fundamental understanding of stratified combustion. For that, quantitative information are
needed such as local flame temperature, local equivalence ratio distribution, time history of flame
propagation, velocity field, heat release rate and so on. But simultaneous measurements of all
the parameters are not possible with current technologies. Nevertheless, it can be possible to
measure few of them by combining the optical techniques such as PIV, PLIF, Rayleigh scattering
and Raman scattering. In this work, simultaneous measurements of velocity and equivalence
ratio field have been realized by using PIV/PLIF techniques.
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2.10 Conclusion

In this literature review, some of the basics of combustion process are covered in order to un-
derstand more about the partially premixed flames. Also, the measurement of laminar burning
velocity, the effect of flame stretch, link between equivalence ratio and laminar burning velocity
and flame front instabilities are discussed. The turbulent burning velocity, turbulent premixed com-
bustion regimes and the wrinkling of flame front due to turbulence are described. Some of the
experimental and numerical investigations of partially premixed flame propagation in laminar and
turbulent flows are reviewed. From the literature review, we understood that further investigation
in the partially premixed flame propagation is needed to provide some useful data sets for the
numerical modeling as well as for the fundamental understanding of the stratified combustion. So
our main objective of this work is to investigate the stratified flame propagation in laminar and
turbulent flow conditions by using optical diagnostic techniques.
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Chapter 3

Experimental configuration

The main objective of this work is to investigate the flame propagation through stratified mixture
field in order to improve the understanding of stratified combustion and to provide useful valida-
tion datasets for numerical simulation. So, experimental investigations have been carried out in
a simplified configuration of constant volume combustion chamber by using optical diagnostics
techniques.

In this work, two different experimental configurations have been developed to realize laminar
and turbulent stratified mixture condition inside the combustion chamber. Then flame is spark-
ignited at the center of a stratified mixture and the propagation of flame through stratified mixture
field is investigated by using combined PIV/PLIF measurement techniques. In the first configura-
tion, turbulent mixture field is generated by an axi-symmetric injection of rich propane-air mixture
into the combustion chamber which is already filled with lean homogeneous mixture. After that,
unsteady flame propagation through turbulent stratified mixture field is observed by simultaneous
PIV/PLIF techniques. In order to isolate the stratification effect from the influence of turbulence,
flame propagations through six different turbulent homogeneous mixture fields are also investi-
gated. In the second experimental configuration, laminar stratified mixture field is realized by a
unique injection setup based on the balancing of vacuum pressure inside the combustion cham-
ber. Then, flame propagation through stratified mixture field is analyzed by simultaneous PIV/PLIF
techniques. In order to understand the effect of degree of stratification on propagation of flame,
laminar flame propagations through three different stratified mixture fields are analyzed.
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Figure 3.1: A simplified representation of experimental configuration.
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The constant volume combustion chamber utilized in this work is a rectangular chamber, which
is equipped with three quartz windows in order to provide optical access to the laser diagnostic
techniques. Inside the combustion chamber, turbulent stratified mixture field is realized by using
axi-symmetrical injection unit which mainly consists of electrical solenoid valves as shown in Fig.
3.1. At the center of combustion chamber, two thin electrodes are placed to spark-ignite the
mixture. The location of ignition is fixed along the axis of injection and close to one end of the
combustion chamber. After the spark-ignition, the propagation of flame through stratified mixture
field is investigated by simultaneous acquisition of PIV and PLIF images of flame propagation.
For that, the fuel-air mixture is seeded with oil particles and fluorescent tracer, illuminated by laser
sheets and the emitted signals are collected from within investigation area (shown in Fig. 3.2) by
PIV/PLIF techniques. In order to measure combined velocity and scalar field of flame propagation,
two PIV images are acquired within time delay of At and one PLIF image is acquired in between
them. The acquired two-dimensional images are then post-processed in order to measure the
velocity field from PIV image pair and equivalence ratio field from PLIF image.

Investigation zone

- Combustion chamber

2

Figure 3.2: Position of investigation area in the combustion chamber.
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PIV image at t PLIF image at t+4t/2 PIV image at t+4t
Figure 3.3: Acquired PIV and PLIF images of turbulent stratified flame propagation.

One example of simultaneously acquired PIV image pair with PLIF image of turbulent stratified
flame propagation is shown in Fig. 3.3. In those particle images, the fresh gas region is repre-
sented by Mie scattering signals from seeding particles and the burned region is represented
by the absence of seeding particles which are burned through very sharp temperature gradient
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of flame front. In the PLIF image, the fluorescence signals are varying proportional to the local
equivalence ratio of mixture and the burned region is represented by low level signals of back-
ground noises due to the absence of fluorescent tracer which is completely burned through flame
front. From the acquired PIV and PLIF images, the velocity field and the equivalence ratio field of
turbulent flame propagations are computed by post-processing tools.

X (mm)

(a) Velocity field (b) Equivalence ratio field

Figure 3.4: Instantaneous flow and scalar field of turbulent stratified flame propagation.

The computed instantaneous velocity and equivalence ratio field of turbulent stratified flame
propagation is shown in Fig. 3.4. From the combined quantitative measurement of flow and
scalar fields, local flame speed, local fresh gas velocity, local curvature and local equivalence
ratio around the flame fronts are measured. Then local curvature and local burning velocity are
conditioned by the local equivalence ratio of stratified flames and the conditioned datasets are
compared with that of equivalent homogeneous flames in order to understand the effect of strati-
fication on flame propagation.

PIV image at t PLIF image at t+A4t/2 PIV image at t+At
Figure 3.5: Acquired PIV and PLIF images of laminar stratified flame propagation.

We have also investigated the stratified flame propagation under laminar flow condition. One
example of acquired PIV/PLIF images of laminar stratified flame propagation is shown in Fig. 3.5.
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Figure 3.6: Instantaneous flow and scalar field of laminar stratified flame propagation.

From those simultaneous PIV and PLIF images, the combined velocity and equivalence ratio field
of laminar flame propagation are calculated by post-processing tools and the final quantitative
flow and scalar fields are shown in Fig. 3.6. Also from the PIV image pair, local flame speed,
local fresh gas velocity and local laminar burning velocity of stratified flame are measured by new
PIV approaches developed in this work. After that, to compare three different stratified cases,
the measured local variables are sampled from the regions where the flame fronts are propa-
gating through lean mixture of within moderate stretch range. The conditioned local variables of
three cases are then compared in order to know the effect of degree of stratification on flame
propagation.

The following chapters explain in detail the optical diagnostic tools used in this work, post-
processing tools, the combined PIV/PLIF setup and the accuracy and spatial resolution of velocity
and equivalence ratio measurements. The later chapters explain the stratified combustion in
laminar and turbulent flow conditions.
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Chapter 4

Particle image velocimetry

Abstract. Particle image velocimetry (PIV) is used to measure quantitative, two dimensional
velocity field. In this technique, the observation area or the fluid under investigation is seeded with
small particles, illuminated by laser sheet, which forms an image and that is recorded by a digital
camera. The displacements between the two successive recorded images are then computed by
a statistical method. Finally the measurement is obtained from the displacement and time delay
between the two images. This chapter focuses on the principle of PIV measurement, evaluation
of velocity vectors and the masking technique to eliminate spurious vectors from the velocity field.
The uncertainty and spatial resolution of velocity measurements are given.

4.1 Introduction

Particle image velocimetry is a non intrusive technique developed for the quantitative measure-
ment of two-dimensional velocity field of flow under investigation. In a typical PIV technique, the
flow under investigation is seeded with small particles that can follow the flow and illuminated by
thin laser sheet so that only particles in that plane are acquired by using high resolution digital
camera. Nd:YAG (Neodymium-doped Yttrium Aluminium Garnet, Nd : Y5 Al;0-) lasers with dou-
ble cavity package is widely used for PIV measurements [Adrian (2005)]. This double pulsed laser
illuminates the flow twice within short time. The scattered signals are captured by high resolution
CCD (charge-coupled device) camera that can store the firstimage fast enough to be ready for the
second exposure within few nanoseconds. The acquired PIV image pair is then post-processed in
order to measure the velocity field. The accuracy of velocity measurement is depends upon both
the quality of particle images and the post-processing techniques. The quality of particle images
are affected by various parameters such as seeding particles density, energy variations of laser
pulses, noises in the image recordings and so on. Therefore, a careful attention has been given to
the experimental conditions to achieve accurate measurements. This chapter explains the princi-
ple of PIV and covers the subsystems of PIV setup used in this work. This chapter also describes
the calculation of velocity field using post-processing scheme, data validation tool to remove the
spurious vectors from the velocity field. Also, in this work, a unique masking technique has been
developed for the removal of spurious vectors from the velocity fields of flame propagation. Finally,
the uncertainty and spatial resolution of velocity field measurements are provided.
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4. PARTICLE IMAGE VELOCIMETRY

4.2 Principle

The basic principle of PIV is to measure the two dimensional velocity field of flow under investi-
gation by measuring the displacement of small particles added to the flow, which are recorded in
the PIV images. The experimental setup of a typical PIV system (Fig. 4.1) consists of particle
generator to seed the flow, pulsed laser unit to illuminate the particles twice, optics to expand
laser beam into thin laser sheet, CCD camera for double frame/single exposure PIV recording
and a synchronizer to control the timing of camera and laser unit.
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Figure 4.1: Typical particle image velocimetry system [Adrian (2005)].

The recorded PIV images are then evaluated to obtain the velocity field. The principle of
evaluation is to divide the image into small subareas called “interrogation windows" and the dis-
placement of particles in the window between first and second illumination is determined for each
interrogation window by cross-correlation method [Lecordier (1997), Raffel et al. (2007)]. Then
the velocity vector is calculated from the displacement taking into account the time delay between
the two illuminations and the magnification of image. The complete two dimensional velocity map
is achieved by repeating this process to all the interrogation windows. The computed velocity field
is further analyzed by a data validation tool to remove the spurious vectors in the velocity map.

4.3 PIV subsystems

PIV measurement can be split into two parts: first part is related to the acquisition of images while
the second part is the post-processing of recorded images to compute the velocity field. The
standard PIV acquisition system consists of several subsystems, namely: flow seeding unit, flow
illumination, imaging and recording. Each subsystem is explained one by one in this section.
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4.3 PIV subsystems

4.3.1 Flow seeding unit

The seeding of flow is very critical to the accuracy of PIV measurement. The particles must meet
the following requirements [Westerweel (1993)]:

e The particles added to the fluid should follow the motion exactly.
e The particles should not alter the flow or combustion process.
e The particles should have sufficient light scattering efficiency.

In general, liquid particles have been utilized for the gaseous medium due to their higher
scattering efficiency [Raffel et al. (2007)]. We tried olive oil, silicone oil and DEHS (Di Ethyl Hexyl
Sebacate) and observed the same signal levels so we decided to use olive oil in this work because
of its easy availability.

Air + Droplets

,-Droplets

Olive oil

l

Compressed air

Figure 4.2: Olive oil particles generator.

In this work, micro-metric olive oil particles are produced by using a particle generator. In this
generator, compressed air with 4 to 5 bar pressure is forced through a nozzle whose diameter is
around 1 mm. A small tube partially immersed in the olive oil is placed adjacent to the nozzle tip,
so that when compressed air exists the nozzle, it creates a low pressure and that sucks oil through
tube and produces small droplets by shear mechanism. Two small tubes are used to generate
more particles. The generated droplets size varies between 1 to 5 ym. Homogeneous distribution
of seeding particles is achieved for high quality PIV recordings in order to obtain velocity field with
high accuracy. The mass fraction of olive oil introduced in air flow is kept low to ensure there has
no effect on the combustion process [Lecordier (1997)].

4.3.2 Flow illumination

In this work, a double cavity Nd:YAG laser (TwinsUltra, Quantel) delivering pulses of 30 mJ at a
wavelength of 532 nm has been utilized to illuminate the micro-metric olive oil particles. It provides
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two identical laser pulses and the duration of illumination is 7 ns which “freeze” the motion of the
particles. The maximum repetition rate is 20 Hz. The laser unit is shown in Fig. 4.3. The
laser sheet is created by the association of 3 lenses: one spherical lens of 1 m focal length, one
cylindrical lens of —25 mm focal length and one cylindrical lens of +150 mm focal length. With the
combination of lenses, the laser sheet keeps thin along with several centimeters and close to its
minimum thickness of 800 um. The positions of lenses are optimized to form the minimum laser
sheet thickness at the center of the combustion chamber.

4.3.3 Acquisition of images

PIV images must have sufficient spatial resolution with reasonable signal-to-noise ratio and this
could be achieved by high resolution CCD cameras. An interline CCD camera (Hamamatsu
C9300-505) has been used, which provides a 12 bit image pair of 2048 x 2048 pixels. The CCD
camera is shown in Fig. 4.3.

(a) Laser. (b) CCD camera.

Figure 4.3: LASER and CCD camera unit.

This CCD digital camera can operate in both single and dual readout mode and the frame
rates are 6 and 11 frames per second respectively. Peltier cooling of camera drastically reduces
dark current and thereby increases signal-to-noise ratio. The camera can acquire pair of images
with minimum time delay of 200 ns. The camera is mounted with a Nikkor lens of 135 mm focal
length (f/dma: = 2) Which provided 4.4 x 4.4 cm? field of view. An interferential pass-band filter
(532 + 5 nm) is used to reject the flame chemiluminescence signals.

4.4 PIV evaluation

The second part of PIV measurement is the computation of velocity field from the acquired PIV
image pairs. The most common PIV evaluation method is cross-correlation scheme which is a
statistical analysis of two singly exposed particle images [Westerweel (1993), Raffel et al. (2007)].
In a PIV image pair, the second image is acquired after a short time so the positions of particles in
the second image have moved relative to that of first image according to the local flow condition.
So the flow velocity can be measured by calculating the straight-line displacement of the localized
groups of particles between image pair. This can be accomplished by applying cross-correlation
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4.4 PIV evaluation

method to the interrogation windows sampled from first and second images. The cross-correlation
function is formulated as [Raffel et al. (2007)]:

K L
Ryg(z,y)= > > IGH)I(i+,j+y) (4.1)

i=—K j=—L

Where I and I’ are the intensity values extracted from the first and second interrogation win-
dows respectively. For each sample shift (x,y), the sum of the products of all overlapping pixel
intensities is calculated which produces one cross-correlation value R;;(z,y) that represents the
degree of match between two interrogation windows. So in the cross-correlation plane, the po-
sition of peak value of cross-correlation estimates the displacement of localized particle groups.
The size of interrogation window is in the order of 16 to 64 pixels and to find the displacement
of whole image would require substantial computation process. However, the entire process can
be speeded up by using Fourier transform function [Raffel et al. (2007)]. The main principle of
cross-correlation scheme based on Fourier Transforms is shown in Fig. 4.4. In that scheme, the
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Figure 4.4: Analysis of double frame/single exposure recordings: cross correlation method [Lecordier
(1997)1.

recorded images are subdivided into interrogation windows which contain the position of particles
at time ¢t and ¢t + At. Next, the real and imaginary parts of interrogation windows are calculated
by using the Fourier transformation. After that, the spectral correlation is carried out, which is the
complex conjugate multiplication of two Fourier transforms I; and I,. Then, the resulting Fourier
coefficients are inversely Fourier transformed to produce the cross-correlation plane where the
peak of correlation represents the displacement between the two interrogation windows. The po-
sition of peak of correlation is then calculated from the correlation plane with sub-pixel resolution
[Lecordier (1997)]. Finally, the velocity vector is obtained from the estimated displacement along
with time delay (At) and the magnification of image. The whole velocity field is then calculated by
repeating the above procedure for all the interrogation windows.
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4. PARTICLE IMAGE VELOCIMETRY

4.5 Measurement of velocity field

In this work, the PIV technique is utilized to measure the velocity field of stratified flame prop-
agation through laminar and turbulent flows. So we need a PIV evaluation scheme which can
provide accurate measurements in both laminar and turbulent flow configurations. The accuracy
of velocity measurement primarily depends on the quality of acquired images, because of all the
information regarding the flow field are represented by the intensity and locations of seeding par-
ticles in the recorded images. To acquire good quality of particle images, it is very important to
control the experimental parameters such as density of seeding particles, uniform distribution of
seeding particles, identical illumination of first and second pulses of laser, optical collection of
signals without distortion, filtration of flame chemiluminescence and no window fouling.

The size of interrogation window also plays a critical role on the accuracy as well as spatial
resolution of measurements. For a given flow condition, the optimum size of interrogation window
is selected based on various factors such as time delay between the image pairs, distribution of
seeding particles, laser energy and so on. Thus, progressively the accurate velocity vector field
has been obtained after optimizing both experimental as well as PIV evaluation parameters.

The PIV evaluation scheme used in this work was developed by Lecordier and Trinité (2003). It
is a sub-pixel iterative approach and the principle of this approach is based on a predictor/corrector
method. It first predicts the displacement using a conventional PIV evaluation scheme explained
in section 4.4. Then it corrects the measurement by progressively shifting the windows fraction
of pixels until reaching zero displacement. Also during the correction step, the window sizes are
modified and rotated to increase the spatial resolution. This algorithm measures the velocity field
accurately with high spatial resolution and takes computer time only 3 times longer than conven-
tional PIV approach. More details about the algorithm are available in the literature [Lecordier
(1997), Lecordier et al. (2001), Lecordier and Trinité (2003)].

4.5.1 Data validation

The computed velocity vector field may contain some spurious vectors. The spurious vectors
are abnormal vectors by magnitude and direction compared to the neighbor vectors [Westerweel
(1994)]. The spurious vectors are originated from various sources such as seeding variation,
higher velocity gradient, fluctuations in laser energy, window fouling and so on. The spurious
vectors in the velocity field can be eliminated by using a suitable data validation tool.

The validation tool utilized in this work was developed by Lecordier and Trinité (2003). The
parameters used in the validation tool are signal-to-noise ratio (SNR), maximum magnitude of
vector and maximum permissible standard deviation of mean and median tests (size 5 x 5 pixels).
First, the experimental parameters and the interrogation window size are optimized by comparing
the percentage of spurious vectors with different flow conditions. Finally, the interrogation window
size is fixed to 20 x 20 pixels and time delay between two images is fixed to 60 us for turbulent
case and 200 us for laminar case. One example of instantaneous velocity field calculated from the
axi-symmetrical turbulent jet is shown in Fig. 4.5. The velocity field of jet contains less than 0.1%
of spurious vectors before validation and those vectors are removed by the validation tool.
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Figure 4.5: Instantaneous velocity vector field of turbulent jet.

4.5.2 Masking technique

In this work, we need to measure the local fresh gas velocity very close to the flame front for the
investigation of flame propagation through stratified mixture field. One example of instantaneous
velocity field of turbulent flame propagation is shown in Fig. 4.6. It contains more than 1.0% of

Y (mm)

Figure 4.6: Instantaneous velocity vector field of flame propagation.

spurious vectors in the burned gas region and the validation tool fails to remove them because
mean and median tests cannot identify those vectors in the burned gas region. These spurious
vectors near the flame fronts could introduce error in fresh gas velocity measurements and must
be eliminated. This can be achieved by isolating the vectors in the burned gas region from the
measurements. But the main difficulty is that the burned regions are varying with each PIV image
pair of flame propagation. In order to solve this problem, we have developed a unique technique
using mask image of burned region.
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(a) Firstimage (b) Second image (c) Binary image

Figure 4.7: One example of PIV image pair with binary image.

Mask image is a binary image, in that the burned region is represented by 0 level and fresh
gas region is represented by level 1. The boundary of the burned gas region is the flame front
contour. The extraction of flame front contour from particle image is explained in the appendix (§
A). One example of PIV image pairs with binary image is shown in Fig. 4.7. The binary image is
created based on the flame front contour of the first image of PIV image pair.
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Figure 4.8: Spurious vectors elimination by masking technique.

The principle of masking technique is that the vectors in the burned gas region are identified
by mask image and those vectors are then omitted in the final validated velocity vector field. A
closer observation of velocity field near burned region before and after the corrections are shown
in Fig. 4.8. It clearly shows the elimination of spurious vectors near the flame front by masking
technique. Indeed, the percentage of spurious vectors in the velocity field is reduced to less than
0.1% after the application of masking technique.
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4.6 Precision of PIV measurements

The spatial resolution and the uncertainty of PIV measurements are very important parameters
especially for the turbulent combustion studies [Lecordier et al. (2001), Lavoie et al. (2007)]. The
spatial resolution gives an idea of the smallest turbulent scale that can be measured and the
uncertainty is related to the statistical error in the measurements.

For the PIV uncertainty measurement, we followed the procedure given by Foucaut et al.
(2004). The principle is to acquire particle images of no-flow condition and applying the same
post processing schemes of real measurements to calculate the standard deviation of velocity
field. The same parameters of real experimental conditions such as the time delay between
images, field of view, laser energy, seeding density and synchronization are used for the image
acquisition. Then the velocity field and their fluctuations are calculated by using interrogation
windows of size 20 x 20 with 50% overlapping. The measured fluctuation in the velocity field of
zero motion is 0.04 m/s. Thus we can measure the velocity field with an uncertainty of + 0.04 m/s
and any fluctuation below than + 0.04 m/s cannot be considered.

The spatial resolution of PIV measurements is also calculated based on the study of Foucaut
et al. (2004). The velocity vector field is measured by cross-correlation technique using interro-
gation windows. Therefore the PIV measurement is like a low pass filtering of actual velocity field
and the spatial resolution is related to the size of interrogation window [Wereley and Meinhart
(2001)]. Foucaut et al. (2004) expressed an relation between the spatial resolution and the size
of interrogation window based on the cut off frequency calculated at —3 dB (corresponds to 50%
of unattenuated value) as:

fo=28/X (4.2)

where X is the size of interrogation window and f. is the cut off frequency in 1/pixel. In this work,
the cut off frequency is 0.14/pizel and the corresponding spatial resolution is 160 um. So the
minimum possible turbulent scale that can be measured by our experimental setup is 160 um with
an uncertainty of + 0.04 m/s.

4.7 Summary and conclusions

Particle image velocimetry technique provides two dimensional, quantitative velocity vector fields.
This technique is very useful in understanding the complex turbulent flow fields. In this work,
PIV technique is implemented for the analysis of laminar and turbulent combustion studies. This
chapter explained the experimental setup and the basic principle of PIV evaluation scheme. The
advanced PIV algorithm used for the velocity field measurement along with the validation tool
used for the removal of spurious vectors are also discussed. The experimental and PIV evaluation
parameters such as time delay between the image pair, magnification, seeding density, interro-
gation window size are optimized in order to achieve the velocity measurements with less than
1% spurious vectors. A masking technique is implemented for the removal of spurious vectors
in the combustion studies. Our PIV technique can measure the velocity field with an uncertainty
of + 0.04 m/s and with spatial resolution of 160 wm. In conclusion, we can now investigate the
laminar and turbulent flow fields by using the PIV technique.
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Chapter 5

Planar laser induced fluorescence

Abstract. Laser induced fluorescence (LIF) is a highly selective and sensitive technique for de-
tecting minor species in the combustion processes. In this technique, the molecules are populated
to the excited states by absorption of laser radiation and after a certain lifetime, the molecules re-
lax back to the ground states by emitting fluorescence signals. The fluorescence signals are then
captured using an intensified CCD camera. In the linear regime of LIF, the fluorescence signals
are proportional to the relative concentrations of the excited molecules which enable this tech-
nique to measure the equivalence ratio. In this chapter, the experimental setup, LIF subsystems,
calibration techniques, measurement errors, their sources and corrections are described. The
uncertainty and spatial resolution of LIF measurements are finally provided.

5.1 Introduction

Laser induced fluorescence is an optical diagnostic tool widely used for detecting minor species
like OH, NO,CH, ... in combustion processes and also used for the measurements of tempera-
ture, velocity and pressure [Eckbreth (1998), Cessou (2006)]. LIF technique can be extended to
two-dimensional measurements by expanding the laser beam into a thin laser sheet and recording
the fluorescence signal by an intensified CCD camera. This extended two-dimensional measure-
ment is called as planar LIF (PLIF). In this work, PLIF technique has been utilized to measure the

LASER

& set

Nd:YAG LASER
@ 266 nm

LIF Image

Flow with tracer

ICCD camera A
particles

Figure 5.1: Typical experimental setup for a planar laser induced fluorescence.
equivalence ratio field. For that, fuel is doped with fluorescent tracer proportional to the fuel flow
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5. PLANAR LASER INDUCED FLUORESCENCE

rate. Then the tracer in the flow is illuminated by a laser light sheet (Fig. 5.1) whose wavelength
is chosen to excite tracer molecules to higher energy state. A fraction of these excited molecules
emit fluorescence signal and the rest of them return to the ground state by transferring excess
of energy through non-radiative decay processes like collisional quenching or inter-crossing sys-
tem. The emitted fluorescence signals from tracer molecules are proportional to the equivalence
ratio of mixture and the laser intensity. Therefore, quantitative measurement of equivalence ra-
tio is realized by calibrating the acquired fluorescence signal with known mixture and laser in-
tensity. The acquired PLIF images are affected by noise from various sources, so the images
are post-processed by a new image correction technique in order to improve the accuracy of
measurements. This chapter covers the experimental setup, details of calibration of signal, new
post-processing scheme for image error correction and the spatial resolution of equivalence ratio
measurements.

5.2 Principle of LIF

Higher electronic /
Ionisation states

IVET, RET

12 A21 U U Q21

IVET, RET

Figure 5.2: Principle of laser induced fluorescence (Hanson et al. (1990)).

The theoretical background of laser induced fluorescence is schematically shown in Fig. 5.2
[Hanson et al. (1990)]. The theoretical principle of LIF can be simplified by considering two-level
scheme where molecules in the lower electronic energy state 1 are excited by laser absorption
(B12U,) which populates the upper electronic state 2. The upper energy state is depopulated
through many ways:

e The molecule can return to the ground state by stimulated emission (B21U,)
e The molecules can be excited to higher electronic or ionization states (1y;)
e The molecules can loss energy due to dissociation (Q,)

e The molecules can transfer its excited electron to other molecules by collisional quenching

(Q21)
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5.3 Linear regime of LIF

e The molecules can return to ground state by spontaneous emission of fluorescence (As1)

More details on the principle of LIF can be found in the references [Hanson et al. (1990), Eckbreth
(1998), Cessou et al. (2000)].

5.3 Linear regime of LIF

In the case of two-levels model of fluorescence emission, the population of excited molecules N,
can be described by the following equation [Cessou et al. (2000)]:

NoU, B2 _ ) )
No(t) = v 1—¢ [(Bi2+B21)Uy+A21+Q21]t 5.1
2( (Big + B21)Uy, + Ao1 + Q21 ®.1)

where A1, Bio, Bo1, Q21 are Einstein coefficients, Ny is the population of molecules at fundamen-
tal level and U, is the spectral energy density of laser beam. The fluorescence signal intensity

can be expressed as:
Bi2 Agy

Biz + Bap 1 + Year

Q
= hv—V N, 5.2
Sf V47TV 0 ( )
where hv is the photon energy, Q2 is the solid angle of collection, V is the interaction volume and
U,sqt is the saturation intensity. For the case of lower laser intensities, which means U, <« U, 54,
the Eqn. 5.2 becomes:

Q A
Sy = hv—V NoBi,U, 21 (5.3)
T

4 Az1 + Q21
Thus fluorescence signal is proportional to the number of molecules N, and the laser intensity U,,.
But it is still affected by collisional quenching rate Q21 which depends upon temperature, pressure
and concentration of species.

5.4 FARLIF

The fluorescence signal is affected by quenching rate and the quantitative measurement of con-
centration becomes difficult in some conditions. But, if the quenching rate is higher than sponta-
neous emission (A2 < @21), then the fluorescence signal becomes:

Q Ny
= hv—V B3U, Ay — 54
S l/4ﬂ_V 12U, Agy O (5.4)
Thus the fluorescence signal is proportional to ratio of population of molecules in fundamental

level to the Einstein coefficient of collisional quenching:
Sy o — (5.5)

Consider that the fluorescent tracer added to the fuel is chosen to be quenched by oxygen. Also,
consider that the Ny is proportional to the fuel concentration and collisional quenching rate is
proportional to the oxygen concentration. Then, the Egn. 5.5 can be expressed as:

Fuel
0o

Sy o x Equivalence ratio (5.6)
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5. PLANAR LASER INDUCED FLUORESCENCE

Therefore, the equivalence ratio (¢) can be measured directly from the fluorescence signal for a
given conditions of temperature, pressure and laser intensity. This technique is called as fuel-air
ratio LIF (FARLIF) [Reboux et al. (1996)]. This measurement technique needs a fluorescent tracer
with strong collisional quenching by oxygen molecules.

5.5 Choice of a tracer

Aromatic tracers are widely used for fuel-air ratio measurements because of their strong quench-
ing by oxygen [Schulz and Sick (2005)]. The choice of aromatic tracer is very critical and impor-
tant, must be taken based on criteria given below:

e The oxygen molecule must be the major collisional quenching contributor.

e The variation of fluorescence signal must be linear with the variation of laser energy and
equivalence ratio.

Good fluorescence yield is important.

The emission spectrum must be shifted from absorption spectrum in order to avoid reflec-
tions from elastic scattering at the wavelength of laser.

The tracer must have same thermo physical properties as the fuel so that it can mix well
with fuel and can adequately represent the fuel concentration.

e The tracer should be not toxic.

Pasquier-Guilbert (2004) carried out a detailed analysis of choice of tracer by using an optical
cell and found that anisole was a suitable tracer for the mixture of propane-air. The absorption
and emission spectra of anisole are shown in Fig. 5.3. Some important properties of anisole are
listed in the table 5.1. In that table, L, is the fluorescence intensity of solution in the absence of

CAS No. 100-66-3
Molecular Weight (g/mol) 108.14
Chemical Formula CeHsOCHs3
Appearance Clear, colorless liquid
Boiling Point 156°C
Melting Point -37°C
Flash Point 52°C
Autoignition temperature  475°C
Vapor Density 3.72

Vapor Pressure (mmHg) 10 @ 42°C
Lo/L 1.54

Table 5.1: Anisole properties.
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Figure 5.3: Emission and absorption spectra of anisole (Berlman (1971)).

air and L is the fluorescence intensity of same solution in the presence of air [Berlman (1971)].
The autoignition temperature of propane in air is around 450 - 504°C [Glassman (1987)] and the
autoignition temperature of anisole is very close to propane. This similarity provides an advantage
that tracer also disappears with fuel in the burned region which enables to visualize the burned
region and to identify the flame front in the combustion images.

5.6 LIF subsystems

A typical LIF system (shown in Fig. 5.1) consists of several subsystems which are listed below:
1. Atracer unit which adds molecular tracer to fuel, proportional to the fuel flow rate.

2. A LASER unit to excite the fluorescent tracer.

w

. An optical unit to create thin laser sheet.
4. An ICCD camera unit to capture the fluorescence signal.

5. UV filter to remove elastic and Mie scattering signals.

]

. A synchronization unit to control the timing of laser and camera unit.
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5.6.1 Tracer unit

The function of tracer unit is to add the fluorescent tracer proportional to the fuel flow rate. In this
work, anisole is used as tracer for the propane-air mixture. A small concentration of anisole vapor

Thermocouple

Filter (size:15 pm)

Purge

Propane —i

| —

I Propane with
Anisole vapors

. Vapors+
small droplets

---- Small bubbles

---- Big bubbles

Liquid Anisole

Figure 5.4: LIF tracer unit.

is added to propane by using a bubbler system as shown in Fig. 5.4. In that system, propane
is used as a carrier gas and the flow rate of anisole vapor is controlled by the carrier gas flow
rate [Boer (1995)]. The flow rate of propane was initially controlled by a thermal mass flow meter

Filter
Propane 8 m g

| TMFM
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regulator Il |-----Anisole
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Air

(a) Flow configuration 1.
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regulator

—|-----Anisole
tracer

(b) Flow configuration 2.

Figure 5.5: Flow configuration of tracer.

(TMFM) as shown in Fig. 5.5. But the quantity of anisole vapor added to the propane flow rate
varied significantly in that configuration due to the fluctuation of pressure inside the tracer unit
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caused by the downstream conditions. In order to avoid this problem, another configuration has
been utilized (Fig. 5.5). In this configuration, a sonic nozzle is fixed in between tracer unit and
chamber. The flow rate of propane with anisole vapor through the sonic nozzle is controlled by the
upstream pressure of propane. The advantage of sonic nozzle is that the flow rate is not affected
by the downstream conditions. For a particular gas, the critical mass flow rate in the sonic nozzle is
directly proportional to the stagnation pressure in the upstream [Bignell (2000)]. The calibration of
the sonic nozzle is carried out by passing known quantities of propane at different pressures. The
flow rate of propane is measured using a soap bubble meter. Finally, a linear relationship between
the flow rate and the upstream pressure is obtained. This calibration process is frequently carried
out to ensure correct functioning of sonic nozzle. The quantity of anisole vapor added to propane
is very low due to its higher fluorescence yield (Lo/L = 1.54) so that it can be considered to have
a negligible effect on the equivalence ratio of propane-air mixture.

5.6.2 LIF laser unit

Figure 5.6: QuantaRay laser unit.

In our case, anisole vapor in the fuel-air mixture is excited by fourth harmonic of a Nd:YAG laser.
The laser is a QuantaRay PIV 400 manufactured by Spectra Physics. The repetition rate of laser
is 10 Hz and the output energy is 100 mJ at 266 nm wavelength with fluctuations of around 5%.
The duration of laser pulse is 8 ns. The residual fundamental and second harmonic laser beams
are filtered out by specially coated UV mirrors.

5.6.3 Laser sheet formation

The laser sheet is formed by the combination of spherical and cylindrical lenses. A Dichroic mirror
is used to optically combine the PIV laser beam with LIF laser beam. The minimum laser sheet
thickness is around 400 um, which is created by the association of one spherical lens of 1 m focal
length, one cylindrical lens of —25 mm focal length and one cylindrical lens of +150 mm focal
length.

5.6.4 ICCD camera

The fluorescence signal is collected by an intensified CCD (ICCD) camera. The ICCD camerais a
Roper Scientific PIMAX 512 manufactured by Princeton Instruments. The pixel formatis 512 x 512
and the available pixel rates are 100 K Hz and 1 M H z with a gating speed of 2 ns(FW HM). The
objective used in this work is a 100 F/2.8 type CERCO 2178 UV lens manufactured by EADS
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100 F/2.8 UV lens

(a) ICCD camera. (b) UV objective.

Figure 5.7: ICCD camera and objective.

SODERN. The overall diameter of objective is ¢ 66 mm and F-stop range is /2.8 to F/8. The
field of view of LIF image is around 4.4 x 4.4 cm?.

5.6.5 Filter

The fluorescence signal emitted by the anisole tracer is broadband and situated around 350 nm
[Fig. 5.3]. Furthermore this range of wavelengths needs to be isolated from the laser excitation
wavelength (266 nm) and also from the Mie scattering wavelength (532 nm). A Dichroic mirror is
used to separate the Mie scattering signal from fluorescence signal. The laser wavelength signal
is removed by a long-pass 266 Razor Edge filter manufactured by Semrock. The diameter of filter
is 25 mm. Due to its smaller size compared to the objective, it is placed in between UV objective
and ICCD camera.

5.6.6 Synchronization unit

The synchronization unit used in this work comprises of timing generators, logic gates and oscil-
loscopes. The laser is operated by an external signal of fixed frequency (10 H z) with an option of
shifting the frequency within +10% of the operating frequency.

5.7 Calibration of fluorescence signal

Theoretically, in the linear regime of LIF operation, the fluorescence signal is proportional to the
ratio of local population of molecules illuminated by the laser sheet to the collisional quenching
rate (Eqn. 5.5). This collisional quenching rate depends upon the collisional partners and in
our case oxygen is the major collisional partner [Pasquier-Guilbert (2004)]. So the fluorescence
signal acquired from the PLIF image is proportional to the laser energy and the fuel-air ratio
which determines local population of tracer molecules and quenching rate. Thus the first step
of equivalence ratio measurement is to calibrate the fluorescence signal with known mixture and
laser energy so that we can find a linear relationship between the fluorescence signal and the
equivalence ratio.

One example of PLIF image of a homogeneous mixture is shown in Fig. 5.8. The spatial
variation of signal level is related to factors such as vignetting effect [Ferrier et al. (1993)], in-
homogeneity of laser profile, optical collection effect and so on. These variations could affect
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Figure 5.8: Fluorescence image of homogeneous mixture field.

the equivalence ratio measurement. But the first checking point is the linearity of mean fluores-
cence signal with respect to the equivalence ratio at a given laser intensity. So we carried out the
calibration procedure before doing any post-processing of images.

First, the combustion chamber is filled with propane-air mixture of known equivalence ratio
and one hundred consecutive images are acquired. The mean and standard deviation of one
hundred consecutive images are shown in Fig. 5.9. During the acquisition, the instantaneous
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Figure 5.9: Mean and rms of ICCD images of homogeneous mixture.

energy of the laser beam is measured by using an energy meter located on the path of reflected
beam from the spherical lens (Fig. 5.10). The procedure is repeated for the range of equivalence
ratios varying from ¢ = 0.6 to ¢ = 2.0. Finally, the combustion chamber is filled with air alone
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and one hundred images are acquired to compensate the background noise comprises of black
noise of ICCD camera and diffusion of light. Then the background and energy corrected mean
fluorescence signal level of each image is measured by the following expression:

Sy(i) = (I(i) — ) * B,/ E; (5.7)

where I is the mean fluorescence signal level of whole image, I, is the mean fluorescence signal
of one hundred background images, E.. is the reference energy and F is the instantaneous energy.
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Figure 5.11: FARLIF calibration curve.

The variation of corrected fluorescence signal level as a function equivalence ratio is shown in
Fig. 5.11. The fluorescence signal shows a very good linearity with equivalence ratio. This lin-
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earity confirms that despite the assumption of two-level scheme, fluorescence signal from anisole
vapor allows the quantified measurement of equivalence ratio and also indicates that the quantity
of anisole added to the propane is well controlled. The increase of fluctuations with equivalence
ratio is due to increase of noise level with signal level. The next section focuses on the source of
noises and their elimination by post-processing techniques.

5.8 Measurement of Equivalence ratio

The raw PLIF images need to be post-processed in order to accurately measure the local equiv-
alence ratio and for that we must understand the factors which influence the inhomogeneity of
fluorescence signal. So the mean profiles of raw images are analyzed first. The mean horizontal
and vertical full binning profiles of 20 raw images are shown in Fig. 5.12. The mean horizon-

Fluorescence signd (A.U.)

0 100 200 300 400

(a) Mean horizontal profiles.

Fluorescence signd (A.U.)

(b) Mean vertical profiles.

Figure 5.12: Horizontal and vertical profiles of 20 raw images.

tal profiles are showing a typical pattern where the signal levels are lower at right and left sides
compared to the central region of profiles and this could be related to the vignetting effect. The
variations in the mean vertical profiles could be related to the inhomogeneity of laser profile. The
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presence of electrode in the combustion chamber also affects the vertical profiles as we can see
the sudden drop in the fluorescence signals around 320 pixels in the mean vertical profiles.
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Figure 5.13: PDF of raw images.

The probability of distribution of signals collected from 20 images is shown in Fig. 5.13. The
distribution is slightly non-symmetrical and wide on the lower levels of signal. Though images
are acquired for the same homogeneous mixture condition, there is no perfect overlapping of
distribution due to the shot-to-shot variation of laser energy, variation in the laser energy profile
and random noises introduced by various sources. These sources of noises and their elimination
are given in the next sections.

5.8.1 Sources of error

There are multiple factors contributing to the variations of signal level. The important sources of
errors are listed below:

e Errors due to inhomogeneity of laser profile

e Errors due to shot-to-shot variation of laser energy
e Errors introduced by the collecting optics

e Errors originated from the ICCD camera

e Errors originated from the mixture preparation

Laser profile:

The fluorescence signal level is directly proportional to the intensity of laser (Egn.5.3). The local
energy distribution in the laser sheet is a critical factor because that can affect the local measure-
ment of equivalence ratio. Therefore homogeneous distribution of energy across the laser beam
is very essential for accurate local measurements. Any inhomogeneity in laser profile over time
can become source of errors.
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5.8 Measurement of Equivalence ratio

Laser stability:

The shot-to-shot variations of laser energy are another source of error. This error could be elim-
inated by correcting the signal level by instantaneous laser energy. The measurement of instan-
taneous laser energy can be realized by using external devices such as photomultiplier or by
calculating from the small region of acquired image.

Optical collection:

The optical collection system also introduces errors to the measurement due to the vignetting
effect, wrong alignments and the distortion produced by the optical windows. The fluorescence
signal level could be also affected by the window fouling effect.

Camera:

The ICCD camera unit converts the incident light signal into electric charge, amplifies the charge,
converts the charge to voltage signal, and digitizes the signal and stores as an image on a com-
puter. These various stages introduce both random and systematic noises to the acquired image.
Mixture preparation:

The mixture preparation of propane-air could introduce error as a difference between the mea-
sured value and the true value of equivalence ratio and this error cannot be corrected by post-
processing of images. But the perfect linearity observed between the mean fluorescence signal
and the equivalence ratio ensures proper mixture preparation in our work.

5.8.2 Error correction

The systematic errors imposed on a fluorescence image can be eliminated by the post-processing
scheme explained in this section. The local fluorescence intensity Ir(z,y, i), which is proportional
to the local equivalence ratio ¢(z,y,4) of image acquired from two-dimensional laser sheet, can
be expressed as [Shan et al. (2004)]:

IF(xayvi) = g[IL(xvyvi)a S(x,y)]qS(w,y, Z) + b : IL(xvyvi) + Idark’(xvyvi) (58)

where i is image number, g[I;(z,y,1), S(z,y)] is the unknown function of local laser intensity
I (z,y,7) and S(z,y) is the pixel by pixel optical transfer function of the imaging system. The
fluorescence signal from the interference of laser illumination is represented by b - Iy (z,y,1).
The dark noise of CCD camera is represented by Ij..1(z,y,7). The background noise is the
summation of diffusion signal and the dark noise.

Iback’(x7yai) = b'IL<xayai)+IdaTk(xayai) (59)

Since intensity of the background noise is small compared to the fluorescence signal, background
noise is assumed independent of the shot-to-shot variation of the laser energy. Also, rms of dark
noise of the camera is negligible compared with other sources of uncertainty, the background
noise can be eliminated by acquiring an average image of mixture with zero equivalence ratio.

Iback(x7yvi) ~b- IL('Tvy) + Idark('ra Z/) = Iback(xay) (510)

Thus,
IF(%%@ = Q[IL(%% Z)7 S(l’, y)](b(xv:%/b) + Iback:(x7y) (511)
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If we consider that the laser sheet profile is conserved from one shot to another, then
Iy (z,y,1) = P(z,y)- < I > (i) (5.12)

where P(x,y) is the laser sheet profile and < I, > is the spatial average of the laser energy. This
assumption gives,

IF(ﬂﬁ,yyi) - Iback(xvy) = S(l‘,y) : P(x,y) <lIp> (Z) ' (b(x’:%i) (513)

By acquiring the average fluorescence signal of a homogeneous mixture,¢(z,y,i) = ¢.f, the
determination of the influence of the spatial response of the camera and the laser sheet profile
can be determined.

Liep(2,y) = Ipack (7, y) = S(2,y) - P(z,y) - < I > drey (5.14)
The equivalence ratio field is then given by

<I.>  Ip(z,y,i) — Taer(z,y)
< IL > (Z) [Tef(x,y) - Ib(zck(z7y)

O(2,Y,i) = Pres - (5.15)

The shot to shot correction factor is,

I
R. <17 >

z:m (5.16)

The correction factor is calculated from the mean signal level of region of interest (ROI) of mean
reference and instantaneous image as given below:

d)i Irefroi

R =2 .
' ¢T€f IFroi

(5.17)

The equation 5.15 becomes,

Ir(2,y,7) = Iback (7, y)
Iref(xa y) - Iback(xa y)

¢($,y72) = 'Ri '¢ref (518)

The correction procedure is schematically shown in Fig. 5.14 and the examples of final cor-
rected images at different equivalence ratios are shown in Fig. 5.15. The mean reference image
is taken at ¢ = 1.2 for the LIF image correction. The vignetting effect is completely removed in
the final corrected images by the correction procedure. But the spatial variations along Y direction
are not completely removed. Among the examples of final corrected images (Fig. 5.15), ¢ = 1.0
is having least spatial variations and ¢ = 1.8 is having highest spatial variations. That clearly
shows the increase of spatial variation with increase of difference between the equivalence ratios
of raw and reference images utilized for the correction. Also the spatial variations are dominant in
Y direction and this point is further illustrated by the mean vertical and horizontal profiles shown
in Fig. 5.16. At ¢ = 1.2, there is no variation in the mean profiles. That means the correction
scheme works well when the reference images are taken with same mixture conditions of raw
images and becomes worse when the differences are more. The distributions of equivalence ratio
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Figure 5.14: LIF image error correction procedure.
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5.8 Measurement of Equivalence ratio

for different corrected images are shown in Fig. 5.17. The distributions are almost symmetric up to
¢ = 1.2 and becomes more and more non symmetric with increase of equivalence ratio. Indeed,
the distribution of each case changes with different reference images and even for same mixture
condition, the distribution changes with reference images taken at different times. All those obser-
vations indicate that the correction procedure cannot be applicable when the raw and reference
images are taken at different time or at different mixture conditions.

5.8.3 Novel correction technique

The spatial variation of laser beam over a period of time affects the local measurement of equiv-
alence ratio because of normalization of raw image by reference image taken at a different time.
This spatial variation effect cannot be eliminated by the standard correction scheme. So, a novel
scheme has been developed based on the mean vertical laser beam profiles extracted from the
instantaneous raw image and mean reference image.

ROI 2: N N
8 X 512 g 2
T T
070870610 1112 1z 07080610 11121z
Sf(A.U) Sf(A.U)
(a) Raw image (b) Mean profile 1 (c) Mean profile 2

Figure 5.18: Mean vertical profiles from the ROI region of image.

In our configuration, the laser beam has been passing from left to right of image shown in
Fig. 5.18. Therefore, the instantaneous spatial distribution of laser energy for each image can be
calculated from the mean vertical profiles of region of interest (ROI) from the left and right side
of image. One example of mean vertical profiles calculated from first and second ROI are shown
in Fig. 5.18. The left and right side mean vertical profiles are not having similar variation of fluo-
rescence signals along Y direction due to the vignetting effect, presence of electrodes and laser
sheet expansion along X direction. But the normalization of raw image by mean reference image
can eliminate those interferences except the laser sheet profile shot-to-shot variation. However,
the laser beam variation can be included in to the correction scheme by computing the laser pro-
file image based on the ROI profiles. So the basic principle of our new scheme is to normalize
each image by its own laser profile image before applying the standard correction procedure.

The principle of new correction technique is depicted in Fig. 5.19. The first step of our new
technique is to calculate sample and reference image respectively from raw and mean reference
images subtracted by mean background images. Then their corresponding laser profile images
are computed from their ROI profiles. After that, sample and reference images are normalized
by their own computed laser profile images and that eliminates the effect of temporal variation of
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laser sheet profile. Next normalized sample image is divided by the normalized reference image
in order to eliminate the vignetting effect, presence of electrodes and other systematic errors.
Finally, the output image is multiplied by the shot-to-shot correction factor.

Raw Mean
' background
Image _ : Sample Computed
(X y,i) 'mage image sample
FXY, Lo (X, Y) image
ROI
profiles
Mean Mean
reference background
g _ - Reference Computed
image image image reference
L (%) o (%, Y) image
Sample ) Computed
image - sample
image
Final
< > L ER L ¢ref] = image
16 9A)
Reference . Computed
image ' reference
image

D 2

Figure 5.19: Novel correction technique.

One example of computed laser profile images of reference and sample image are shown
in Fig. 5.20. These images are constructed from their ROI profiles by using a linear fit of the
signal between the left and right side mean vertical profiles. The computed laser profile images
shows clear difference between the sample and reference image, which causes spatial variation
in the final image because of normalization of raw image by mean reference image in standard
correction technique. But by normalizing the sample and reference images by their own computed
laser profile images eliminate this laser beam profile effect. One example of normalized sample
and reference image are shown in Fig. 5.21. The spatial variation of fluorescence signal in the
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normalized sample image is similar with normalized reference image. This normalized image
also shows the presence of electrodes at top right corner of image, vignetting effect in top and
bottom of image and variation of signal along X direction especially in the right end of image due
to the diffusion of light. So by dividing the normalized sample image by normalized reference
image eliminates all those systematic errors. Few examples of final corrected images by the new
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Figure 5.20: Computed reference and sample images.
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Figure 5.21: Profile corrected reference and sample images.

technique are shown in Fig. 5.22. The spatial variations in the vertical direction are eliminated
by the new technique. However, final corrected images show a small residual spatial variation in
the horizontal direction which is related to the increase in diffusion of signals from the windows
with equivalence ratio and the new technique cannot correct those variations. Nevertheless, the
reference images are acquired with mixture conditions closer to the combustion images so that
diffusion of light is almost same for both reference and raw images. The overall spatial variations
of final images are very much lower than the finale images calculated by the standard correction
technique.
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Figure 5.22: Examples of corrected images by novel technique.
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Figure 5.23: PDF of images.
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Now we would like to show the results of intermediate steps of LIF image error correction
procedure. The distributions of equivalence ratio of one hundred images calculated from their
final images before and after the shot to shot correction are shown in Fig. 5.23. The dispersions
are almost same and their shift from the true value (¢ = 1.0) clearly indicates the effect of shot to
shot laser energy variation on the measured values. A perfect overlapping is observed after the
shot-to-shot correction.
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Figure 5.24: PDF of median and Gaussian filtered images.
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Figure 5.25: Fluctuations of 20 images.

The precision of measurements can be improved by removing random noises in the images
using median and Gaussian filter schemes. But the filtration could decrease the spatial resolution
of measurements. So the size of filter has been optimized based on the variation of fluctuation
and spatial resolution with respect to different filter sizes. The optimization process is explained
in the next section. The images are filtered by applying two times of median filter of size 3 x 3
pixels and one time of Gaussian filter of size 5 x 5 pixels. The distributions of equivalence ratio of
images before and after the filtration are shown in Fig. 5.24. The dispersions of filtered images
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are lower than the unfiltered images which clearly indicate the improvement in the precision of
measurements. The comparison of fluctuations of images with and without filtration is shown in
Fig. 5.25. The dispersion is reduced globally in the filtered images.
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Figure 5.26: PDF of corrected images of homogeneous mixtures taken at different equivalence ratios.

The distributions of equivalence ratio for different corrected images by new technique are
shown in Fig. 5.26. The distributions are symmetric for all the equivalence ratios. For each
homogeneous mixture conditions, equivalence ratio at the peak of distribution is perfectly matches
with actual value and the dispersions are very small compared to the results obtained by the
standard correction procedure. The dispersions of PDF curves increase with equivalence ratio
due to the increase of noise to the signal level with equivalence ratio.
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The comparison of equivalence ratios measured from raw images and final images with and
without profile corrections are shown in Fig. 5.27. As expected, the fluctuations are smaller in
corrected images and even smaller with profile corrected images which shows that the precision
of measurement is improved by the new correction technique. A summary of LIF correction steps
with fluctuations are given in Table 5.2. The fluctuations (+ o) are reduced from around 10% to
around 2% by the correction process. So the uncertainty in the equivalence ratio measurement is
around ¢ = Ppeasurea = 2% at ¢ = 1.0.
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Figure 5.27: FARLIF calibration curve.

LIF Image correction stages | rmsat ¢ = 1.0
Raw images + 10.61 %
Laser sheet corrected images +5.75 %
Pulse energy corrected images +5.09 %
Filtered images +£210%

Table 5.2: Fluctuations at different stages of LIF image correction.

5.9 Precision of LIF measurement

As explained earlier, the variation of fluorescence signal level in the raw image is contributed by
various error sources (§ 5.8). Even though new correction technique eliminates all the systematic
errors, it cannot remove the random noises imposed on the image which varies pixel-to-pixel. For
the random noises, median filter is an effective tool which could eliminate noise without affecting
the gradient of signal. Median filter is a non-linear filter which replaces the middle value of 2D
array by their median value. By combining the median filter with Gaussian filter, it is possible to
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remove the random noises and smooth the image for better precision. But the spatial resolution
of measurement decreases with increase of filter size. So the filter size needs to be optimized for
good precision with reasonable spatial resolution.

Spatial resolution of numerical filter:

(a) Raw image (b) Sinusoidal image (c) Synthetic image

(d) Filtered image

Figure 5.28: Filtration of synthetic image.

We have developed a method for the measurement of spatial resolution of the numerical filter ap-
plied by using synthetic images. The principle of method is to create a two-dimensional sinusoidal
image, convolute that image with profile corrected raw image, then apply the filter and measure
the ratio of amplitudes of filtered and synthetic image as a function of frequency. Examples of raw
image, sinusoidal image, convoluted synthetic image and filtered image are shown in Fig. 5.28.
Here the raw image is one of the instantaneous images taken at ¢ = 1.0 homogeneous mixture
condition so that it represents the same kind of randomness of real images. The formula used to
generate the two-dimensional synthetic images is given below:

T (00) = 2 Tnaa) + ) cos (54 5500 ) -cos (s 550,) - (619)
where Ig,,(z,y) is the intensity of convoluted image, Ir..(z, y) is the intensity of raw image, T' is
the period of sinusoidal wave, ¢, ¢, are the phases in X and Y directions. The phase is taken
as 45°. The frequency of image is reciprocal of period, that is, frequency f = 1/T.

The imposed and filtered profiles are shown in Fig. 5.29. Here M3 represents median filter
of size 3 x 3, M5 represents median filter of size 5 x 5 and similarly G3, G5 represent Gaussian
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filters of size 3 x 3 and 5 x 5. The combinations of filters tried in this work are M3G5, M3M3G5,

M5G5 and M5M5GS.
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Figure 5.29: Imposed and filtered profiles at different frequencies.

The mean amplitudes of synthetic and filtered images are calculated and their ratios versus
the frequency are shown in Fig. 5.30. The limiting resolution at 10% of amplitude is deduced from
this graph. The values of limiting resolution increases with filter size and number of filtrations as

expected.

The fluctuations of equivalence ratio measurement for the homogeneous mixture conditions
are shown in Fig. 5.31. The fluctuations are coming down with increase of filter size as well as
number of filtering but the reduction is small compared to the drop in limiting resolution. So we
have chosen M3M3GS5 filtration scheme which removes random noises as shown in Fig. 5.29
with reasonable limiting resolution.
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5.9 Precision of LIF measurement

Spatial resolution based on edge response:

The above method focused mainly on the optimization of numerical filter size by taking into ac-
count only the random noises of PLIF images. The cut-off frequency of the numerical filter could
be smaller or higher than the cut-off frequency of optical collection system. So it could be inter-
esting to measure the spatial resolution of collection system in order to compare them with that
of numerical filter. Therefore, in this work, we have measured the spatial resolution of optical
collection system from their edge response [Smith (1997)].
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Figure 5.32: Edge response

In order to measure the spatial resolution, a sharp edge is placed in the path of laser sheet
and that produced an edge in acquired PLIF image as shown in Fig. 5.32. Then local intensity
values across the edge are measured from the PLIF image and one example of such a profile
extracted from raw and filtered images are shown in Fig. 5.32. The M3M3G5 filtration scheme is
used to filter the PLIF images. In the raw profile, we can clearly see the fluctuations in amplitude
due to the random noises and diffusion of signal at lower amplitude range and those fluctuations
are eliminated in filtered profile. To know the spatial resolution, we have to measure the distance
required for the edge response to rise from 10% to 90%. But due to the local fluctuation in ampli-
tude, it is not possible to measure the edge based on local values. So a linear fit is applied to the
slope of edge and from that fitted line, the edge response is measured as shown in Fig. 5.32.

The edge response of both raw and filtered images are measured at different vertical positions
and then their mean and standard deviation are calculated, which are given in Fig. 5.33. The
limiting resolution of raw and filtered images are around 409 pm and 444 um, respectively. That
means the limiting resolution of optical collection system is around 410 ym. The small difference
in resolution between raw and filtered images indicates that the effect of numerical filtration on
edge response is small, but the precision of measurement is improved by the filtration scheme.
So the spatial resolution of equivalence ratio measurement which included both optical system
as well as numerical filtration process is 444 ym for an investigation area of 45 x 45 mm? with an
uncertainty of £2% at ¢ = 1.0.
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Figure 5.33: Variation of edge response along the length of PLIF image.

5.10 Summary and conclusions

Fluorescent tracer Anisole
Laser excitation wavelength 266 nm
Image size (pixel) 512 x 512
Linearity range $»=061t2.0
Uncertainty (+ o) +2%Q@¢=1.0
Spatial resolution 444 pum

Table 5.3: Parameters of LIF technique for equivalence ratio measurement.

Laser induced fluorescence is a highly useful technique for the quantitative measurement of equiv-
alence ratio of non-reactive and reactive mixture conditions. The basic principle of LIF is reviewed
in this section. The need of tracer for the equivalence ratio measurement and the important crite-
ria of tracer selection are discussed. The experimental setup of LIF measurements are discussed
with great detail. The procedure for the calibration of fluorescence signal, inhomogeneity of LIF
images and possible sources of error are explained. A novel image error correction technique
has been developed in this work based on the instantaneous profiles. The various stages of post-
processing of new technique and the improvements achieved in each steps are explained with
examples. Finally, the spatial resolution of LIF measurement using synthetic images is described.
The relationship between precision and spatial resolution of measurements with filtration process
are explained. The experimental setup of LIF technique used in this work allows us to measure
the equivalence ratio with an uncertainty of +2% at ¢ = 1.0 with spatial resolution of 444 pum.
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Chapter 6

PIV/PLIF system

Abstract. In this work, simultaneous measurements of velocity and equivalence ratio are per-
formed by using PIV/PLIF techniques. For that, both PIV and LIF laser beams are combined by
optics. The fuel-air mixture is seeded with fluorescent tracer and oil particles in order to acquire
fluorescent signal from tracer and Mie scattering signal from particles. The emitted signals are
separated by beam splitter and acquired by CCD and ICCD cameras. Laser units and cameras
are operated by a dedicated synchronization unit. Optical filters are utilized to eliminate the in-
terference between PIV and LIF measurements. This chapter explains the experimental setup,
synchronization of optical techniques, interference between the two techniques and elimination of
them.

6.1 Introduction

The main objective of this experimental work is to understand the stratified combustion phenom-
ena at the fundamental level and to provide some valuable data for the development and valida-
tion of numerical simulations. The characteristic of stratified combustion depends strongly on the
flow-chemistry interactions and simultaneous measurements of flow and scalar field is very much
essential for the better understanding of this complex combustion process [Frank et al. (1996),
Barlow (2007)]. Simultaneous PIV/PLIF measurement techniques are gaining popularities due to
their compatibility and the usefulness of data generated by the combined measurements [Pasquier
et al. (2007)]. So in this work, both techniques are utilized to measure velocity and equivalence
ratio fields. In this chapter, we are going to discuss about the way of combining two measurement
techniques, interferences between them and elimination of interferences.

6.2 Experimental setup

The principles of PIV and PLIF techniques, their experimental arrangements and their subsystems
are discussed already in the previous chapters. Those two systems are combined in this work
in order to perform simultaneous velocity and equivalence ratio measurements. The combined
experimental configuration is shown in Fig. 6.1. In that configuration, two separate lasers are
used. PIV measurements are carried out by using the second harmonic of a double-cavity Nd:YAG
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6. PIV/PLIF SYSTEM

laser (Quantel TwinsUltra) and PLIF measurements are carried out by using the fourth harmonic
of a Nd:YAG laser (Quantaray Spectra-Physics). The two laser beams are optically combined by
a Dichroic mirror (7' = 0.99 @ 532 nm, R = 0.95 @ 266 nm) and the overlapped laser sheets
are formed by the combination of spherical (f = 1m) and cylindrical lenses (f = —25mm, f =
+100mm). Typical thickness of PIV and LIF laser sheets at the entrance of combustion chamber
are 800 um and 400 pum respectively. A mechanical shutter is placed in the optical path which
helps to prevent continuous illumination of chamber in order to avoid damaging the structure of
anisole as previously observed by Pasquier-Guilbert (2004) and allows the laser beam only at the
time of acquisition.

Hamamatsu CCD camera (PIV)

PIV Filter & 12 bits — (2048 X 2048 pixels)

Mirror £ .

PIMAX ICCD camera (LIF)

=3 16 bits — (512 X 512 pixels)
Beam ' ‘ '
. - |
- ombustion chamber

% (60 X 60 X 160 mm)

Cyl.Lens (+)

arr’ . / / Cyl.Lens (-)

@ ¢ Sph.Lens
~T / P

Nd:YAG LASER (LIF) /‘_7' Dichroic Mirror
Quanta Ray 10Hz ~ Shutter” Mirror @
120 mJ @ 266 nm Mirror @ /532 nm

Nd:YAG Double cavity
LASER (PIV)
Quantel TwinsUltra
30mJ @ 532 nm

Figure 6.1: Experimental configuration for simultaneous PIV/PLIF measurements.

The fuel is seeded with anisole vapor proportional to the fuel flow rate and air is seeded with
olive oil particles. The emitted fluorescence signal in the UV range and Mie scattering signal in
the visible range are collected at right angles to the laser sheet. Fluorescence signal is separated
from Mie scattering signal by a high pass Dichroic sheet which is transparent to the Mie scattering
signal reflects the fluorescence signal towards ICCD camera. Fluorescence signal is filtered by
a long pass filter and the filtered signal (spectral range 275-350 nm) is collected by an ICCD
camera with a gate width of 2 ns. Mie scattering signal is reflected towards CCD camera by
a mirror. An interferential pass-band filter (532 + 5 nm) in front of CCD camera rejects the
flame chemiluminescence from Mie scattering signal and the filtered signal in the visible range is
acquired by a CCD camera.
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‘Combustion
chamber

Figure 6.3: Photograph of image acquisition units.
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6. PIV/PLIF SYSTEM

6.3 Synchronization

In our turbulent stratified combustion studies, the flow events are unsteady and non repeatable.
But the LIF laser needs to be operated with fixed frequency. So the main objective of synchro-
nization unit is to combine the unsteady flow or combustion events with laser diagnostics. Figure
6.4 shows the timings of various elements of PIV/PLIF systems. In that diagram, the initiating
signal based on the unsteady flow event is represented by a trigger signal and all the timings are
synchronized with this trigger signal. The PIV system requires five input signals, two for the flash
lamps, two for Q switches and one for CCD camera. The LIF system requires three input signals,
one for the flash lamp, one for Q switch and one for ICCD camera.

J Trigger signal

A = const,
] PIV Flash 1

1 200 5
M {] PIV Qswitch 1

«—-ﬂ PIV Flash 2

§ 200 ps | 5 _
- | {| PIV Qswitch 2

i _| CCD Camera

A
Yoo

I 203 ps A LIF Flash

~—»| LIF Qswitch
200 us ' ;

‘ ~I ICCD Camera

Figure 6.4: Synchronization of PIV with PLIF systems.

For the velocity measurement, we have to acquire two images with a time delay At between
them. In order to perform simultaneous PIV/PLIF measurement, the PLIF image is taken at time
At/2 from the first PIV image. In the case of PIV laser, the optimum time delay between flash
lamp and Q switch is 200 us. For LIF laser, the optimum time delay is 203 us between flash and
Q switch. Both PIV and LIF laser are operated at fixed frequency of 10 Hz. The CCD camera
is operated in dual mode and the acquisition event is initiated after 132 us from first flash of PIV.
The ICCD camera needs an advance Q switch pulse which is delivered after 200 us from LIF flash
timing. So the only variable is time delay At which will be optimized based on the average flow
velocity and the magnification factor of image.
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6.4 Image calibration

6.4 Image calibration

The CCD camera captures two images with known time delay between them and the ICCD cam-
era captures one fluorescence image in between the two PIV images. One example of CCD and
ICCD images are shown in Fig. 6.5.

(a) CCD image. (b) 1ICCD image.

Figure 6.5: Sample CCD and ICCD images.

In order to convert the flow and scalar field results from pixel dimensions to millimeter dimen-
sions, the captured images need to be calibrated with reference scale images (shown in Fig. 6.6).
These reference images are obtained by placing a reference scale exactly in the same plane of
laser sheet. In the reference scale, some symbols are marked and the position of those sym-
bols in CCD and ICCD images are matched for the combined PIV/PLIF measurements. From
the acquired images, conversion factors are calculated by applying linear fit to the counted pixels
between the lines as a function of distances between the lines. Finally the measurements are
transformed to the millimeter dimensions by using those conversion factors.

(a) CCD image. (b) ICCD image.

Figure 6.6: CCD and ICCD images of reference scale.
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6. PIV/PLIF SYSTEM

6.5 Interference between PIV and LIF measurements

As explained earlier, the fuel-air mixture is seeded with anisole vapor and olive oil particles for
the simultaneous measurements. But this could introduce some interferences between the two
measurement techniques.

Interference of LIF tracer on PIV measurements:

As already explained the emitted fluorescence signal is reflected by beam splitter and only Mie
scattering signal in the visible range is passing through it and captured by CCD camera. Also,
the wavelength range of emission of anisole vapor is around 270 — 350 nm, which is below than
visible range so the interference of anisole vapor on PIV signal could be insignificant. In order to
confirm this point, we have measured the level of Mie scattering signal for different equivalence
ratios. But there has been no appreciable difference in the signal with increase of anisole tracer
which means there is no perturbation of LIF tracer on PIV measurements.

Interference of PIV seeding on LIF measurements:

Next, the perturbation of micro-metric olive oil particles on the LIF signals is carried out by
comparing the background and reference images with and without seeding particles. The pertur-
bation of seeding particles on fluorescence signal level is clearly observed (shown in Fig. 6.7).
There is a rise in fluorescence level with seeding particles and the level of increase is not uniform
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(a) Background image without PIV seeding. (b) Background image with PIV seeding.
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(c) Reference image without PIV seeding. (d) Reference image with PIV seeding.

Figure 6.7: Interference of PIV seeding on LIF images.
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6.5 Interference between PIV and LIF measurements

throughout the image. The augmentation of signal in the center of image could be related to the
optical collection system. The commercial filter placed inside the UV objective is not able to filter
those signals. But for the unbiased measurements, the perturbation of seeding particles must be
eliminated from LIF images.
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Figure 6.8: Fluorescence signal level as a function of percentage of Toluene in the liquid filter.

The residual signals from olive oil particles can be filtered out by using a liquid filter filled with
toluene. In our work, the liquid filter is filled with mixture of iso-octane and toluene. The liquid filter
is placed in between the dichroic sheet and ICCD objective [Pasquier-Guilbert (2004)]. Toluene is
very effective in absorbing the residual signals. However, the higher concentration of toluene may
decrease the fluorescence signal. So we optimized the concentration by measuring the fluores-
cence signal level with different toluene percentage as shown in Fig. 6.8. The variation of signal
level for more than 0.6% of toluene becomes constant. So the optimum toluene concentration is
taken as 0.6 % of total mixture of iso-octane and toluene.

The improvement in the equivalence ratio measurement due to the introduction of liquid filter
in the PLIF system is shown in Fig. 6.9. The augmentation of signal in the center of image is
eliminated and the equivalence ratio of mixtures are uniform throughout the image.

Technique PIV PLIF
Seeder / Tracer Olive oil Anisole
Laser excitation wavelength 532 nm 266 nm
Laser sheet thickness 800 um 400 pum
Camera CCD (12 bits) | ICCD (16 bits)
Image size (pixel) 2048 x 2048 512 x 512
Image size (mm) 45 x 45 45 x 45
Uncertainty (£ o) +0.04 m/s +2%Q¢=1.0
Spatial resolution 160 pum 444 pm

Table 6.1: Important parameters of simultaneous PIV/PLIF measurement techniques.
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(a) Background image without liquid filter.
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Figure 6.9: Effect of liquid filter on LIF signal.




6.6 Summary and conclusions

Few important parameters are listed in the table 6.1. The combined PIV/PLIF techniques
can measure simultaneous velocity and equivalence ratio field with an investigation area of 45 x
45 mm?2. The velocity field can be measured with an uncertainty of +-0.04 m/s and equivalence
ratio field can be measured with an uncertainty of + 2 % @ ¢ = 1.0. The spatial resolution of
velocity measurement is 160 um whereas the spatial resolution of equivalence ratio measurement
is 444 pm which is around 2.78 times that of velocity measurements.
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(a) Laminar stratified flame propagation. (b) Turbulent stratified flame propagation.

Figure 6.10: Combined velocity and equivalence ratio field of flame propagation.

Examples of combined velocity and equivalence ratio fields of flame propagation are shown
in Fig. 6.10. They clearly show the superposition of velocity field with equivalence ratio field
in both laminar and turbulent flow conditions. So by the application of simultaneous PIV/PLIF
measurement, we can able to measure combined local velocity and local equivalence ratio around
the flame fronts for the investigation of stratified combustion.

6.6 Summary and conclusions

This chapter has explained the way of combining PIV/PLIF techniques in order to measure si-
multaneous velocity and equivalence ratio field. The synchronization of various units such as
lasers, CCD and ICCD cameras with flow or combustion events are established. The perturba-
tions between the two techniques due to their usage of particle seeding and fluorescent tracer are
verified. We found no problem for PIV measurement but a strong perturbation for LIF measure-
ment. We eliminated the perturbation of seeding particles by using a liquid filter. In conclusion, the
simultaneous measurement of PIV/PLIF is successfully established for the stratified combustion
studies.
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Chapter 7

Turbulent stratified mixture
preparation

Abstract. The velocity and equivalence ratio field of unsteady turbulent stratified jet injected into
a constant volume chamber are measured by using simultaneous PIV/PLIF techniques. To create
stratification of equivalence ratio, the combustion chamber is initially filled with lean propane-air
mixture, and then a rich mixture is injected into the chamber in a controllable way. The evolution
of turbulent stratified jet is analyzed in order to find the optimum location and time to ignite the
mixture for the investigation of flame propagation through stratified mixture field. This chapter
explains the injection unit to create turbulent stratified jet, synchronization of flow event with laser
diagnostics and analyses of turbulent stratified mixture field.

7.1 Introduction

The turbulent flame propagation through stratified mixture field is an important research area
for both fundamental science of combustion and practical applications like direct injection spark
ignition (DISI) engines. In DISI engines, stratified mode of operation yields high fuel efficiency and
low emissions [Zhao et al. (1999)]. The improvement is attributed to the enhancement of flame
propagation through stratified mixture. However, stratified flames are not well understood at a
fundamental level, and there is a need for more complete experimental data sets on well-defined
stratified flames that may be compared with numerical modeling and used to test the validity of
modeling approaches.

The aim of the present work is to perform the measurements of unsteady flame propagation
through stratified mixture field and to compare them with equivalent homogeneous cases. This
chapter explains the way of achieving the stratified mixture field by using axi-symmetrical injec-
tion setup. Simultaneous PIV/PLIF techniques are utilized to measure velocity and equivalence
ratio field of stratified mixture formation inside a constant volume combustion chamber. The ex-
perimental setup, axi-symmetrical injection unit and synchronization between injection unit and
PIV/PLIF systems are given. Finally, mean values and fluctuations of velocity and equivalence
ratio of stratified mixture at the position and time of ignition are given.
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7.2 Experimental set-up

The stratified flame propagation is investigated in a constant volume combustion chamber (Fig.
7.1). The combustion chamber was designed and built by the LCD laboratory Poitiers in 1986 as
a part of ARC (Action de Recherche Concertée). It is a rectangular chamber with a dimension
of 60 x 60 x 160 mm3, which is equipped with three quartz windows especially suitable for the
UV range of laser diagnostics. It has a pressure sensor for dynamic pressure measurement and
it can withstand maximum pressure of 20 bars. At the center of combustion chamber, two thin
electrodes of diameter 300 um are placed to ignite the mixture.

Figure 7.1: Constant volume combustion chamber.
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Figure 7.2: Schematic diagram of the flow set-up.
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The schematic representation of flow setup is shown in Fig. 7.2. It consists of flow circuits of
propane-air mixture and an injection unit. The flow rate of propane is regulated by the upstream
pressure of sonic nozzle. The fluorescence tracer (anisole) is added to the propane flow propor-
tional to its flow rate by a bubbler system. The flow rate of air is measured and regulated with
less than 0.5% of error by thermal mass flow controllers (Bronkhorst EL-Flow series). Olive oil
particles are generated by a seeder unit and added to the air flow. A secondary air circuit is used
for the stratified mixture preparation and its flow rate is controlled by a sonic nozzle.

The procedure followed to create the turbulent stratified mixture field consists of two steps.
First, the combustion chamber is filled with lean homogeneous mixture (¢ = 0.6) at atmospheric
pressure. Next, inlet and outlet valves are closed and a rich mixture is injected into the chamber
to produce stratification. More details of the injection setup are given in the next section.

7.3 Axi-symmetric injection
The main objective of axi-symmetrical injection unit is to realize turbulent stratified mixture field
inside the chamber with following conditions at the location and time of ignition:

e Mean equivalence ratio at the point of ignition: ¢ = 1.1 to 1.2.

e Mean velocity at the point of ignition: 1.0 to 1.2 m/s

Those above parameters are selected to be close to the conditions used in the experimental
studies of Pasquier-Guilbert (2004), who investigated the stratified flame propagation on this same
combustion chamber with stoichiometric condition at the location of ignition, but in this work we
planned to investigate with slightly rich mixture at the ignition point.
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Solenoid valve 1 | Thermistance
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X

Combustion chamber

(60 X 60 X 160 mm?) Propane/Air — \
mixture Micro control valve

; X |<---Pressure gauge

__.-- Cylinder tank

&«

Atmosphere
/’
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Figure 7.3: Axisymmetric injection set-up.

Injection setup:

The schematic diagram of axi-symmetrical injection unit is shown in Fig. 7.3. It comprises of
two solenoid valves (Lucifer-Direct operated E133 K04), thermistance, cylinder tank and a micro
control valve. In this configuration, cylinder tank is used to keep the pressure of rich mixture con-
stant during the injection period. The tank pressure is measured by using piezoelectric pressure
transducer (Keller series 33.5) and maintained by controlling the flow rate of rich mixture to atmo-
sphere through micro-control valve. The solenoid valves are fixed to the side block of combustion
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Figure 7.4: Cut section of side block of combustion chamber.
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Figure 7.5: Photograph of axisymmetric injection set-up.
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7.3 Axi-symmetric injection

chamber and thermistance unit is fixed in between second solenoid valve and cylinder tank for
accurate synchronization of the injection event with acquisition events. The side block is having
a straight circular hole at its center with diameter of 5 mm and length of 60 mm as shown in Fig.
7.4. This constant diameter circular hole helps to realize axi-symmetrical injection. The photo-
graph of axisymmetric injection setup is shown in Fig. 7.5. The inlet and outlet direction of two
solenoid valves with respect to the chamber is shown in Fig. 7.6. The solenoid valve close to the
combustion chamber is fixed in the opposite way to the other solenoid valve in order to protect the
solenoid valves from combustion pressure and to prevent the combustion waves entering into the
cylinder tank.

Stratified jet:

The start and duration of injection are controlled by valve timings of two solenoid valves. The
solenoid valves used in our configuration takes around 10 to 20 ms to open completely, so we
kept the opening of first valve around 96 ms. The duration and time of opening of second valve
determines the velocity of turbulent jet and quantity of mixture injected. The duration of opening
command of second valve is set to 5 ms in order to keep the injection very short. The start
of opening of second valve is fixed to 91 ms so that both valves will be in closed position before
ignition. The valve timings are shown in Fig. 7.7. The axi-symmetrical injection starts with opening

96 ms

Solenoid valve 1

Solenoid valve 2

Thermistance signal

105 ms (+/-) 1ms

Thermistance pulse ! ﬂ

Figure 7.7: Solenoid valve timings and thermistance signal.

of second valve. The duration and time of opening of both solenoid valves are affected by the valve
jitter effect. So it is not possible to know exactly the start of injection due to variation of valve timing
which is around £+ 1 ms. To solve this problem, a thermistance unit is utilized which consists of
thermistance and electronic unit. After the start of injection, an electric signal is produced by
thermistance based on hot wire principle and one example of such signal is shown in Fig. 7.7.
This signal is processed by an electronic unit in order to generate a TTL pulse after the signal
reaches the minimum threshold limit. The timing of TTL pulse is based on the thermistance signal
which is related to flow characteristics and because of that we can find the exact timing of start of
injection irrespective of variation of valve opening caused by the jitter effect. So this TTL pulse is
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used to synchronize the injection event with ignition of mixture and laser diagnostics.

Controlling parameters:

The important parameters of axi-symmetrical injection that controls the characteristics of turbulent
stratified mixture field are time of opening of second solenoid valve, duration of injection, pressure
of injection and equivalence ratio of injection. Out of them, pressure of injection and equivalence
ratio of injection need to be fixed to achieve the desired mixture conditions given in the start of this
section. For that, the injection pressure is fixed to 150 mbar above atmospheric pressure. Then,
velocity of jet is measured at different timings from start of injection. After few trials, we found
that 42 ms after start of injection is the good timing to realize velocity field close to the ignition
point initially located at the center of image zone shown in Fig. 7.8. We ignited the mixture at

. Beam dump

Injection
- mmrmm e m s -

60 mm

Image capture area

50 mm

160 mm

LASER Sheet Combustion
chamber

Figure 7.8: The dimensions of combustion chamber and the position of image capturing area.

that point and observed a global shift of flame front to the right side of image due to the velocity
of jet. In order to compensate this shift and keep the flame front within image area, we decided
to relocate the ignition point slightly on the left side with respect to the center of image. We tried
different ignition positions and compared the flame front positions of the turbulent homogeneous
combustion cases at different timings. Finally, we fixed the ignition location at X = —8.5 mm,
Y = —0.5 mm relative to the center of image which allow us to observe the flame propagation up
to 5 ms with a size of image area around 45 x 45 mm?. Next, we varied the equivalence ratio of
rich mixture from ¢ = 6.0 to 15.0 in order to realize slightly rich condition at the ignition location
and found that ¢ = 10.0 is optimum to achieve the desired conditions at the time and location of
ignition.

The optimized parameters of axisymmetrical injection are given in the table 7.1. In that, the
quantity of injection is measured using soap bubble column. The global equivalence ratio of
combustion chamber before injection is ¢ = 0.6 and after injection is ¢ = 0.77.
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Injection pressure 150 mbar (g)
Injector hole diameter 5 mm
Injector hole length 60 mm
Injection duration 5ms

Equivalence ratio of injection | ¢;,,; = 10.0

Quantity of injection 6.5 cm?

Time of ignition 42 ms

Table 7.1: Optimized injection and ignition parameters.

7.4 Synchronization

The axi-symmetrical injection of rich mixture into the combustion chamber is initiated by a TTL
pulse to the first solenoid valve. Approximately 105 + 1 ms after that, thermistance unit generates
a TTL pulse representing the start of injection and this pulse is used to synchronize all other
events. As already explained, LIF laser is a fixed frequency (10 Hz) laser. We can synchronize
the initiation of the first solenoid valve with the timing of LIF laser. But we cannot synchronize the
timing of start of injection with LIF laser due to the valve jitter effect. The maximum uncertainty of
injection timing is around +2 ms. So we need a system to synchronize the variable injection event
with the LIF laser that can be operated with a small shift of 10 % of its operating frequency. This
operating window can allow us to synchronize the laser with injection event.

; 100 ms _i I
Trigger > I
at 10 Hz |
1 1 1
15 ms 1 1
Authorization 1l Il
window —| ”
11 (L 11
External 1 : : : : :
H |
trigger H L JI H W
[ 1’ T
PIV and LIF : : :
LASER Flashes || | | || | | || |
| T T
Primary table Secondary table Primary table

Figure 7.9: Normal and acquisition cycles.

An electronic control box with two different timings of operation has been utilized for this pur-
pose. The principle of operation is to use two different tables, primary and secondary in that the
events in the primary table are cyclic whereas the events in secondary table occur at only one
time. In our case, the primary table controls the timings of PIV and LIF laser flashes and the
secondary table controls laser flash timings and acquisition timings of CCD and ICCD cameras.
The shifting of primary to secondary table needs an external trigger placed within authorization
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7. TURBULENT STRATIFIED MIXTURE PREPARATION

window of 5 ms as shown in Fig. 7.9. The normal cycle is operated at a fixed frequency of 10 H z.
The acquisition cycle starts when the external trigger is placed inside the authorization window
that shifts the operation of control box to secondary table which immediately shifts the flash tim-
ings of PIV and LIF lasers and acquires two PIV images and one LIF image in between them.
After 100 ms, the operation of control box shifted again to primary table.
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Figure 7.10: Synchronization timetable.

The synchronization of PIV with PLIF systems is discussed already in the previous chapter.
In this section, the synchronization of injection event with PIV/PLIF systems is given. The var-
ious injection events with ignition and acquisition trigger is shown in Fig. 7.10. In that figure,
B and C represent the first and second solenoid valve timings, D represents the start of injec-
tion, E represents the time of ignition (42 ms) and F represents the acquisition time after ignition
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(1,2,3,4,5 ms). The timing of A is adjusted to place the acquisition trigger within operating win-
dow. Examples of images acquired after 9 ms from the start of injection are shown in Fig. 7.11.
We are able to capture the flow event at the same location irrespective of valve jitter effect.

Figure 7.11: Symmetry and reproducibility of jet captured after 9 ms from start of injection.

7.5 Measurement of turbulent stratified flow condition

To define the initial condition of our unsteady injection, the time history of flow condition at the
exit of the injector is needed additionally to the velocity and mixture field at the time of ignition.
The velocity evolution during injection is an essential data, especially for numerical modeling for
which the flow properties at ignition time is not sufficient to simulate the flame propagation. So in
order to provide the time history of flow conditions at the exit of injector hole inside the combustion
chamber, we have utilized the hot wire measurement technique.
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Figure 7.12: Hot wire signals of turbulent stratified jet at the entrance of combustion chamber.

Hot wire anemometry is the most common method used to measure instantaneous fluid ve-
locity with high temporal resolution. This technique depends on the convective heat loss to the
fluid from an electrically heated sensing element or probe placed in that fluid flow [Bruun (1995)].
In this work, a cylindrical sensor is placed at the exit of injector hole. Then, rich mixture is in-
jected into the combustion chamber by the axi-symmetrical injection unit. The hot wire signal and
thermistance signal are simultaneously acquired for each injection. We have collected signals of
50 cycles for the statistical analysis. After that, the hot wire signals are resynchronized based on
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7. TURBULENT STRATIFIED MIXTURE PREPARATION

the thermistance signal which marks the start of injection and the mean and standard deviation
of signals are measured which are shown in Fig. 7.12. It clearly shows a perfect synchronization
of each cycle which confirms the accuracy of thermistance unit to predict the start of injection for
each cycle. Due to the higher temporal resolution of hot wire sensor, we are able to measure
the velocity of jet 12 ms ahead of start of injection predicted by the thermistance unit. The hot
wire signals show higher fluctuations at start of injection and almost constant flow velocity during
middle of injection period and oscillations at the end of injection. The total duration of injection
seems to be around 35 ms.
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Figure 7.13: Calibration of hot wire signals.

In order to measure the flow velocity, the hot wire signal must be calibrated with known flow
conditions under same fluid properties. In our case, we need to calibrate the sensor with rich
propane-air mixture condition. For that, we have utilized the PIV measurement technique to mea-
sure the fluid velocity at the exit of injector hole, providing an in-situ calibration with the same
mixture and pressure conditions. First, we measured the mean velocity of laminar jet at differ-
ent flow conditions by using PIV technique and then we reproduced the same flow conditions
and measured the hot wire signals from sensor placed at the exit of injector hole. At each flow
condition, twenty cycles are performed for PIV and hot wire measurements and from that mean
value of flow velocity and the corresponding mean value of hot wire signal are calculated. Then a
non-linear fit is applied to them based on the relationship of modified King’s law [Al-Garni (2007)]:

E?=A+ BU" (7.1)

where A, B,n are constants, E is the hot wire signal and U is the flow velocity. The calibration
curve is shown in Fig. 7.13. It clearly shows good agreement between the measurements and
the non-linear fit applied to them.

Finally, the hot wire signals of turbulent stratified jet at the entrance of combustion chamber
are calibrated which are shown in Fig. 7.14. The maximum velocity of jet reaches around 15 m/s
and the maximum fluctuation is around 3 m/s occurs around the end of injection. The end of
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Figure 7.14: Variation of flow velocity of turbulent stratified jet at the entrance of combustion chamber
as a function of time.

injection is around 25 ms from start of injection with duration of injection around 35 ms. The next
section focuses on the analysis of mixture field at the time of ignition.

7.6 Analysis of mixture field at the time of ignition

Y (mm)

X (mm) - X (mm)

(a) Velocity field. (b) Equivalence ratio field.

Figure 7.15: Instantaneous velocity and equivalence ratio field of turbulent stratified jet.

The combined velocity and equivalence ratio of turbulent stratified mixture field at the time of
ignition (42 ms after start of injection) are measured from acquired PIV and PLIF images. The time
delay between PIV image pair is fixed to 60 us after considering the range of velocities and the
magnification of image. At this time delay, the spurious vectors are minimal (less than 1%) in the
velocity vector field. One example of instantaneous and simultaneous velocity and equivalence
ratio fields of axi-symmetrical jet is shown in Fig. 7.15. The ignition point is represented by a black
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circle. Globally, the velocity field and the spread of mixture are symmetric with respect to the jet
axis. We can also observe the similarity between flow structures and mixture distributions.
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Figure 7.16: Instantaneous velocity and mixture fraction field of turbulent stratified jet.

The mixture fraction Z can be expressed as a function of equivalence ratio ¢ [Peters (2000)]:

Z 1—Zgy

0=1"7 Zot

(7.2)

where Z, is the stoichiometric mixture fraction. This relationship can be further simplified as:

¢

= 7.3
p+s (7:3)

where s is the mass stoichiometric coefficient (s = 15.57 for propane/air). The instantaneous

mixture fraction field calculated from the equivalence ratio field is shown in Fig. 7.16.

7.6.1 Mean flow and scalar field

In order to determine minimum number of images required for good statistical analysis, the mean
values and fluctuations of velocity at the center of mixture field is measured from one hundred
cycles. Figure 7.17 shows the convergence of mean and fluctuations of velocity around ninety
images. So, one hundred cycles are performed for the calculation of mean flow and scalar field of
turbulent stratified mixture field.

The mean velocity vector field and mean scalar field of stratified mixture calculated from one
hundred cycles are shown in Fig. 7.18. The center of jet is slightly shifted from the center of the
image due to the small misalignment of injection hole in the side block of the combustion chamber.
The mean velocity is around 1.2 m/s, the mean equivalence ratio is around ¢ = 1.1 and the mean
mixture fraction is around 0.07 at the point of ignition.

The transverse profiles of mean scalar field at the time of ignition are shown in Fig. 7.19. The
profiles are almost symmetric and their variation with distance shows that the instance of ignition
is very close to the tail of rich mixture jet. The width (FWHM) of profiles increases from 10 mm in
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Figure 7.19: Transverse profiles of equivalence ratio at different positions of the combustion chamber.

the left side of image to 20 mm in the right side of image. The mean equivalence ratio around the
ignition point is around ¢ = 1.1.
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Figure 7.20: Mean velocity vector field of 100 injections.

The mean velocity fields of U and V components are shown in Fig. 7.20. The U component
velocities are 10 times higher than the V component velocities. The mean transverse and longitu-
dinal profiles of U and V components at the point of ignition are shown in Fig. 7.21. In transverse
direction, U component varies from 1.0 m/s to 1.3 m/s around the ignition point. In the longitu-
dinal direction, U component varies progressively from 0.8 m/s to 2.3 m/s. The velocities of V
component along transverse and longitudinal directions are very low as expected. Transverse and
longitudinal profiles of ¢ and Z at the point of ignition are shown in Fig. 7.22. The equivalence ra-
tio along the transverse direction is more than ¢ = 1.0 around the ignition point. In the longitudinal
direction, equivalence ratio varies progressively from ¢ = 1.0to ¢ = 1.4.
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Figure 7.21: Mean velocity profiles at ignition point.
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Figure 7.22: Mean equivalence ratio and mixture fraction profiles at X=-8.5 mm,Y=-0.5 mm (ignition
point).
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7.6.2 Fluctuations

The fluctuations of U and V velocity components, equivalence ratio and mixture fraction are shown
in Figs. 7.23 and 7.24. The fluctuations of U and V components around the ignition point are
almost same. The fluctuations of equivalence ratio around the ignition point are smaller than
surrounding region.

X (mm) X (mm)

(a) Fluctuations of U component of velocity field. (b) Fluctuations of V component of velocity field.

Figure 7.23: Fluctuations of velocity field.
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Figure 7.24: Fluctuations of equivalence ratio and mixture fraction field.

From the fluctuations, we calculated the turbulent kinetic energy (TKE) of velocity and mixture
field. Turbulent kinetic energy can be expressed as :

1
kit = §(UI2 0?4 w'z) (7.4)
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7.6 Analysis of mixture field at the time of ignition

with an assumption of v' = w’ because of symmetric of jet, TKE becomes,
1, 2 /2
kit = E(u +2v ) (75)

The calculated turbulent kinetic energy fields of velocity and equivalence ratio are shown in Fig.
7.25. TKE of equivalence ratio is the fluctuation of equivalence ratio field. TKE of velocity field at
the ignition point is around 0.25 m?/s? and the equivalence ratio field is around 0.18. The lower
value of TKE is due to the position of ignition located close to the tail of jet at the end of injection.

X (mm) _ X (mm)

(a) Turbulent kinetic energy of velocity field. (b) Turbulent kinetic energy of equivalnce ratio field.

Figure 7.25: Turbulent kinetic energy.
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Figure 7.26: Fluctuations of velocity field at ignition point.

Transverse and longitudinal fluctuations of velocity components, equivalence ratio and mixture
fraction are shown in Figs. 7.26 and 7.27. The intensity of fluctuations in both U and V compo-
nents are similar and varies around 0.3 to 0.4 m/s at the vicinity of ignition point. It also shows
that one hundred injections are sufficient enough to calculate the characteristics of turbulent jet.
Transverse fluctuation profile of equivalence ratio is having dual peaks and the ignition point is
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Figure 7.27: Fluctuations of equivalence ratio and mixture fraction at X=-8.5 mm,Y=-0.5 mm (ignition
point).

located around base of the peak. Table 7.2 summarizes the mixture conditions at the position and

Parameters Mean | RMS
Velocity (m/s) 1.134 | 0.680

Equivalence ratio | 1.074 | 0.171
Mixture fraction 0.065 | 0.011

Table 7.2: Injection parameters at the position and time of ignition.

time of ignition calculated from one hundred cycles. The velocity and equivalence ratio of mixture
field at the time and location of ignition are closer to the desired conditions for the investigation of
turbulent stratified flame propagations.

7.7 Conclusions

The turbulent stratified mixture formation inside a constant volume combustion chamber is an-
alyzed by using simultaneous PIV/PLIF measurement techniques. The mixture stratification is
achieved by injecting rich mixture inside the chamber which is already filled with lean propane-
air mixture. An axi-symmetrical injection unit has been developed to control the characteristics
of stratified mixture field. The synchronization of injection event with PIV/PLIF image acquisition
event is explained. Examples of instantaneous velocity, equivalence ratio and mixture fraction
field of stratified mixture at the time of ignition are provided. The mean fields of velocity, equiv-
alence ratio and mixture fraction are discussed. The fluctuations of one hundred injections and
the turbulent kinetic energy of mixture field are provided. The profiles of mean and fluctuations of
velocity components of U and V, equivalence ratio and mixture fraction are given. At the time and
point of ignition, mean velocity is 1.134 m/s with fluctuation of &+ 0.68 m/s and mean equivalence
ratio is ¢ = 1.074 with fluctuation of + 0.171. So with this configuration, a slightly rich mixture
condition is achieved around the point of ignition.
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Chapter 8

Turbulent stratified flame
propagation

Abstract. The unsteady propagation of propane/air flame is analyzed through turbulent strati-
fied mixture field by using simultaneous PIV/PLIF techniques. The constant volume combustion
chamber is initially filled with lean mixture and then stratified mixture field is realized by an axi-
symmetrical injection of rich mixture. The mixture is then spark ignited in a region slightly richer
than stoichiometric condition and the propagation of flame through stratified mixture is recorded
by simultaneous PIV/PLIF techniques. To isolate the effect of turbulence, propagation of flame is
recorded for the same aerodynamic jet conditions with six different homogeneous mixtures. From
these measurements, the enhancement of flame propagation through stratified mixture condition
is analyzed by comparing the results of stratified case with the results of homogeneous cases.
Further analysis of local burning velocity conditioned on the local equivalence ratio is also per-
formed to understand the stratification effect on the flame propagation with comparison of data
obtained from equivalent homogeneous cases. These analyses of results revealed that the prop-
agation of flame through stratified mixture is faster than their equivalent homogeneous mixtures.

8.1 Introduction

In practical applications like direct injection gasoline engines and gas turbines, combustion takes
place in partially premixed zone where rich stratified mixtures sustain the flame propagation
through very lean mixture conditions. This stratified combustion increases the fuel efficiency and
lowers C O, emissions [Alkidas (2007)]. However, the flame propagation through stratified mix-
ture fields depends on various parameters such as local flow and mixture conditions and those
parameters need to be optimized for the maximum benefits. For that, more fundamental under-
standing on the stratified flame propagation in simple configurations is essential. In that regard,
few experimental and numerical investigations have been carried out and their results are often
contradictory and need more studies on the stratified flame propagations.

So in this work, experimental investigation on unsteady flame propagation through stratified
and homogeneous mixture fields are performed in order to understand the enhancement of flame
propagation through stratified mixture field. In the previous chapter, we discussed about the way
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of producing the stratified mixture field inside the combustion chamber. We also provided the
velocity and equivalence ratio field around the ignition point at the time of ignition. This chapter fo-
cuses on the analysis of turbulent flame propagation through stratified and homogeneous mixture
conditions.

Simultaneous PIV/PLIF techniques are used to measure combined velocity and equivalence
ratio field of flame propagation. In order to isolate turbulence from the stratification effect, flame
propagation through six different homogeneous conditions with same turbulent flow conditions
are also performed. From the acquired PIV and PLIF images, flame fronts are extracted and their
geometries are analyzed. The global parameters such as mean flame radius, mean flame prop-
agation speed of stratified and homogeneous conditions are compared to know the stratification
effect. Then from the measurements of simultaneous velocity and equivalence ratio fields, local
burning velocities of stratified flames conditioned on the local equivalence ratios are calculated
and then compared with equivalent homogeneous cases. Finally, we conclude our findings on the
turbulent stratified flame propagation.

8.2 Flow and scalar fields of flame propagation

One cycle (approx. 300 sec)

120 sec 30 sec 60 sec
3 ‘ T e | Injection to
I_—Ic:moggeneo(l;sG ) Timefor / Axisymmetrical Spark Acquisition | clean the flow
mixture (¢ = U. flow injection of rich iti y -
filling period I Ignition Purging period path

settling mixture (¢ =10) of combustion

chamber
Figure 8.1: One cycle of experiment.

The experimental procedure for each cycle is schematically shown in Fig. 8.1. The combustion
chamber is initially filled with continuous flow of lean propane-air mixture at atmospheric pressure.
Then inlet and outlet valves are closed and the flow is allowed to come to rest. After that, axi-
symmetrical injection of rich mixture is commenced by injector unit. The stratified mixture is then
spark ignited by applying a high voltage between two thin electrodes (300 um) placed inside the
combustion chamber. Minimum spark ignition energy is utilized to ensure free propagation of
flame in the initial phase of combustion. Then combustion images of unsteady flame propagation
are acquired by using simultaneous PIV/PLIF techniques in the same way applied to the injection
studies described in the previous chapter. Finally, the burned products are purged by using a
vacuum pump and one more injection is delivered to the chamber to clean the injection line before
the commencement of next cycle.

The same injection strategy is utilized for the homogeneous combustion cases in order to
investigate the flame propagation through homogeneous mixtures subjected to the same level
of turbulence. The flame propagations are observed starting from 1 ms to 5 ms with 1 ms time
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Number of images

(b) Homogeneous case.
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Figure 8.2: Determination of number of images required for statistical analysis.

Combustion mode Stratified mode Homogeneous mode
Acquisition time (ms) 1,2,8,4,5 1,2,8,4,5
Equivalence ratio of chamber (¢..) 0.6 0.8,09,1.0,1.1,1.2,1.3
Equivalence ratio of mixture (¢in;) 10.0 Pinj = Pec

Total images 500 1560

Table 8.1: List of experimental studies carried out.
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step. In order to determine minimum number of images required for good statistical analysis, the
mean values and fluctuations of flame front radius are analyzed. Figure 8.2 shows convergence
of fluctuations of flame radius at around one hundred images for stratified case and at around
sixty images for homogeneous case. So for each timing, 100 images are acquired for the stratified
case and 60 images are acquired for the homogeneous cases.
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Figure 8.3: Instantaneous velocity and equivalence ratio field of stratified combustion

The instantaneous fields of velocity and equivalence ratio of flame propagation in the stratified
mode of combustion are shown in Figs. 8.3 and 8.4. Those fields are calculated from different
cycles. The flame front is almost spherical in shape at 1 ms after ignition. Then it starts to elongate
along with turbulent jet in the right side, but spreads laterally in the left side. The presence of rich
mixtures surrounding the flame front declines over a period of time. Indeed, part of flame front
starts to propagate through lean mixtures as early as 2 ms after ignition. At 5 ms, the presence of
rich mixtures around the flame front are very minimal and the spread of flame front is more in the
X direction than Y direction. The wrinkling of flame front seems to be increasing with time due to
the turbulence and stratified mixture field around the flame front. Generally, there are similarities
between the flow structures and the distribution of equivalence ratio at each time.
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Figure 8.4: Instantaneous velocity and equivalence ratio field of stratified combustion
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Figure 8.5: Mean and fluctuations of velocity field of stratified combustion
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8.2 Flow and scalar fields of flame propagation
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Figure 8.6: Mean and fluctuations of equivalence ratio field of stratified combustion
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Figure 8.7: Mean velocity field of homogeneous combustion
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The mean velocity and equivalence ratio fields along with their fluctuations calculated from
one hundred images at each time are shown in Figs. 8.5 and 8.6. Both the mean and fluctuations
of velocity and equivalence ratio fields are almost symmetrical with respect to the jet axis. The
mean velocity fields clearly show the progressive change of flame front shape from circular to
oval. Both the mean and fluctuations of velocity field increases with time in the right side along
the jet direction because of combined jet movement with flame propagation. The fresh gases
pushed by the expansion of flame fronts almost covers the entire image area of 45 x 45 mm?
at 5 ms after ignition. But the spread of equivalence ratios around that time is different where the
mixtures are very lean at bottom and top of mean equivalence ratio field. Indeed, the flame fronts
are initially surrounded by rich and stoichiometric mixtures and then the presence of rich mixtures
reduces with time especially along the lateral side (Y direction) of flame fronts.

The mean velocity fields of turbulent homogeneous combustion at different equivalence ratios
are shown in Fig. 8.7. For all the homogeneous cases at 1 ms after ignition, flame fronts are
almost spherical and their size increases with equivalence ratio. Also at 1 ms, the velocity of jet
in the left side decreases with equivalence ratio whereas on the right side of ignition point, the
velocity of jet increases with equivalence ratio. These patterns can be related to the increase of
flame propagation speed with equivalence ratio of mixture.

In all the cases, the shape of flame front progressively changes from spherical to oval which
is similar to the stratified case. Also, the velocity fields are symmetrical to the jet axis. The flame
propagation seems to be very weak for ¢ = 0.8 case where the mean velocity around the flame
front is smaller than the velocity of jet which is clearly visible at 5 ms. The mean velocity fields of
¢ = 1.0 look to be similar to the velocity fields of stratified case. Definitely, the flame propagation
of ¢ = 1.2 is more than all other homogeneous and stratified mixture conditions.

8.3 Gilobal analysis

The influence of turbulence and the stratification effect on the flame propagation can be under-
stood by analyzing the global parameters such as rise of combustion pressure, evolution of mean
flame radius, mean flame propagation speed, flame front shape and so on. The flame fronts
extracted from the PIV and PLIF images allow us to measure parameters related to the geome-
tries of flame front for the homogeneous and stratified cases. In this section, the global analyses
of parameters are presented to provide the insight of flow-flame interactions and the effect of
stratification on flame propagation.

8.3.1 Pressure measurement

The analysis of pressure rise inside the constant volume combustion chamber can indicate the
maximum time of free flame propagation, variation of pressure rise with different mixture condi-
tions and the cycle-to-cycle variations of combustion pressure. In this work, the pressure rise dur-
ing combustion is measured by using piezoelectric pressure pickup (KISTLER 601) with charge
amplifier (KISTLER 5011) unit. The instantaneous pressure curves of homogeneous case of
¢ = 1.0 and stratified combustion case are shown in Fig. 8.8. The rise of pressure is rapid in
the homogeneous case compared to that of stratified case. But the pressure variations are high
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for the stratified case. This higher cycle-to-cycle variations could be caused by the fluctuation of
equivalence ratio of mixture around the electrodes at the time of ignition, similar to the observa-
tions from the direct injection gasoline engines [Aleiferis et al. (2004)].
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Figure 8.8: Instantaneous pressure curves after ignition.
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Figure 8.9: Mean pressure curves after ignition.

The mean pressure curves of various cases are shown in Fig. 8.9. First of all, the mean
pressure rise is below 0.02 bar in all the cases up to 5 ms, which indicates the free propagation of
flame front during the time of investigation. Indeed, the initial pressure rise is very small as well
as same for all the cases up to 4 ms from start of ignition. After that, pressure rises slowly for
¢ = 0.8, moderately for ¢ = 0.9 and rapidly for all other homogeneous mixtures conditions. The
mean pressure of stratified case is more than ¢ = 1.0 at 5 ms, becomes almost same at 7.7 ms
and after that its rate of pressure rise drops down and stays in between ¢ = 0.9 and ¢ = 1.0. The
initial pressure rise of stratified case could be related to the availability of rich mixtures around
the flame front and the later drop of pressure rise compared to ¢ = 1.0 could be related to the
propagation of flame front through lean mixture but still above than ¢ = 0.9 could be due to
the memory effect of stratified combustion. Further quantitative analysis of local variables can
improve the understanding of this observation.
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8.3.2 Analysis of flame front contours

The flame front is the boundary which separates the burned gas region from the fresh gas region
and the coordinates of flame fronts need to be extracted from their PIV and PLIF images in order
to analyze the flame front geometries and to measure local curvature, local velocity and local
equivalence ratio around the flame fronts. In this work, the propane-air mixture is seeded with
olive oil particles and anisole vapor for simultaneous PIV/PLIF measurements. The evaporation
of olive oil particles through the flame front ensures the instantaneous position of flame front in the
PIV images [Boyer (1980)]. Likewise the anisole vapor in the propane-air mixture burns through
the flame front and by the way it marks the instantaneous position of flame front in the PLIF
images [Pasquier et al. (2007)].

In this work, the coordinates of flame fronts are extracted with sub-pixel resolution by a new
extraction tool which is described in the appendix (§ A). The extracted flame front contours are
filtered in order to remove the small wrinkles superposed in to the contours due to the limited
signal-to-noise ratio close to the flame front. The filtration method is explained in the appendix
(§ C). One example of extracted and then filtered PIV and LIF contours are shown in Fig. 8.10.
In general, the superposition of PIV contours with PLIF contour indicates that the PIV technique
is well combined with PLIF technique for the simultaneous measurements of velocity and equiv-
alence ratio. But there are few small differences between PIV and PLIF coordinates due to the
difference in isothermal line marked by the olive oil particles and anisole vapor.
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Figure 8.10: Superposition of PIV and LIF contours.

Figure 8.11 shows instantaneous flame front contours calculated from sixty PIV images taken
for ¢ = 1.0 at 5 ms after ignition conditions. All the flame fronts are globally in oval shape. As
discussed in the previous section, the shape of flame front changes from circular to oval and this
change in shape can be well represented by the mean flame front at each condition for different
cases. So for each condition, we calculated the mean flame front contour from their instantaneous
contours using ignition point as center. The calculated mean flame front contour is shown in Fig.
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8.11 as a thick black line. The evolution of mean flame front contours for different cases is shown
in Fig. 8.12. The comparison of mean flame front contours of different cases with respect to the
time after ignition is shown in Fig. 8.13.

20

10

Y (mm)

-10

-20

X (mm)

Figure 8.11: Instantaneous flame front contours and their mean contour.

Figure 8.12 clearly shows the evolution of flame shape from spherical to oval. The mean
flame fronts are symmetrical with respect to the jet axis in all the cases. For the homogeneous
cases, the size of mean flame fronts increases with equivalence ratios. The mean flame fronts
of stratified case are more elongated along the X direction compared to the homogeneous cases
due to the turbulence and the presence of rich and stoichiometric mixtures along the jet axis (Figs.
8.3 and 8.4).

From Fig. 8.13, the mean contours are spherical at 1 ms after ignition for all the cases. Also, it
shows difference in overlapping of mean contours due to the variation of flame propagation with
equivalence ratio and the changes of position of ignition point during the acquisition of images. At
2 ms, the mean contours start to elongate on the right side of ignition point due to the combined
movement of fresh gas and the turbulent jet. This elongation is clearly visible at 3 ms. The mean
contour of stratified case is almost in same size with that of ¢ = 1.0 at 2 ms, slightly elongates
more than that at 3 ms and elongates further than that of ¢ = 1.1 at 5 ms. But the mean contours
of homogeneous cases are evolving with similar shapes and their sizes increase with equivalence
ratios.

So from the analysis of mean flame front contours, we can draw the following conclusions:

e The mean flame front contours are initially spherical in shape and become oval at latter
times.

e The size of mean contours of homogeneous flames increases with their equivalence ratio.

e At each time, the mean contour of stratified case is more elongated than that of homoge-
neous cases.
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Figure 8.12: Mean flame front contours at different equivalence ratio.
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Figure 8.13: Mean flame front contours at different timings.
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8.3.3 Asymmetry

The flame propagation is subjected to the flow turbulence in homogeneous cases and also sub-
jected to the local variation of mixture field in stratified case. Indeed, the equivalence ratio of
stratified mixture varies mainly in the transverse direction of jet and because of that the propa-
gation of stratified flame could be different in this transverse direction of jet compared to that of
homogeneous flames. So by comparing the spread of flame fronts of homogeneous and stratified
cases in transverse and longitudinal direction of jet, we can discriminate the stratification effect
from the turbulence effect. For that, the maximum spread of flame front in X and Y directions are
measured as shown in Fig. 8.14. The ratio of Lz/Ly is asymmetry coefficient which is equal to
one for the perfect spherical flame front. The evolution of mean values of asymmetry coefficient
is shown in Fig. 8.15, in that the vertical bars represent the standard deviation. =~ The mean

Lx
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R __

X

Figure 8.14: Measurement of Lx and Ly.
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Figure 8.15: Asymmetry coefficient as a function of time.

values of asymmetry coefficients are higher than one for all the cases and continuously increase
with time for stoichiometric and rich homogeneous mixture cases and also for stratified case. The
strong longitudinal flow of turbulent jet coupled with flame propagation could be the reason for the
increase of asymmetry ratio for stoichiometric and rich homogeneous cases. But there is no clear
trend of evolution of asymmetry coefficient for lean homogeneous cases and that could be re-
lated to their slow flame propagation which could be affected more by the turbulence of flow field.
Among the different cases, asymmetry coefficient of stratified case is always higher especially
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after 3 ms. This can be due to the weaker flame propagation along normal to the jet compared
to the propagation along the jet due to the availability of favorable mixtures along the jet axis for
longer time. So this asymmetry analysis indicates that the shape of flame front is influenced more
by mixture stratification than that of flow turbulence.

8.3.4 Analysis of mean flame radius

The analysis of mean flame front contours showed that the mean flame fronts are almost spherical
at 1 ms and then later become oval due to the turbulence and stratification effects. This evolution
of flame shape can be well understood by analyzing the mean flame radii based on the surface
area (R,) and the circumference (R;) of flame fronts. The definition of flame radius R, and R; are:

Ry =/Sf/m (8.1)

R =L/2x (8.2)

where S is the cross-sectional area of flame surface in the laser sheet and L is the circumference
of flame front.
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Figure 8.16: Time evolution of flame radius .

The evolution of flame radii R; and R; are shown in Fig. 8.16. The mean flame radii contin-
uously increases with time for all the cases as expected. Also at each time, mean flame radius
of homogeneous cases increases with equivalence ratio. For the stratified case, mean of R, and
Ry are slightly higher than that of ¢ = 1.0 at 1 ms, and then start to increase more than mean
values of ¢ = 1.0 and become closer to mean values of ¢ = 1.1 at later stages. The standard
deviation of both R, and R; of stratified case are more than homogeneous cases due to the high
cyclic variations as observed in the combustion pressure measurements. So from the evolution of
mean flame radii, we observed that the stratified flames are bigger than that of ¢ = 1.0 case and
their variation of flame surface area is higher than that of homogeneous cases.

The ratio of R;/R, indicates the deviation of shape of flame front from perfectly spherical
shape and also characterizes the degree of wrinkling of flame front due to the turbulence and
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Figure 8.17: Variation of wrinkling rate as a function of time.

stratification effects. So the comparison of R;/ R, of homogeneous cases with stratified case can
show the effect of stratification on flame propagation. Figure 8.17 shows the mean and standard
deviation of ratios for different cases. For the homogeneous cases, the variation of wrinkling
rate with time is almost linear and almost independent on equivalence ratio. For the stratification
case, the mean and standard deviation of wrinkling rate increases rapidly with time. Actually,
R;/R; ratio is influenced by the global variation of flame front shape from spherical to oval over
a period of time and also by the local wrinkling structure which increases the circumference of
flame front. So in order to know the contribution of evolution of shape on wrinkling rate, we
calculated the ratios Lxz/Ly and R;/R, for the mean flame front contours of homogeneous and
stratified flames and the results are shown in Fig. 8.18. The ratio of Lx/Ly of mean flame fronts
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Figure 8.18: Variation of asymmetry coefficient and wrinkling rate of mean flame fronts as a function of

time.

are almost similar with results obtained from instantaneous flame front contours. But the ratio
of R;/R, of mean flame fronts are different from the results obtained from instantaneous flame
fronts. Indeed, the ratio obtained from mean flame fronts are very small compared to the results
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of instantaneous flame fronts for all the cases and this clearly indicates that the contribution of
variation of flame front shape is small on evolution of R;/R; of instantaneous flame fronts. That
means, the stratified flame fronts are more wrinkled than homogeneous flames. This observation
supports the conclusion of Jiménez et al. (2002) that the stratification of mixture field enhances
the wrinkling of flame front and this increase of wrinkling rate can further increase the flame
propagation through stratified mixture field compared to the propagation through homogeneous
mixtures.

8.3.5 Analysis of mean propagation speed

The mean flame radius R; is the representation of cumulative volume of burned gases at a given
instant of time and its derivative can be considered as the mean propagation speed [Pasquier
et al. (2007)]. The definition of mean propagation speed is:

R52 — R81

Skrs = AL (8.3)

where R, and R, are the mean flame radius of first and second flame fronts extracted from the
PIV image pairs and At is the time delay between them (At = 60us).
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Figure 8.19: S, as a function of Rs.

The analysis of variation of mean propagation speed as a function of mean flame radius for dif-
ferent cases can indicate the stratification effect on similarly stretched flame fronts. The variation
of Sr, as a function of R, for different cases are shown in Fig. 8.19. A second order polynomial fit
is applied to all the cases (continuous line) to know the slope. First of all, the slopes are different
for lean mixtures compared to that of stoichiometric and rich homogeneous mixtures as well as
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stratified case. At a particular R, value, the mean propagation speed increases with equivalence
ratio of mixture as expected. The mean propagation speed of stratified case is more than that of
¢ = 1.0 up to 12 mm and maintains that speed for larger flame fronts and also its slope is less
sensitive to the mean radius compared to the slopes of homogeneous cases. That means, the
initial flame propagation of stratified case is faster than the propagation of stoichiometric condition
because of the availability of rich mixtures around the flame at the time of ignition and its later
propagation is likely sustained by the memory effect [Ra (1999)]. The scattering of stratified case
is wider than that of homogeneous cases due to the influence of variation of equivalence ratio
around the ignition point. So this comparison of mean propagation speeds clearly indicates the
effect of stratification on the enhancement of flame propagation.

8.4 Analysis of local variables

The global measurements revealed difference between the flame propagation through stratified
and homogeneous mixtures. To analyze further in a quantitative way, we need to know the local
parameters such as equivalence ratio, flame speed, fresh gas velocity and the burning velocity
near the flame front. We already discussed about the measurement of velocity and equivalence
ratio field and shown some examples of instantaneous cases. In this section, we explore more
about the local turbulent burning velocity together with the local equivalence ratio and the local
curvature in order to gain more insight of the stratified combustion.

8.4.1 Extraction of local variables

In order to extract the local variables around the flame front, we first calculated the local normal
and tangential vector components along the flame front from the flame front coordinates. The
flame front extracted from the first image of PIV image pair is used as a base to calculate the local
velocity and equivalence ratio values. One example of the local normal and tangential velocity
and the equivalence ratio extracted from the velocity and equivalence ratio fields are shown in
Fig. 8.20.
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Figure 8.20: Local values of velocity and equivalence ratio around the flame front contour.
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The local velocities are measured at 0.3 mm from the first flame front and the local equiva-
lence ratio is measured at 0.9 mm from the first flame front. These normal distances from the
first contour for the measurement of velocity and equivalence ratio are fixed after analyzing the
variation of local variables with respect to normal distance which varied from 0.1 to 1.2 mm and
the optimum distance is fixed where the mean of local variables reaches 95% of its maximum
value. The difference in normal distances between velocity and equivalence ratio measurement
is due to the difference in the influence of temperature on the olive oil particles and the anisole
vapor closer to the flame front [Pasquier-Guilbert (2004)].

8.4.2 Analysis of local equivalence ratio

Analysis of distribution of local equivalence ratio around the flame front is very much essential to
understand the memory effect of flame propagation. The distribution of equivalence ratio closer
to stratified flame front at different timings is shown in Fig. 8.21. The mean and fluctuation of local
equivalence ratio distribution at different timings are given in the table 8.2.
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Figure 8.21: PDF of local equivalence ratio close to the flame front.

Tms 2ms 3ms 4ms 5ms
¢ 1.07 096 0.90 0.86 0.80
¢ 018 0.16 0.18 0.21 0.21

Table 8.2: Mean and fluctuation of local equivalence ratio around the flame front.

At 1 ms, the flame fronts are surrounded by lean and rich mixtures with peak value of distribu-
tion is around ¢ = 1.0. At 2 ms, the peak of distribution is shifted to around ¢ = 0.9 with moderate
distribution of rich mixtures and increased distribution of lean mixtures around the flame fronts. At
3 ms, the peak of distribution is shifted further to around ¢ = 0.85 with clear reduction of presence
of rich mixtures around the flames. At 4 ms, the distribution is slightly bimodal with a strong peak
around ¢ = 0.6 and at 5 ms, the peak becomes more visible and the flames are mainly surrounded
by lean mixtures with very few rich mixtures around left and right side of flame fronts along the
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stratified jet. The mean and fluctuations of distribution of local equivalence ratios shown in the
table 8.2 also indicate that the flames are initially surrounded by rich mixtures and over a period of
time, those mixtures are consumed and progressively the distribution is shifted from rich to lean
mixtures. This observation of mixture distribution will be helpful to analyze the evolution of local
velocities in the next section.

8.4.3 Analysis of local burning velocity

In this work, the local turbulent burning velocity is measured as local displacement speed (St,.p)
which is the difference between the local flame propagation speed S; and the local fresh gas
velocity U,, in normal direction to the flame front [Driscoll (2008)]:

The local flame propagation speed Sy, is calculated for each coordinate (z;,y;) of flame front of

the first image as:
e

Sy =51 .Z Adj/At (8.5)

j=i—K

where, Ad; is the local shortest distance between the two flame front contours of a couple of PIV
images, At is the time delay between them and K the size of a local filter (At = 60us and K = 2
in our case). The local fresh gas velocity is measured from the instantaneous velocity field and its
normal component of velocity (U,,,) is measured by using the local normal vectors.

The distributions of local burning velocity for various cases are shown in Fig. 8.22. In those
graphs, the unstretched laminar burning velocity (S9) of corresponding homogeneous mixture is
shown as black line. For all the cases, the distributions are almost symmetrical around the peak
except the tail-ends. In the distributions, negative value is corresponding to the region where local
flame speed is slower than local fresh gas velocity of turbulent jet or may be due to the strong
flame propagation in third dimension (in Z plane), which is perpendicular to the laser sheet. In
the homogeneous cases, there is no significant shift in distribution of local burning velocity over a
period of time at each case. However, there is a global shift of distributions with equivalence ratios.
But in the stratified case, the distribution shows faster burning velocity at 1 ms compare to that of
other timings. This shift in local burning velocity correlates well with shift in local equivalence ratio
distribution from rich to lean mixtures.

The comparison of local burning velocities of different cases with respect to time is shown
in Fig. 8.23. It clearly shows the shift in distribution with equivalence ratio of homogeneous
mixtures. With the increase of equivalence ratio, the contribution of negative burning velocities
in the distribution reduces due to the increase of flame propagation speed. The distribution of
stratified case overlaps distribution of ¢ = 1.1 to ¢ = 1.3 cases at 1 ms and later at 5 ms, it
overlaps distribution of ¢ = 0.9 and ¢ = 1.0 cases. This clearly shows that the stratified flames
are initially propagating faster than that of ¢ = 1.0 case and later slows down due to the decrease
of rich mixtures around the flame fronts. So the analysis of local turbulent burning velocities
clearly shows the initial faster propagation of stratified flames compared to that of homogeneous
cases. But the variation of distribution of local burning velocities over a period of time are almost
constant for all the cases which is contradictory to the results observed in the analysis of mean
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Figure 8.22: PDF of local burning velocity for homogeneous and stratified conditions.
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Figure 8.23: PDF of local burning velocity at different timings.

propagation speed. Therefore, we can not draw any conclusions about the enhancement of flame
propagation from this analysis alone.

8.4.4 Analysis of local curvature

We have already seen that the stratification of mixture field can enhance the wrinkling of flame
fronts (§ 8.3.4). To understand that observation, an analysis of local curvature of homogeneous
and stratified cases can be helpful. The local mean curvature of flame front is calculated using an
expression given below [Mokhtarian and Mackworth (1986)]:

I/y// _ y/x//

b = —————
[(27)% + (y)?)2

(8.6)

where z’, 3,z 3" are first and second order derivatives of equally spaced = and y coordinates
of flame front.
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Figure 8.24: PDF of curvature for different cases.

129



8. TURBULENT STRATIFIED FLAME PROPAGATION

The distributions of local curvature for different cases and at different timings are shown in
Figs. 8.24 and 8.25. The distributions are almost symmetrical with respect to their peak values,
which are located in the positive side of curvatures. In both stoichiometric and stratified cases,
the distribution at 1 ms is different than the distribution of all other timings. The higher positive
curvature at 1 ms correlates well with initial spherical shape of mean flame front contours for all
the cases observed in the previous section (§ 8.3.2). But after 1 ms, there is a gradual shift of
distribution with peak of distribution moves towards zero curvature. Among homogeneous cases,
the distribution widens with decrease of equivalence ratio because the shape of slowly propa-
gating flames are more affected by the flow turbulence. At both 1 ms and 5 ms, the distribution
of curvature of stratified flames are wider than the distribution of homogeneous cases. But the
stratified flames are propagating faster than that of ¢ = 1.0 case (§ 8.4.3). So the distributions of
curvature of stratified flames are widened due to the presence of stratified mixture field around
the flame fronts and not by the flow turbulence alone. Therefore, the analysis of local curvature
clearly indicates the increase of wrinkling by the stratified mixture field.
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Figure 8.25: PDF of curvature at different timings.

8.5 Influence of stratification

So far, the global and local analyses are clearly indicated the difference between homogeneous
and stratified flames. But those results are not enough to show the quantitative difference between
stratified and homogeneous flames. For that, we need to compare the conditioned local parame-
ters of stratified flames with equivalent homogeneous conditions. The simultaneous measurement
of velocity and equivalence ratio of flame propagation makes it possible to analyze the evolution of
local burning velocity and local curvature as a function of local equivalence ratio around the flame
front so that we can directly compare the stratified case with equivalent homogeneous cases.

8.5.1 Analysis of joint distribution

In this work, the joint pdf of local equivalence ratio and local curvature as well as local equivalence
ratio and local turbulent burning velocity are calculated for stratified flames, thanks to the simul-
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taneous measurement of flow and scalar field. The joint pdfs are shown in Figs. 8.26 and 8.27.
In those figures, the modal and standard deviation of homogeneous flames are also provided as
black lines with three dots for each case, where the center dot corresponds to the modal value
and two other dots represent the standard deviation. These modal and standard deviation values

for each homogeneous case are calculated from their pdf curves by using Gaussian interpolation
fit.
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Figure 8.26: Joint PDF of local curvature and local burning velocity as a function of local equivalence
ratio.

Globally, both joint distributions show the shifting of equivalence ratio from rich condition to
very lean condition over a period of time. In the curvature versus equivalence ratio distribution,
we can observe only slight variations between peak values of distribution of stratified flames with
modal values of homogeneous flames. But in the case of joint distribution of local burning velocity
and local equivalence ratio, we can notice clear difference between the peak values of distribution
of stratified case compared to the modal values of homogeneous cases. At 1 ms, peak of local
turbulent burning velocity of stratified case is around 0.53 m /s which occurs around ¢ = 1.06. The
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Figure 8.27: Joint PDF of local curvature and local burning velocity as a function of local equivalence

ratio.
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8.5 Influence of stratification

local peaks of distribution of stratified flames are almost same with modal values of rich mixtures
and higher than modal values of stoichiometric and lean mixture cases. This clearly indicates that
the propagation of stratified flame is initially faster than stoichiometric case due to the presence
of rich mixtures around the flame fronts. At 5 ms, both joint pdfs are converged around ¢ = 0.6,
indicate that the most of flame fronts are propagating through very lean mixtures. The local
peaks of distribution of stratified case are higher than modal values of lean homogeneous mixture
conditions. Indeed, the peak value of distribution of local burning velocity is around 0.35 m/s
occurs at ¢ = 0.6. This clearly confirms the enhanced flame propagation through very lean
mixtures supported by the rich and stoichiometric flame fragments of previous timings.

So from the analysis of joint pdfs, we have shown the close relationship of evolution of local
curvature and local burning velocity with evolution of local equivalence ratio. Over a period of
time of propagation, rich and stoichiometric mixtures around the flame fronts disappears and the
peak of local burning velocity decreases from 0.53 m/s to 0.35 m/s. In later stages, too, the local
burning velocities of stratified flames propagating through lean mixtures are higher than equivalent
unstretched laminar burning velocities of homogeneous mixture conditions.

8.5.2 Analysis of local conditioned burning velocity

The analysis of joint pdfs clearly showed the enhancement of flame propagation through stratified
mixture field. But to quantify the enhancement, we have to isolate the mixture stratification effect
from the turbulence effect. For that, we need to compare the local burning velocity conditioned
on the local equivalence ratio of stratified flames with local burning velocity of equivalent homoge-
neous cases. Simultaneous measurements of velocity and equivalence ratio allow us to calculate
the local burning velocities conditioned by the local equivalence ratios. The local conditioned
velocities are measured at each equivalence ratios with a range of +0.02 ¢.

The distribution of conditioned local burning velocities of stratified flames as a function of time
at different equivalence ratios are shown in Fig. 8.28. In lean mixture conditions, the distribution
of local burning velocity at 1 ms is different from the distributions of all other timings. But in
stoichiometric and rich mixture conditions, there is no clear difference between the distributions
over a period of time. Actually, the flame stretch rate varies with time and its influence on local
burning velocity varies with equivalence ratio of mixtures. For ¢ = 0.9, the stretch effect is very
small on local burning velocity yet we can see clear shift of distribution between 1 ms and 2 ms.
Indeed, the joint distribution of local burning velocity versus local equivalence ratio has shown that
the stratified flames are initially surrounded by rich and stoichiometric mixtures with very few lean
mixtures and the adiabatic flame temperatures of rich mixtures are at least 200 K higher than
that of lean mixture conditions [Law (2006)]. So the enhanced flame propagation through lean
mixtures at initial stage is due to the influence of hot burned gases of rich mixtures around the
flame fragments of lean mixtures.

The comparison of conditioned local burning velocity distributions of stratified flames with dis-
tributions of local burning velocities of equivalent homogeneous flames are shown in Fig. 8.29.
In that graphs, continuous lines represent the stratified case and dashed lines represent the ho-
mogeneous case. For each distribution, the modal value is calculated by using Gaussian inter-
polation fit. The modal values are also shown in that graphs as straight lines along X axis where
black line represents the unstretched laminar burning velocity (S9) of propane-air mixture for the
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Figure 8.28: PDF of conditioned local burning velocity of stratified flames at different equivalence ratio.
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corresponding equivalence ratio. These unstretched laminar burning velocities are taken from
available literature results. The modal values for different mixture conditions are also listed in the
table 8.3. For ¢ = 0.8, the pdfs of stratified case are shifted to higher values of velocity than that
of homogeneous case at early as well as later stage of propagation. The modal values of homo-
geneous case are lower than unstretched laminar burning velocity whereas the modal values of
stratified case are almost two times more than that of homogeneous case. Also, the distribution of
stratified case at 5 ms is wider than the distribution of homogeneous case. For ¢ = 0.9, the modal
value of homogeneous case is more than unstretched laminar burning velocity at 1 ms and almost
equal at 5 ms. The distribution of stratified case at 1 ms is shifted to higher velocity compared to
the distribution of homogeneous case but almost same at 5 ms. Also the modal value of stratified
case at 1 ms is almost 1.5 times more than that of homogeneous case and later becomes 1.2
times that of homogeneous case. For ¢ = 1.0, the distributions are almost same except stratified
case at 1 ms. All the modal values are higher than unstretched laminar burning velocity. The
modal value of stratified case is 1.2 times more than that of homogeneous case at 1 ms and al-
most equal at 5 ms. For ¢ = 1.1, the distributions are almost same except homogeneous case at
1 ms. The modal value of homogeneous case is 1.1 times more than that of stratified case at 1 ms
and almost equal at 5 ms. For ¢ = 1.2, the distributions of stratified case are wider and shifted
to lower values compared to the homogeneous case. The modal value of homogeneous case is
almost same with stratified case at 1 ms but 1.3 times more than that of stratified case at 5 ms.

Modal velocity (cm/s)

¢ | S (cm/s) | Conditioned | Homogeneous

1ms |[5ms | 1ms | 5ms
0.8 28.7 59.4 | 440 | 272 | 215
0.9 35.2 59.3 | 40.9 | 40.1 34.0
1.0 39.7 555 | 47.8 | 453 48.2
1.1 40.9 53.8 | 50.4 | 59.1 53.8
1.2 38.5 62.0 | 443 | 63.3 | 58.5

Table 8.3: Modal values of local burning velocities of stratified and homogeneous cases.

So the comparison of conditioned data of stratified case with equivalent homogeneous case
clearly quantified the enhancement of flame propagation through stratified mixture. Indeed, the
propagations of stratified flame fragments through lean mixtures are around 1.2 to 2 times faster
than the propagation of equivalent homogeneous flames. This experimental result clearly proved
that stratified flames exhibit faster propagation through very lean mixtures when ignited around
stoichiometric mixture due to the memory effect.

The enhancement of flame propagation by stratification can be further confirmed by analyzing
the flame propagation through very lean mixture which is ¢ = 0.6 in our work. The distribution of
local curvature and local burning velocity of stratified flames conditioned for ¢ = 0.6 are shown
in Fig. 8.30. For ¢ = 0.6, there are no sufficient data at 1 ms and 2 ms after the ignition.
Both local curvature and local burning velocity distributions are not varying much over time. The
modal values of distribution of local burning velocity are around 0.3 m/s which is at least three
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Figure 8.29: Comparison of conditioned local burning velocities of stratified case with equivalent ho-

mogeneous cases.

136



8.6 Conclusions

— 3ms ]
— 4ms| T
— 5ms

L 1 w ;
f 0061 b Qoa0F E
i ] 0.08F E
0.04 — L
L 0.06F E
0.021 7 0.04F E
i ; 0.02f
000l =Y VUNG L L1 D) x] b 1
10 -08 -06 -04 -02 00 02 04 06 08 10 oo = Lo 1 n
Curvature (Umm) 04 02 00 02 04 06 08 10 12 14
Sf-Un (m/s)
(a) Distribution of local curvature (b) Distribution of local burning velocity

Figure 8.30: PDF of conditioned local burning velocity and local curvature of stratified flames at ¢ = 0.6.

times more than unstretched laminar burning velocity of homogeneous flame. So this higher
flame propagation of stratified flame through very lean mixture over a period of time confirms the
memory effect of stratified flames. Actually, in this work, the mixture condition around ignition point
is slightly rich (¢ = 1.07) whereas Pasquier-Guilbert (2004) previously carried out experiments in
the same configuration with stoichiometric condition around ignition point at the time of ignition
and the enhancement of propagation observed in this work is higher than that of their observation.
So, the initial availability of rich mixtures around the flame front produces hot burned products and
those hotter gases supports the flame propagation through very lean mixtures and also extends
their flammability limits.

8.6 Conclusions

In this chapter, we discussed the results of turbulent flame propagation through homogeneous
and stratified mixture fields. First, the instantaneous flow and scalar field of stratified combus-
tion are discussed. Then mean flow and scalar field of stratified and homogeneous combustion
cases are discussed. After that, the evolution of mean flame front contours for different cases are
compared which shown more elongation of stratified flames compared to that of homogeneous
flames. Next, the mean flame front radius and mean propagation speed are analyzed which in-
dicated the enhancement of flame propagation through stratified mixture fields. Finally, the local
parameters such as local curvature and local burning velocities are analyzed. For that, the ex-
traction of local variables near the flame front is explained. Then the local curvatures for different
cases are compared which showed that the stratified flames are wrinkled more than that of ho-
mogeneous flames. The local burning velocity is then measured as the difference between the
local flame propagation speed and the local normal fresh gas velocity. The comparison of local
burning velocities for different cases indicated the variation of propagation with equivalence ratio
for homogeneous cases and high initial flame propagation for stratified case. Then local burn-
ing velocities are conditioned based on local equivalence ratios and compared with local burning
velocities of homogeneous cases at 1 ms and 5 ms after ignition. The comparison revealed the
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8. TURBULENT STRATIFIED FLAME PROPAGATION

enhancement of flame propagation through stratified mixtures at lean conditions compared to the
equivalent homogeneous conditions. In conclusion, the stratified mixture field increases the flame

front wrinkling, enhances the flame propagation and supports the propagation through very lean
mixtures.
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Chapter 9

Local laminar burning velocity
measurement

Abstract. Two original methods have been developed for the accurate measurement of local
flame speed and local fresh gas velocity near flame front from pair of particle images. The local
laminar burning velocity is measured as a direct difference between the local flame speed and
the local fresh gas velocity. The accuracy and reliability of new methods have been evaluated
from two complementary approaches based respectively on synthetic images of particle and on
the well-established configuration of outwardly propagating spherical flames. The measurements
of the local laminar burning velocity of propane-air flames are compared in term of unstretched
laminar burning velocity to the results available in the literature.

9.1 Introduction

The experimental investigation on turbulent stratified combustion has revealed the importance of
local measurements of flame propagation in order to understand those kinds of complex combus-
tion phenomenon. Despite the moderate accuracy of prediction of local turbulent burning velocity
due to the absence of third component of velocity vector in the calculation, we have successfully
demonstrated the effect of mixture stratification on flame propagation compared to that of equiv-
alent homogeneous cases. Indeed, the stratification effect on flame propagation can be analyzed
with greater accuracy, if we investigate the stratified flames under laminar flow conditions where
the influence of third component of velocity vector could be negligible. But the main challenge to
that investigation is the requirement of suitable post-processing tools for the accurate measure-
ment of local flame speed and local fresh gas velocity of laminar stratified flames. So in this work,
we have developed two original methods for the accurate measurement of local flame speed and
local fresh gas velocity near flame front from pair of particle images. Then local laminar burning
velocity is measured as the difference between the local flame speed and the local fresh gas
velocity at the entrance of the flame zone. The accuracy and reliability of two methods have
been evaluated from two complementary ways based respectively on synthetic images of particle
[Lecordier and Westerweel (2004)] and on the well-established configuration of outwardly prop-
agating spherical flames [Bradley et al. (1996)]. For different equivalence ratios of propane-air
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mixture, the local laminar burning velocity has been measured as a function of the local flame
stretch and the local instantaneous measurements have been compared to the statistical results
available in the literature. This chapter explains the newly developed methods and the exper-
imental results obtained from the spherically propagating propane-air flames for the validation
purpose.

9.2 Local instantaneous laminar burning velocity

The laminar burning velocity can be determined directly as the difference between the local flame
speed S, and the local fresh gas velocity u, as a function of flame stretch rate [Bradley et al.
(1996), Lecordier (1997)]

un (k) = Sp(k) — ug(k) (9.1)

This laminar burning velocity can be related to the flame stretch rate through a linear expression
within the limit of moderate stretch and far from the extension limit as:

(k) =ud — L™ - k (9.2)

where, u? is the unstretched laminar burning velocity at zero stretch and L™ is the Markstein
length in the fresh gas region. This unstretched laminar burning velocity can also be obtained
from the flame speed and fresh gas velocity measurements by using density ratio of burned and
unburned gases as explained in the literature review chapter.

The measurement of local instantaneous laminar burning velocity needs accurate calculation
of local flame speed and local fresh gas velocity near flame front. The flame speed can be calcu-
lated from the evolution of flame radius. But this approach cannot measure the local flame speed.
So a new technique has been developed to directly measure the flame speed from the flame front
contours. The measurement of local fresh gas velocity near the flame front is a challenging one
due to the requirement of high spatial resolution. For that, a new PIV approach has been devel-
oped based on the adaptive interrogation scheme which takes into account the local topology as
well as local fresh gas movement. The next sections explain the local flame speed and local fresh
gas velocity measurements.

9.3 Measurement of local flame speed

One example of particle image pair of a spherically expanding laminar flame front captured after
4ms from ignition is shown in Fig. 9.1. The time delay between the two images is fixed as
At = 300 us based on the image magnification and the mean flame propagation speed. The fresh
gas region is well represented by the Mie scattering of the seeding particles and the burned gas
region is represented by the absence of seeding particles which are evaporated and completely
burnt through the very sharp temperature gradient of the flame front [Boyer (1980)]. Due to the
very thin flame thickness, the isothermal surface of particle evaporation can often be assimilated
with very low errors to the flame front location. For the flame speed, that error becomes negligible
because all the isothermal surfaces in the flame have almost the same velocity [Bradley et al.
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Figure 9.1: PIV image pair of spherically expanding laminar premixed propane-air flame.

(1996)]. The first step of flame speed measurement is the extraction of flame front coordinates
from the PIV image pair. The coordinates of flame front are extracted with sub-pixel resolution by
using the newly developed extraction tool which is explained in the appendix (§ A). A closer view of
extracted flame front is shown in Fig. 9.2. Though the flame front is extracted with high accuracy,
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Figure 9.2: Extracted raw contour and filtered contours.

still the contour is affected by the limited signal to noise ratio close to the flame front. But for an
accurate local measurement of flame speed, the contour has to be filtered. So after the extraction
step, the flame front coordinates are sampled in Cartesian system at equal space as function of
independent variables s : © = f(s) and y = f(s), where s corresponds to the curvilinear distance
relative to the starting point on the contour. Then 1D low pass filter based on Gaussian weighted
moving average scheme is applied to the independent variables. One example of extracted raw
contour and the filtered contour (XY filtering) is shown in Fig. 9.2. The filtration technique has
removed all the small wrinkles on the flame contour, but has a tendency to induce a spatial shift
of the flame front position towards the center of flame front. We found that the magnitude of the
shift is related with size of Gaussian filter and radius of flame front. So this filtering technique was
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inappropriate to the accurate local flame speed measurement and an adapted filtration scheme
has been developed. lIts principle consists in applying the filtration step on the polar coordinates
of contour rather than on Cartesian coordinates and projecting back the filtered coordinates to
the Cartesian coordinates. The polar transformation of the flame front contour starts from the
determination of the global center (z., 3.) and the mean radius of flame by using the least square
circle (LSC) fit technique which is explained in the appendix (§ B). The local distance (dy,) of each
point of the flame front coordinate (x;, y;) to the center as a function of angle (6) is then calculated
by the following expression:

do, = \/(we = 2:)? + (ye — 9:)? (9.3)

with tan(60;) = (y; — y.)/(xz; — z.). Next, the local distance is filtered by 1D Gaussian weighted
moving average scheme. One example of measured and filtered local distances as a function of
angle is shown in Fig. 9.3.
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Figure 9.3: Measured and filtered local distances.

As expected, all the small wrinkles related to the seeding are well filtered and only a large
oscillation due to the wall confinement persists. More discussion about this wall confinement
effect is given in the later section (§ 9.7.3). Finally, the filtered distance is converted back to
the Cartesian Coordinates. The filtered contour by the new method (Polar filtering) shows good
agreement in mean position with the raw contour (Fig. 9.2).

Finally, the local flame speed S, is calculated for each coordinate (z;, y;) of flame front of the
firstimage as:

1 JTHEK
T — j;K Adj/At (9.4)

where, Ad; is the local shortest distance between the two flame front contours of a couple of PIV
images, At is the time delay between them and K the size of a local filter (At = 300us and K = 2
in our case). The local flame stretch rate is then calculated based on the local flame speed and
the mean radius of flame front calculated by the least square circle fit technique.
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9.4 Measurement of local fresh gas velocity

The structure of laminar premixed flame consists of two main zones, namely the preheat zone
which is chemically inert, and the reaction zone. A schematic representation of reaction and
preheat zone for an outwardly propagating spherical flame is shown in Fig. 9.4. In that figure,

. Preheat zone
Reaction /
zone
Fresh
gas

U,  Freshgas
velocity profile

: :Profile to be

resolved

=

Figure 9.4: Conceptual fresh gas velocity profile near the flame front region.

the temperature profile along the direction normal () to the flame front is shown. The local
temperature varies from ambient temperature (T = 300 K) at the preheat zone to the flame
temperature (I, ~ 2000 K) at the reaction zone. This sharp change in temperature causes
variation of density through the flame front and influences the fresh gas velocity near the flame
front. The fresh gas velocity profile near the preheat zone of flame front reaches maximum, which
characterizes the beginning of the heat release influence on the fresh gas velocity [Groot and
De Goey (2002)]. The challenging part of the measurement is to resolve the velocity profile closer
to the flame front in order to find the maximum point corresponds to the local fresh gas velocity
(ug)-

The standard cross-correlation PIV technique is initially applied to the particle pairs to optimize
the various experimental parameters such as seeding concentration, time delay between image
pair, laser energy, lens and so on. One example of velocity vector field calculated by the standard
PIV technique with interrogation windows of 32 x 32 pixels is shown in Fig. 9.5. The predicted
velocity vector field clearly shows the fresh gas expansion. But the velocity vectors are not well
predicted near the flame front because of the sampling of interrogation areas in both burned and
fresh gas regions close to the flame front as shown in Fig. 9.6. The use of solid particles could
be a solution to solve the problem of seeding particle disappearance in the flame [Armstrong
(1992)], but the large variation of seeding concentration due to the gas density change would
lead to the similar problem for the standard PIV algorithm besides additional problem to the flame
front localization. One solution to the sampling problem has been proposed by Lecordier et al.
(1999). Their approach is to rotate and relocate the interrogation window to the flame front region
by using the local normal vector as shown in Fig. 9.6. By this way, the interrogation windows will
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Figure 9.5: Velocity vector field calculated by the classical PIV technique.

be always sampled in the fresh gas region. Nevertheless, the sides of the interrogation window
being not aligned with the streamlines induces by the gas expansion, large velocity variations
within the interrogation window make reliable velocity measurements more or less inaccessible to
that approach, especially for the smallest flame radius. In order to improve spatial resolution and
accuracy of measurement of fresh gas velocity profile, an original interrogation window reshaping
technique has been developed. The details of the new PIV algorithm are given in the following
section.

Fresh gas
Reshaped & re-oriented window
: n

\
.
v

- Re-oriented window

—--- Standard window

*Flame front Burned gas

Figure 9.6: Reshaping and re-orienting the PIV interrogation window.
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9.5 New PIV algorithm

The new algorithm has been developed based on the adaptive interrogation window scheme
which considers both local topology of flame front and the gas expansion effect. The principle
of the algorithm is depicted in the Fig. 9.7. In that figure, W; and W5 are the interrogation
windows sampled from first and second images captured at time ¢ and t + At, respectively. The
shape of the interrogation window is continuously modified to suit the local topology of the flame
front. The row pixel values of interrogation window are sampled along the flame front coordinates
and the column pixel values are sampled perpendicular to the flame front coordinates by using
local normal vectors and the relative normal distance from the flame front coordinates. The pixel
intensities within interrogation windows are interpolated from the 3 x 3 surrounding pixels of
particle image by using a 2D polynomial interpolation of second order. The main advantages
of this adaptive interrogation window sampling technique are, first to continuously compensate
the particle pattern deformation induced by the gas expansion ahead the flame and second the
possibility to use very thin interrogation windows in order to improve the measurement of the
velocity gradient in the normal direction to the flame.

Particle matching:

Unlike standard PIV algorithm, the velocity measurement is extracted from a 1D correlation signal.
This signal is constructed from a continuous shift along the normal between the two interrogation
windows. For a single velocity measurement at a fixed position Ad ahead the flame, the first
interrogation window W, is placed at a distance Ad relative to the flame position at time ¢ (Fig.
9.8) and is sampled as previously described. The first interrogation contains the particle pattern
which has to be found in the second image of particle. The matching procedure consists in shifting
and stretching the second interrogation window W5 in the image at ¢ + At as depicted in Fig. 9.8.
This continuous window shift is performed by step of one pixel between the positions 6,,;, and
dmaz- At each position Ad + § of the second interrogation window, the product pixel-to-pixel
W1 (Ad) * Wo(Ad + §) is performed and the maximum is extracted. The variation of the maximum
is then plotted as a function of the interrogation window shift § as shown in Fig. 9.8. On that
graph, the optimal shift between the interrogation windows which maximizes the particle matching
between the particle image pair corresponds to the peak position. The particles displacement
with sub-pixel accuracy is then evaluated using 1D Gaussian fit on three points centered on the
maximum [Willert and Gharib (1991)].

Construction of fresh gas velocity profile:

In order to measure the velocity profile ahead the flame, the first interrogation W; is moved pixel
by pixel in the direction normal to the flame front (Fig. 9.9). For each new position of Wy, the
normal velocity is then calculated by the particle matching procedure described previously. The
velocity measurement is carried out up to a maximum distance of 1.2 mm to the flame front. One
example of fresh gas velocity profile ahead the flame is shown in Fig. 9.9 as a function of flame
distance Ad. The variation of the velocity profile and the magnitude of the velocity gradients are
in accordance with those predicted by simulation in a comparable situation [Groot and De Goey
(2002)]. The maximum of velocity, which corresponds to the heat release effect on fresh gas,
is clearly observed and in this work is extracted by applying fourth degree polynomial fit on the
velocity profile (Fig. 9.9). From that profile, we can notice that the first velocity measurement
are located around 200 um (=~ 10 pixels) ahead the flame and that the maximum is predicted
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Figure 9.7: Principle of measuring the fresh gas velocity near preheat zone of flame front.
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Figure 9.8: Particle matching algorithm
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Figure 9.9: Calculation of normal fresh gas velocity profile
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within 300 pum (= 20 pixels). These distances are small compared to the characteristic size of
interrogation window for the standard PIV approach (32 x 32 pixels ~ 0.69 x 0.69 mm). In our
approach, even if we keep a large field of view (around 44 mm) to conserve a full visualization of
the flame, we can resolve the velocity gradient ahead the flame over a distance of 0.5 mm. In this
work, the high spatial resolution has been reached by using thin interrogation window of 32 pixels
along the flame front and 8 pixels in the normal direction to the flame (0.69 mm x 0.17 mm).

9.6 Validation of new methods

The accuracy and reliability of new methods developed for the local measurement of flame speed
and fresh gas velocity have been validated by two complementary schemes based respectively
on synthetic images of particles and well-established spherical outwardly propagating flame con-
figuration. The following sections explains the validation of fresh gas velocity measurement by
synthetic images and the experimental configuration of stretched premixed flame.

9.6.1 Validation of new PIV algorithm using SIG

The newly developed PIV algorithm has been validated by using synthetic images. The synthetic
images are generated with the Synthetic Image Generator program which has been developed
under the scheme of EUROPIV 2 project [Lecordier and Westerweel (2004)]. The flow conditions
on the synthetic images have been tuned to be comparable in terms of distribution, magnitude
and gradient to those predicted by numerical simulation in similar conditions [Groot and De Goey
(2002)].

Figure 9.10: One example of synthetic images generated by SIG program.

The particle evaporation within the flame front has been simulated by removing all the particles
located behind the flame radius (Fig. 9.10). The particle concentration and the particle image size
on the synthetic image have been adjusted to be representative to those observed on real images.
The flame front contours are then extracted from the synthetic images in order to calculate the
local normal vectors. Then the synthetic images are processed by our new PIV technique. The
constructed profiles from the synthetic images are then compared with imposed profile as shown
in Fig. 9.11 and 9.12.

The influence of length (number of columns) and width (number of rows) of interrogation win-
dows on the measurements are analyzed. In Fig. 9.11, the imposed profile is compared with
instantaneous constructed profiles of different interrogation window sizes. Nice overlaps of con-
structed profiles are observed and a good agreement between imposed and constructed profiles
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Figure 9.11: Influence of length of interrogation window.

is also observed even very close to the flame front. From that figure, it becomes clear that the
influence of number of columns of interrogation window on the velocity measurement is negligible.
But the size of length of interrogation window could be a concern when the flame propagation is
not uniform along the flame front. In Fig. 9.12, the imposed profile is compared with instantaneous
constructed profiles of different width of interrogation windows. It clearly shows the influence of
width size on the prediction of velocity profile. The difference between the imposed and con-
structed profile increases with size of width of interrogation window. The peak values of profiles
are around 34 pixels/time delay for up to 16 pixels and 33.9 pixels/time delay for 32 pixels. The
differences between the imposed and constructed profiles increases with distance from the flame
front and the deviation from the imposed profile start to increase with width of interrogation win-
dow. This result emphasizes the importance of using very thin interrogation windows otherwise
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Figure 9.12: Influence of width of interrogation window.

we would lose the gradient of the velocity profile. It also confirms that standard and reoriented
interrogation window technique cannot resolve the velocity profile with standard window size (32
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x 32 pixels) due to the requirement of high resolution close to the flame front. So from the valida-
tion of new PIV algorithm using synthetic images, we have shown the significant improvement of
spatial resolution obtained by the new PIV algorithm to accurately resolve the velocity profile very
near to the flame front.

9.6.2 Experimental configuration

The experimental setup is based on the PIV technique alone. The schematic representation of
experimental set-up is shown in Fig. 9.13. Experiments are conducted in the same constant
volume chamber which is used for the turbulent studies. In this study, the combustion chamber
is initially filled with known equivalence ratio of propane-air mixture and then spark-ignited at the
center of chamber. After that particle images of freely propagating flame front is captured using
PIV technique for local flame speed and fresh gas velocity measurements.

NIKKOR Lens Mirror@532nm
135mm - f/d=5.6

Sph.lens /> 2
— ; Cyllens & :
CCD cameral2bits | o /
2048X2048 pixels

[}
Double cavity
Nd:YAG LASER
Combustion chamber TwinsUltra
60X60X160 mm 30 mJ @ 532 nm

Figure 9.13: Experimental set-up.

{ ). ® Combustion |, ®- g . o
<— ; chamber P

Vacuum
pump

Flow controller

Figure 9.14: Flow set-up.

The flow circuit is shown in Fig. 9.14. The flow rates of propane and air are measured and
regulated with less than 0.5% of error by thermal mass flow controllers (Bronkhorst EL-Flow se-
ries) and gases and seeding particles are mixed prior to entering the combustion chamber. At
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the start of each cycle, the combustion chamber is filled with mixture of known equivalence ratio
at atmospheric pressure for two minutes. Then the chamber is closed and the flow is allowed to
settle. Next the mixture is spark-ignited by energizing the centrally located electrodes by standard
capacitive ignition system. Minimum spark energy is supplied to ensure free propagation from
the initial phase of combustion. For capturing Mie scattered images, the air flow rate is seeded
with micro-metric olive oil droplets. The mass fraction of olive oil added is kept very low to ensure
there has no effect on the combustion process, and this point has been verified from comparisons
of pressure rise in the combustion chamber in the case of mixtures with and without particles
[Lecordier (1997)]. At the end of cycle, the burned products are purged using vacuum pump.

(@) ¢ = 0.80, t = 5.5 ms ¢) ¢ =1.00,t=5.4ms (d) ¢ =1.10,t = 5.4 ms

(€) ¢ =1.21,t = 5.6 ms ) ¢ =1.32,t = 5.5ms (@) ¢ =1.43,t = 5.5ms

Figure 9.15: Example of spherical flame: propane-air, ' = 298 K and P = 1 bar-.

The PIV system is the same one used for the turbulent studies. It consists of a double cavity
Nd:YAG laser (TwinsUltra, Quantel) delivering pulses of 30 m.J at 532 nm and an full frame interline
CCD camera (Hamamatsu €'9300) providing a 12 bit image pair of 2048 x 2048 pixels. The laser
sheet is created by the association of one spherical lens of 1 m focal length and one cylindrical
lens of —25 mm focal length. The camera is mounted with a Nikkor lens of 135 mm focal length
(f/dmaz = 2)Which provided 4.45 x 4.45 cm? field of view. Flame chemiluminescence is rejected
by an interferential pass-band (532 + 5 nm) filter.

In this work, PIV images of combustion flame fronts of propane-air mixture with a range of
equivalence ratios, ¢ = 0.8 — 1.43, are captured which includes both thermo-diffusively stable and
unstable conditions. For each mixture, around one hundred PIV image pairs are taken cover-
ing the duration of flame propagation, free from ignition energy effects and pressure influences.
Examples of PIV images taken for different equivalence ratios at different acquisition time after
ignition are shown in Fig. 9.15. The flame fronts are spherical in shape and their sizes vary with
equivalence ratios.
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9.7 Results

The newly developed methods have been validated on the outwardly propagating spherical flames
through propane-air mixture with a range of equivalence ratios, ¢ = 0.8 —1.43, which includes both
thermo-diffusively stable and unstable conditions. For each mixture, around 100 PIV image pairs
are taken covering the duration of flame propagation. For each time after ignition, 10 image pairs
are taken. The spherical laminar flames are captured with diameters above 5mm to avoid spark
influences and then consider only free propagation condition [Bradley et al. (1996)]. The maximum
flame diameter has been adjusted for each case to keep the pressure rise below 0.1 bar in the
combustion chamber during the recording. That ensure the data are within constant-pressure
combustion regime but also avoid any appearance of thermo-diffusive instabilities which arise at
larger flame radius for our mixture conditions. For each image pair, local flame speeds and local
fresh gas velocities are calculated by the newly developed algorithms at more than 100 positions
all around the flame.

9.7.1 Evolution of flame radius
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Figure 9.16: Evolution of flame radius for different equivalence ratio.

For each PIV image pair, the mean flame radius is calculated by using least square circle fit
technique. Then, for each time after ignition (¢), we have calculated the mean and standard
deviation of mean flame radius of 10 image pairs. The evolution of mean flame radius (mean
values + standard deviations) for different equivalence ratios are shown in Fig. 9.16. It varies
significantly with equivalence ratios and their variation is more pronounced in the lean mixture
conditions. In all the cases, the mean flame front size varies from one sixth to half of characteristic
size of combustion chamber.
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9.7.2 Evolution of flame speed

The local flame speed is measured from the distance between the two flame fronts multiplied by
the time delay between the two acquisitions (At = 300us). Then, for each time after ignition, we
have measured the mean and standard deviation of local flame speed. The evolution of flame
speed (mean values + standard deviations) as a function of time after ignition is shown in Fig.
9.17. Also, the evolution of flame speed (mean values + standard deviations) as a function of
mean flame radius is shown in Fig. 9.18. First of all, the evolutions of flame speeds are non linear

3.57\\\\ TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT \L

B ®=0.80

- ®=0.90 1

3'0: — ®=1.00 -

C —~ ®=110 ]
250 ~ ®©=121 1

- — ®=1.32 -
@20 ® =143 ]
E ]
o7 1.5F -
1.0F -
0.5F -
00:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\:
"0 1 2 3 4 5 6 7 8 9 10 11 12

t (ms)

Figure 9.17: Evolution of flame speed as a function of time for different equivalence ratio.

and differs with equivalence ratios. For lean to stoichiometric mixtures, the flame speed increases
continuously with time and with flame radius. For rich mixtures, up to ¢ = 1.32, the flame speed
increases with time, becomes steady at ¢ = 1.32 and start to fall at ¢ = 1.43. The evolutions of
flame speeds clearly indicate the interconnection between the equivalence ratio of mixture and
the flame front stability.

The standard deviations of measurements are increasing with radius in all the cases and we
can notice very high deviation for ¢ = 0.9 case. For ¢ = 0.8 and ¢ = 0.9 cases, the dimension of
combustion chamber is 60 x 60 x 160mm?>. The reason for the higher standard deviation is related
to the non-symmetrical distances to the walls around the flame front with respect to the ignition
location. In order to minimize this non-symmetrical shape, we have reduced the length of combus-
tion chamber from 160mm to 100mm so that the combustion chamber is more symmetrical with
respect to the ignition location than previous dimension. Then we have carried out measurements
for the stoichiometric and rich mixture conditions with modified combustion chamber. Therefore,
even though the flame propagation is faster for ¢ = 1.0, the deviations are smaller for ¢ = 1.0
compared to ¢ = 0.9. The next section explains the wall confinement effect on flame propagation
and their local measurements.
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Figure 9.18: Evolution of flame speed as a function of radius for different equivalence ratio.

9.7.3 Wall confinement

The geometry of our combustion chamber is non-spherical as depicted in the Fig. 9.19. This
rectangular shape of combustion chamber could disrupt the flow field induced by the gas expan-
sion, which can affect the local flame propagation. Indeed, Burke et al. (2009) examined the
wall confinement effect using non-spherical (cylindrical) configuration and they concluded that the
interaction of flame propagation with wall starts after the flame front reaches one third of charac-
teristic size of chamber. They also shown that flame speed calculated neglecting wall confinement
effect can be underestimated by ~15 % even within constant pressure condition.

60
270°  Flame front
= 40} /
= 0° 180°
>l o
90° /Combustion chamber
0

0 20 40 60 80 100 120 140 160
X (mm)

Figure 9.19: Flame front position relative to the combustion chamber.

In our case, by the implementation of two new methods, we are able to measure the local
instantaneous distance (d), flame speed (.S3), fresh gas velocity (u,) and laminar burning velocity
(un). One example of local variables as a function of angle is shown in Fig. 9.20. We can
clearly notice the similarities of variation of local distance with flame speed and fresh gas velocity
with respect to the angle. All three parameters reaches local minimum at 90° and 270°, which
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Figure 9.20: Variation of local distance and instantaneous velocities.

correspond to the portions of the flame closest to the walls as depicted in Fig. 9.19. So the
local variations are due to the effect of wall confinement on the flame propagation because the
heat losses to the walls are negligible. The flame radius in this example is approximately 0.25
times the characteristic width (60mm) of combustion chamber yet we can notice the effect of wall
confinement. This effect occurs as soon as the fresh gas pushed by the flame expansion reaches
the wall and is then slowed down. The important point to be mentioned here is that the local flame
speed and the local fresh gas velocity are measured independently yet the variations are similar.
So, the calculated laminar burning velocity as a direct difference between the flame speed and
the fresh gas velocity is completely free from the wall confinement effect as shown in Fig. 9.20,
indicates the great potential of this direct measurement technique.

9.7.4 Planar flame speed and fresh gas velocity

The variation of mean values of flame speed and fresh gas velocity as a function of stretch for
different equivalence ratios are shown in Figs. 9.21 and 9.22. For each equivalence ratios, a linear
fit is applied between the velocity and the stretch rate [Markstein (1964), Clavin (1985), Bradley
et al. (1996)]. The linear fits are represented by the dotted lines. The unstretched flame speeds
(SP) and fresh gas velocities (ug) are then extracted from the linear extrapolation to zero stretch.
For each mixture conditions, we have similar slopes for both flame speed and fresh gas velocity as
expected because of the outwardly flame propagation which induces the fresh gas flow. In case
of lean mixtures, propagation of flame increases with time. Similarly, for the stoichiometric case,
the propagation increases with decrease of stretch rate. But for the rich cases, influence of stretch
rate is moderate up to ¢ = 1.21, becomes zero at ¢ = 1.32 and influences oppositely ¢ = 1.43
condition compared to lean cases. That means, ¢ = 1.43 is thermo-diffusively unstable condition
and Markstein length changes its sign around ¢ = 1.32, indicates the start of thermo-diffusive
instability effect.
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Figure 9.21: Variation of flame speed as a function of flame stretch for different equivalence ratio.
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Figure 9.22: Variation of fresh gas velocity as a function of flame stretch for different equivalence ratio.

157



9. LOCAL LAMINAR BURNING VELOCITY MEASUREMENT

9.7.5 Laminar burning velocity

0.557\ LA L I L L L L L L

0.50F-|tn(k) = W3 — L"-K .

L A ]

045[- ﬁ;}f -

PN s £ 3 ¥ :

g 040E-2==~ 2 -

= I - % ]

< 0.35[ o ©=080

S - ®=09 1]

o ¢ ®=1.00 -

030 A ©=110

- <« =121 A

0.25(- v ®=132

r ®=143 7

0207\ o b b b b b b g b 0 1
70 100 200 300 400 500 600 700 800

k= Z‘Rs?tg” (s7Y

Figure 9.23: Laminar burning velocity ., as a function of flame stretch.

The variation of local instantaneous laminar burning velocities (mean values) obtained by the
direct method is shown in Fig. 9.23. The unstretched laminar burning velocities (u’) are then
obtained by linear extrapolation to zero stretch. The influence of stretch rate on the local laminar
burning velocities are completely different for lean mixture conditions compared to other equiv-
alence ratio conditions. This direct laminar burning velocities are compared with the velocities
obtained from the flame speed and fresh gas velocity by using density ratios (Fig. 9.24). In
this work, the density ratios have been taken from the Davis et al. (2002). The slopes of each
curve are different, because the measurements being relative to different isotherms in the flame
zone. The extrapolated laminar burning velocities from the flame speed (u%,)and the fresh gas
velocity (u!,) are in good convergence at zero stretch but differing with the direct method (u2).
Also, the unstretched laminar burning velocities calculated from the flame speeds and fresh gas
velocities by using density ratios are under predicted compared to the direct values (Fig. 9.25).
Indeed, the direct measurements are in good agreement with available results as shown in Fig.
9.26. This comparison shows clearly the consistency of our local direct instantaneous measure-
ment of laminar burning velocity. So the underestimation of «2, and u%, is certainly induced by
the confinement effect, which tends to reduce the flame speed and the fresh gas velocity for the
larger flame radius. In contrast, the good agreement of planar laminar burning velocities from the
local instantaneous laminar burning velocities (Fig. 9.26) shows the potential of this new direct
measurement technique.

The extrapolated values of unstretched flame speed, fresh gas velocity and laminar burning
velocity together with density ratios used are given in the table 9.1.
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¢ pulpy Sy (m/s) ug(m/s) wup(em/s) ug, (em/s) wuy, (cm/s)

0.80 7.15 2.22 1.91 31.4 31.1 31.0
0.90 7.66 2.66 2.28 36.5 34.8 34.2
1.00 8.02 2.97 2.59 39.5 37.0 36.8
1.10 8.08 3.05 2.66 40.6 37.7 375
1.21  7.99 2.84 2.46 38.3 35.6 35.2
1.32 7.85 2.29 1.96 32.7 29.1 28.6
143 7.70 1.60 1.43 22.6 20.8 21.3

Table 9.1: Unstretched laminar burning velocities of propane-air flames at atmospheric conditions.
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9.7.6 Markstein length and number

The Markstein numbers represents the effect of flow curvature and flow field strain on the flame
propagation [Bradley et al. (1996)]. The Markstein numbers for the burned region can be calcu-
lated from the flame speed and for the fresh gas region can be calculated from the laminar burning
velocity.
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Figure 9.27: Normalized flame speed as a function of Karlovitz number for different equivalence ratio.

The variations of normalized flame speed (mean values) as a function of Karlovitz number for
different mixture conditions are shown in Fig. 9.27. The flame thickness (62) values have been
taken from the Davis et al. (2002). The Markstein numbers are then calculated from the linear
relationship as given in the same figure. The variation of normalized flame speed with Karlovitz
number is almost zero at ¢ = 1.32 where the Markstein number changes its sign from positive to
negative. The negative Markstein number indicates the unsteady flame propagation that means
the flame speed decreases with stretch rate.

The Markstein lengths and numbers are shown in Fig. 9.28 as a function equivalence ratio.
Globally, the Marktein length and number varies linearly with equivalence ratio. Also, the com-
parison of Markstein numbers with available literature results shows agreement at rich mixture
conditions (Fig. 9.29).

The Markstein number for the fresh gas region is measured from the linear relationship be-
tween the normalized laminar burning velocity and the Karlovitz number which is calculated as the
ratio of flame thickness to the local laminar burning velocity (Fig. 9.30). The variations of slope
are entirely different for lean and rich mixtures conditions. The calculated Markstein length and
number are shown in Fig. 9.31. The Markstein numbers are positive for the lean mixtures and
become negative for the rich mixture conditions. The variation of Markstein numbers in the fresh
gas region is not linear unlike the variation in the burned gas region.
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Figure 9.28: Markstein length and Markstein number as a function of equivalence ratio.
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Figure 9.29: Markstein number as a function of equivalence ratio.
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Figure 9.31: Markstein length and Markstein number in the fresh gas region as a function of equiva-

lence ratio.
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¢ 80 (wm) L°(mm) L"(mm) Ma® Ma"

0.80 68.32 3.39 0.19 49.60 2.81
0.90 55.08 2.06 0.02 3748 0.41
1.00 49.04 1.19 -0.08 2419 -1.65
1.10 47.32 0.73 -0.12 15.46 -2.44
1.21 51.85 0.42 -0.16  8.13 -3.02
1.32 64.19 0.03 -0.18  0.51 -2.87
1.43 103.60 -0.43 -0.28 -4.17 -2.67

Table 9.2: Markstein lengths and Markstein numbers of propane-air flames at atmospheric conditions.

9.8 Conclusions

A direct experimental measurement of local instantaneous laminar burning velocity is developed
based on the PIV technique. The main focus is to measure the local flame speed and the local
fresh gas velocity near the flame front in order to obtain the local laminar burning velocity as their
direct difference. The local measurement of flame speed is greatly improved by a new extraction
tool, which extracts the flame front with sub-pixel accuracy and eliminates noises superposed
on the flame front. The local fresh gas velocity near the flame front is achieved successfully by
a new PIV approach. The accuracy and reliability of new tools have been evaluated from two
complementary approaches based respectively on synthetic images of particle and on the well
established configuration of outwardly propagating spherical flames of propane-air mixtures at
atmospheric pressure conditions. The measured laminar burning velocities are compared with
existing experimental results and satisfactory agreement is observed. So this new PIV approach
can be extended to the laminar stratified flame configurations to measure the local laminar burn-
ing velocity of stratified flames which would be otherwise not possible to measure by any of the
global measurement techniques because of the variation of local equivalence ratio in those con-
figurations.
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Chapter 10

Laminar stratified flame
propagation

Abstract. The laminar flame propagation through three different stratified mixture fields are an-
alyzed by using simultaneous PIV/PLIF techniques. The mixture stratification is realized inside
a constant volume combustion chamber by a laminar jet of rich propane-air mixture. The flame
is then spark ignited and the propagation of flame through stratified mixture is acquired by si-
multaneous PIV/PLIF techniques. The flame propagations through three different stratified levels
are investigated in order to know the effect of degree of stratification on flame propagation. The
local flame speed, local fresh gas velocity and local laminar burning velocity of stratified flames
are measured by using the new PIV approach. The local conditioned variables of different strat-
ified cases are calculated and then compared to each other. Finally, the enhancement of flame
propagation by mixture stratification and the memory effect are discussed.

10.1 Introduction

Our experimental investigation on turbulent stratified combustion has successfully confirmed the
enhancement of flame propagation by stratification of mixture field. The combined measurement
of velocity and equivalence ratio field of turbulent stratified flame propagation has proved very use-
ful to understand the fundamentals of stratified combustion. We have also improved the accuracy
of local measurements of flame propagation and successfully validated our new methods using
synthetic images and experimental configurations, which are explained in the previous chapter.
By taking advantage of improved local measurements, we have decided to investigate the laminar
stratified flame propagation in order to provide valuable data for numerical simulations. So far
very few experimental and numerical investigations have been carried out on laminar stratified
combustion, but the outcomes are small and sometimes contrary, emphasize the need of more
studies in order to understand the fundamentals of laminar stratified combustion. So in this work,
the laminar flame propagation through stratified mixture field is investigated by using simultaneous
PIV/PLIF techniques. For that, a unique injection setup has been developed to generate laminar
stratified mixture field of low velocity with high degree of stratification inside a constant volume
chamber in a controllable way. Then simultaneous PIV/PLIF images of laminar flame propaga-

165



10. LAMINAR STRATIFIED FLAME PROPAGATION

tions are acquired for three different stratified mixture configurations. From the PIV images, the
local flame speed, local fresh gas velocity and local laminar burning velocity are measured by
using the new methods explained in the previous chapter. Then global parameters such as asym-
metry and mean flame front contours of three different stratified cases are analyzed. After that,
the local conditioned variables are calculated thanks to the combined measurement of flow and
scalar fields of propagation. The local conditioned variables of three stratified cases are then
compared in order to understand the effect of degree of stratification on flame propagation. From
that comparison, the memory effect of stratified flames and their relaxation times are analyzed.

10.2 Experimental setup

The schematic diagram of experimental setup is shown in Fig. 10.1. It mainly consists of a con-
stant volume combustion chamber, injector unit, electrical valves (EV1, EV2, EV3), vacuum pump
(VP), mass flow controllers (TMFM), mechanical valves and pressure sensor (PS). The setup can
be divided into three sections; propane-air mixture preparation, injection unit and vacuum unit.
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Figure 10.1: Schematic diagram of experimental set-up.

The objective of propane-air mixture unit is to control the flow rate and equivalence ratio of
mixture as well as to seed the flow with anisole vapor and olive oil particles. The flow rate of
propane is controlled by a sonic nozzle and mixed with air prior to filling the combustion chamber.
The flow of propane is traced with anisole vapor for PLIF measurement. The air flow rate is
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controlled by TMFM units. Two separate olive oil particle generators are used to seed air flow for
PIV measurement, one generator seeds the air flow of lean mixture and another one seeds the air
flow of laminar stratified jet. The lean propane-air mixture is prepared by mixing total air flow with
propane flow and the rich mixture is prepared by diverting part of the air flow to atmosphere prior
to mixing air and propane flows. With the help of two PIV seeders, the olive oil particle density is
kept same in both lean mixture filled inside the combustion chamber and the rich stratified mixture
injected into the combustion chamber. The principle of injection and vacuum units are given in the
next section. The laser illumination and image acquisition units are same as used in the turbulent
stratified flame investigation (§8 ).

10.3 Laminar stratified jet

The few investigations carried out so far have indicated the memory effect of stratified flames
[Ra (1999), Pires Da Cruz et al. (2000), Kang and Kyritsis (2007a)]. Actually, those investigations
have shown that the flame fragments propagated previously through rich mixtures back supported
the flame propagation through very lean mixtures. That means the degree of stratification could
play an important role in enhancing the flame propagation. So the objective of this study is to
understand the effect of degree of stratification by analyzing the flame propagation through three
different stratified mixture fields which are given below:

e Case 1: Rich mixture to very lean mixture.
e Case 2: Stoichiometric mixture to very lean mixture.
e Case 3: Lean mixture to very lean mixture.

A unique injection setup has been developed to realize those stratified cases with low velocity
flow inside a constant volume chamber. Figure 10.2 shows the injection setup, which consists of
injection unit and vacuum unit.
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: unit P EVL : valve
\ ' oo
A \
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LBV | ®, = 0.60 -
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i chamber b e

Figure 10.2: Stratified mixture injection setup.

The main role of injection and vacuum units are the realization of controllable and reproducible
stratified jet inside a constant volume chamber. This has been achieved by introducing a controlled
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vacuum inside the combustion chamber that sucks the rich mixture from a closed volume through
the injection unit. The quantity of mixture and the velocity of jet are controlled by vacuum pressure
and duration of injection. The injection unit controls the start and duration of injection whereas the
vacuum unit controls and maintains the vacuum pressure.

Injection unit:

The injection unit mainly consists of an axisymmetrical injector, one electrical solenoid valve
(EV1), a wire mesh placed inside the injector, a cylindrical tube and a small volume made up
of tube (shown in Fig. 10.2 as a spiral connected with solenoid valve). Inside the injector, a small
needle is blocking its opening against spring force which can be released by energizing the elec-
trical solenoid valve. So the timing of solenoid valve controls the start and duration of injection.
When the injector opens, rich mixture in the tube starts to flow to the combustion chamber through
a wire mesh which imposes a small pressure drop to the flow and also prevents the flame prop-
agation through injector during combustion. A small copper tube is fixed inside the side block of
combustion chamber in order to provide sufficient length to the developing region of laminar flow.
Just before the injection, rich mixture is circulated through small volume of tube and injector unit
for few seconds and then closed by two-way and three-way valves shown in Fig. 10.2. This unique
injection method ensures the mixture with same equivalence ratio in every cycle. The injector unit
has been fixed very close to the side block of combustion chamber to reduce the dead volume,
which would otherwise decrease the mixture gradient due to the very low quantity of injection in
each cycle.

Vacuum unit:

The vacuum unit comprises of a vacuum pump, two-way and three-way electrical solenoid valves,
a small cylinder tank, a piezoelectric pressure transducer (Keller series 33S), a small copper tube
and a micro control valve. The function of this unit is to maintain a constant vacuum pressure
during the injection in order to realize a reproducible laminar stratified jet. Otherwise variation in
vacuum pressure will lead to random start of injection and fluctuations in the quantity of mixture
injected in each cycle. Therefore, a constant vacuum pressure is maintained by feeding air to the
inlet pipe of vacuum pump and the flow rate of air is controlled by a micro control valve (shown
in Fig. 10.1). By balancing the vacuum and air flow rate, we are able to control and maintain
the vacuum pressure in the flow line. But the electrical solenoid valve (EV2) used in this work is
not suitable for vacuum and that introduced some fluctuation to the vacuum pressure. In order
to eliminate this pressure fluctuation, a three-way electrical solenoid valve (EV3) is used which
decouples EV2 valve from vacuum line as shown in Fig. 10.2. In switched-off condition, EV3 valve
connects the EV2 valve to atmosphere and when switched-on, it connects the vacuum line to EV2
valve. This unique arrangement ensures constant vacuum in the line, no leak through solenoid
valve and repeatable vacuum condition at each cycle. A small copper cylindrical tube is used to
connect the vacuum line to the investigation zone of combustion chamber as shown in Fig. 10.2
in order to control the jet direction to be parallel with axis of combustion chamber.

Controlling parameters:

The main factors that control the velocity and equivalence ratio of stratified mixture field are vac-
uum pressure, equivalence ratio of mixture inside the injector unit and duration of injection. Among
them, the valve timings of EV1, EV2 and EV3 control the start of injection and duration of injec-
tion. First, the equivalence ratio of lean mixture inside the combustion chamber is fixed to ¢ = 0.6
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and then vacuum pressure is optimized to 150mbar. After that, different solenoid valve timings
are tried to achieve the mean velocity of jet as low as possible at the time of ignition by using
combined velocity and equivalence ratio field of stratified jet. The optimized valve timings after a
lot of experimental iterations are shown in Fig. 10.3. The opening of EV2 and EV3 are delayed in
order to provide sulfficient time to balance the pressure between combustion chamber and injec-
tor volume. The duration of opening of EV3 is extended more than 20ms than EV2 to avoid leak
through EV2 to combustion chamber. The injection process is initiated by a TTL pulse to the first
solenoid valve (EV1). The opening of other two valves, ignition of mixture by energizing two thin
electrodes and image acquisition events are synchronized with TTL pulse of EV1. Unlike turbulent
jet, the fluctuation of laminar jet is very minimal, so that ignition and image acquisition events are
directly synchronized with injection event.

: 180 ms
EV1 (Injection unit) L
60 ms 100 ms y
EV2 (Vacuum line) T
60 ms 120 ms

EV3 (Three-way valve)

Figure 10.3: Solenoid valve timings.

Optimized conditions:

The optimized values of various parameters of injection setup are given in the table 10.1. The
equivalence ratio of injection is ¢ = 2.2 for case 1, ¢ = 1.4 for case 2 and ¢ = 1.2 for case
3. The time of ignition is set to 215 ms after start of injection. The location of ignition is set at
X = —=5.95mm,Y = 1.2 mm with respect to the center of acquired image.

Vacuum pressure 150 mbar (g)
Equivalence ratio of chamber 0.6
Equivalence ratio of injection 22,14,1.2

Time of ignition from start of injection 215 ms
Location of ignition X=-5.95 mm, Y=1.2 mm

Table 10.1: Injection and ignition parameters.

10.4 Analysis of mixture field at the time of ignition

The mean flow and scalar field of laminar stratified mixture at the time of ignition are shown in
Fig. 10.4. The mean field is calculated from 10 consecutive cycles. The time delay between the
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10.4 Analysis of mixture field at the time of ignition

PIV image pair is fixed to 200 us in order to keep the percentage of spurious vectors less than
1% in the velocity vector field before validation. The mean velocity vector field is almost same in
all three cases. The position of ignition is indicated by a black circle. The mean scalar field is
symmetric with respect to the jet axis which is slightly above the center of combustion chamber
because of small shift of injection hole in the side block with respect to the center of chamber. The
stratification along the axis of jet is uniform and varies along normal to the axis. The thickness of
distribution of equivalence ratio shrinks with decrease of mixture stratification, whereas there is
no variation of thickness of jet in the velocity vector field.
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Figure 10.5: Mean profiles of U component of velocity field at ignition location.
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Figure 10.6: Mean profiles of V component of velocity field at ignition location.

The transverse and longitudinal profiles of U and V components of mean velocity field of three
cases are shown in Figs. 10.5 and 10.6. Good agreements between the velocity profiles of three
different cases are observed except the longitudinal profiles of U component. The transverse pro-
files of U component of velocity field clearly show that the laminar jet is symmetrical with respect
to the jet axis. The difference in agreement between the longitudinal profiles of U component is
due to the small variation in flow conditions induced by the difference in balance between the vac-
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uum pressure and mass flow rate of injected mixture which varies slightly with equivalence ratio
of mixture. Both transverse and longitudinal profiles of V component are closer to zero velocity
indicate that the streamlines are almost parallel to the flow direction.
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Figure 10.7: Mean profiles of equivalence ratio field at ignition location.

The transverse and longitudinal profiles of equivalence ratio field at the position of ignition are
shown in Fig. 10.7. The width of jet is around 5 mm for all the cases. The transverse profiles
indicate that the equivalence ratios of mixture fields are symmetrical along normal to the jet axis.
The longitudinal profiles indicate that the equivalence ratio of rich mixture case varies slightly
along the jet. The other two cases are not varying much along the jet axis.
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Figure 10.8: Fluctuations of equivalence ratio field at ignition location.

The transverse and longitudinal profiles of fluctuations of equivalence ratio field at the position
of ignition are shown in Fig. 10.8. The local increase of fluctuation of equivalence ratio in trans-
verse direction is due to the presence of electrodes in the acquired images. The fluctuations in
the longitudinal direction varies around ¢=0.02 to 0.1. This smaller fluctuation in the equivalence
ratio field indicates the good repeatability of laminar stratified mixture.

The fluctuations of velocity and scalar field are shown in Fig. 10.9. It clearly shows very low
fluctuations of velocity field in all three cases. Also, in both velocity and equivalence ratio field,
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Figure 10.9: Fluctuations of flow and scalar field of stratified cases.
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we can observe the decrease of fluctuations with decrease of mixture stratification. This effect is
linked to the delicate balance between the vacuum at the start of injection and the mass flow rate
of mixture which varies slightly with equivalence ratio of mixture.

Case 1 Case 2 Case 3
Parameters

Mean | RMS | Mean | RMS | Mean | RMS
Velocity (m/s) 1.08 | 0.06 1.04 | 0.05 | 1.01 0.02

Equivalence ratio (¢) | 1.24 | 0.06 | 095 | 0.06 | 0.79 | 0.03
Mixture fraction (Z) 0.074 | 0.004 | 0.058 | 0.004 | 0.048 | 0.002

Table 10.2: Mixture field conditions at the position and time of ignition.

The mean and rms of velocity, equivalence ratio and mixture fraction field at the position and
time of ignition are given in the table 10.2. The mean velocity is around 1 m/s for all three cases.
The mean equivalence ratio at the ignition point is rich for case 1, near stoichiometric for case 2
and lean for case 3.

10.5 Flow and scalar fields during flame propagation

The various steps of one cycle of experiment are shown in Fig. 10.10. The combustion chamber
is initially filled with lean propane-air mixture of equivalence ratio ¢=0.6 at atmospheric pressure.
Then inlet and outlet valves of combustion chamber are closed and the flow is allowed to come
to rest, meanwhile rich mixture is circulated inside the injector unit. After 30 seconds, injection
is commenced, followed by ignition and acquisition of combustion images. Finally, the burned
products are purged by using a vacuum pump. This sequence of steps completes one cycle of
experiment within 240 seconds. For each time after ignition, 20 cycles are carried out.

One cycle (approx. 240 sec)

120 sec 30 sec 60 sec
Homogeneous  Time for circulation of Injecfion of Spérk Ac‘:‘(‘quisition Purging period
mixture (¢ = 0.6) rich mixture inside - laminar Ignition of combustion
filling period the injection unit stratified jet chamber

Figure 10.10: One cycle of laminar stratified flame propagation experiment.

The instantaneous flow and scalar field of flame propagation through three different stratified
mixture fields are shown in Figs. 10.11 and 10.12. Generally, the flow and scalar fields are
symmetrical with respect to the jet axis. At 1 ms, the flame propagation of stoichiometric case
seems to be faster than the propagation of other two cases. The flame fronts are elongated in the
right side of ignition point and slightly flattened in the left side due to the movement of laminar jet.
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Figure 10.11: Instantaneous flow field of stratified flame propagation at different time after ignition.
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Figure 10.12: Instantaneous scalar field of stratified flame propagation at different time after ignition.
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In all the cases, parts of flame fronts are already propagating through very lean mixtures. Indeed,
the spread of flame fronts in Y direction is more than twice the thickness of stratified jet. At 3 ms
after ignition, the flame propagation of rich case seems to be faster than in other two cases. The
flame fronts are elongated along the axis in the right side of ignition point and on the left side, the
flame fronts are started to propagate along the boundaries of stratified jet. At 5 ms, the fresh gas
expansion shrinks with decrease of stratification. The spread of flame propagation through very
lean mixture is more for rich case compared with other two cases. At 8 ms, the elongation of flame
front along the jet axis increases with decrease of stratification. The part of laminar stratified jet is
still visible in rich case but not visible in other two cases.
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Figure 10.13: Mean flow field of stratified flame propagation at different time after ignition.

The mean flow and scalar fields of flame propagation of three different stratified cases are
shown in Figs. 10.13 and 10.14. In all the cases, at 1 ms after ignition, flame propagation seems
to be uniform all around the flame front except the left side of ignition point where the laminar
jet impinges on the flame front. The burned gas region is symmetrical and almost spherical for
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stoichiometric and lean cases but irregular for rich case. At 5 ms, the velocity field of rich case
clearly shows the faster flame propagation compared to the propagation in other cases. Indeed,
rich stratified case propagated more on the lean mixture region than in other two cases. The mean
scalar field is almost symmetrical for all the cases. Also, the burned regions of stoichiometric and
lean cases are almost identical in shape, which are more elongated along the jet axis compared
to that of rich case. At 8 ms, the presence of rich mixtures are still visible in case 1 because those
mixtures are yet to be consumed by combustion. The velocity fields clearly show the difference
among the cases where the flame fronts are propagating faster in rich case compared to that of
stoichiometric case.
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Figure 10.14: Mean scalar field of stratified flame propagation at different time after ignition.

The fluctuations of flow and scalar field at 1 and 8 ms after ignition are shown in Fig. 10.15.
At 1 ms, the fluctuations of rich case in both velocity and equivalence ratio fields are higher
than in other two cases. The similar trend is observed at 8 ms after ignition shows that the
variation of equivalence ratio around the ignition point at the time of ignition could be the reason
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Figure 10.15: Fluctuations of stratified flame propagation at different time after ignition.
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of increased fluctuation for rich stratified case than in other two cases. Nevertheless, in all the
cases, fluctuations are very low indicating that 20 images acquired at each time seem to be
sufficient for statistical data analysis. The localized fluctuations in the scalar fields are due to the
deposit of oil droplets on the top window of combustion chamber.

10.6 Global analysis

The effect of degree of stratification on the flame propagation can be understood by analyzing
the global parameters such as evolution of mean flame fronts and their spreads. So in this sec-
tion, the global parameters of three different stratified cases are compared in order to gain some
information on the effect of stratification.

10.6.1 Mean flame front contours

The flow and scalar fields of flame propagation indicated that the shape of flame fronts is changing
from almost spherical to oval over a period of time. This evolution of flame front shape can be
observed from the analysis of mean flame front contours. In this work, the instantaneous flame
fronts are extracted from PIV and PLIF images by using new flame front extraction algorithm which
is explained in the appendix (§ A). One example of flame fronts extracted from PIV image pair and
PLIF image are shown in Fig. 10.16. It shows a good superposition of PIV contours with PLIF
contour which confirms that both PIV and PLIF cameras are acquiring images from the same
image zone.
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Figure 10.16: Superposition of LIF contour with PIV contours.

For each case, at a given time after ignition, mean flame fronts are calculated from their
instantaneous flame front contours. The evolution of mean flame fronts for three stratified cases
is shown in Fig. 10.17. First of all, the flame fronts are almost symmetrical with respect to the
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Figure 10.17: Evolution of mean flame front contours.
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jet axis. In all the cases, the rate of flame front expansion along normal to the jet axis decreases
over a period of time whereas the expansion along the jet axis increases with time. At 3 ms
after ignition, the spreads of mean flame fronts in Y direction are more than twice the thickness
of stratified jet for all the cases. We can notice only a small difference between three different
cases at this time. But the difference in shape between three cases becomes quite visible at 5 ms
after ignition where the flame front of rich case propagated more in the very lean side compared
to that of other cases. Also the mean flame front shapes of stoichiometric and lean cases are
almost identical with small variation in size of flame surface. At 8 ms after ignition, the mean
flame front of rich case propagated further in to very lean mixture than in other two cases. But
the stoichiometric and lean cases are elongated more in the X direction than in rich case. So this
analysis of mean flame fronts roughly indicates that the rich stratified case increases the rate of
flame propagation through very lean mixture than in other two cases.

10.6.2 Asymmetry

The mean flame fronts clearly showed the difference in flame propagation between X and Y
direction. This asymmetry in flame front shape can be analyzed by measuring the maximum
spread of flame propagation in X and Y directions. So we calculated the maximum spread of
flame fronts and their ratio (Lx/Ly) as a function of time for different cases (shown in Fig. 10.18).
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Figure 10.18: Analysis of flame front geometry.

At 1 ms after ignition, the mean values of asymmetry coefficient of rich case is smaller than
one indicates that the flame propagation along jet axis is smaller than normal to the jet because
of presence of higher equivalence ratio mixtures (¢ > 1.2) along the jet axis. But the mean value
of asymmetry coefficients for stoichiometric and lean cases are equal to one indicates that the
flame fronts of these cases are almost spherical at this time. The asymmetry coefficient of all
the cases continuously increases with time and the rate of increase is smaller for the rich case
than in other two cases. After 4 ms, the asymmetry coefficient of stoichiometric case is more than
in other two cases. This comparison confirms that the flame front originated from rich mixture
condition is spreading faster into very lean mixture compared with the spread of flame fronts of
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other two cases. Among the stoichiometric and lean case, the flame fronts of stoichiometric case
are more elongated along the jet axis than lean case but both cases are having same variation
of Ly as a function of Lx (Fig. 10.18). This observation points out that the increased elongation
of stoichiometric case is due to its faster flame propagation along the jet axis compared to that of
lean case.

10.7 Analysis of conditioned local variables

So far global analysis indicated that the flame propagation increases with degree of stratification.
However, those observations cannot reveal the quantitative difference between three different
stratified cases and their relaxation time because those global data are affected by the variation
of local equivalence ratios and local stretch rates. So we have to isolate those factors from the
local measurements in order to quantitatively know the effect of degree of stratification on flame
propagation. This can be achieved by measuring the local flame speed, local fresh gas velocity,
local laminar burning velocity and local stretch rate along with local equivalence ratio. In this work,
the local equivalence ratio around the flame front is measured from the instantaneous scalar field
of flame propagation. The local flame speed is measured from the displacement between two
successive flame fronts extracted from PIV image pair. But the local laminar burning velocity
cannot be measured from the instantaneous flow field of flame propagation because the spatial
resolution of velocity field is not sufficient to measure the local fresh gas velocity near preheat
zone of flame front. So in order to measure the local fresh gas velocity and local laminar burning
velocity, we have utilized the newly developed PIV approach explained in the previous chapter.
After that, to compare the stratified cases, the measured local variables are sampled from the
regions where the flame fronts are propagating through lean mixture of ¢ = 0.6 within moderate
stretch range.

X (mm)

I

¢: 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 1.25 1.35

ZO m/s

Figure 10.19: Selection of region of analysis for conditional measurements.
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10. LAMINAR STRATIFIED FLAME PROPAGATION

One example of superimposed velocity and equivalence ratio field of flame propagation is
shown in Fig. 10.19. The approximate region of analysis used for sampling the local variables is
also indicated in that figure as rectangular in white color where the flame front propagates through
mixture of equivalence ratio ¢ = 0.6 and the flame fragments are almost spherical in shape in that
region. The flame fragments propagating through lean homogeneous mixture (¢ = 0.6) and low
stretch rate conditions are selected with the following criteria:

e Equivalence ratio: 0.55 < ¢ < 0.65
e Flame stretch rate (1/s): K < 1000
e Laminar burning velocity (m/s): u; < 0.60
e Tangential velocity (m/s): -0.1 < u; < 0.1

Two additional criterions have been added to remove the measurement still affected by the energy
deposit of ignition and by tangential strain rate. One example of datasets with and without condi-
tioning is shown in Fig. 10.20. The complete dataset on the left shows a large dispersion due to
various conditions of flame propagation. The conditioning of measurements induces a narrower
dispersion (right plot) with a high sampling.

3.0 30— g

? 225, 72
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B 1ch 1 B i é;ri% ot
3 1498 B 1ape T b ¥R ‘x,,,wz;fw <
T o T o ]
0.0 L e e e b e TR S T T A T N Y R S A MR \7:
-0 200 400 600 800 1000 200 400 600 800 1000
Stretch (1/s) Stretch (1/s)
(a) Complete dataset (b) Conditioned dataset

Figure 10.20: Local flame speed as a function of stretch rate for case 1 at 2 ms.

In first approximation, the local flame stretch has been estimated only from in-plane local
curvature and the transverse curvature has not been considered. So, the response of the mea-
surement as a function of stretch cannot be analyzed and then in Figs. 10.21 and 10.22, only
the extrapolation to zero stretch will be considered to estimate the laminar burning velocity. The
unstretched values are provided in the tables 10.3 and 10.4. The comparisons of unstretched
values of three cases are shown in Fig. 10.23. Generally, the difference between the values of
rich and stoichiometric case are more than difference between the stoichiometric and lean case in
all the timings. For example at 1 ms after ignition, the difference between the conditioned planar
flame speed of rich and stoichiometric case is around 0.29 m/s whereas the difference between
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Figure 10.21: Variation of flame speed and fresh gas velocity as a function of stretch rate for different

cases.
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Time
(ms)

SY (m/s) at ¢ = 0.6

ug (m/s) at ¢ = 0.6

Case 1 | Case

2 | Case3 | Case 1 | Case

2 | Case 3

0 N o o0k~ 0N =

2.28
1.56
1.15
0.94
0.80
0.68
0.61
0.52

1.97
1.35
0.97
0.76
0.64
0.58
0.50
0.44

1.82 1.89 1.62
1.20 1.29 1.11
0.88 0.96 0.81
0.72 0.78 0.63
0.64 0.67 0.52
0.53 0.56 0.47
0.47 0.50 0.41
0.41 0.42 0.35

1.48
0.98
0.74
0.59
0.52
0.43
0.38
0.33

Table 10.3: Unstretched values of conditioned flame speed and fresh gas velocity of three cases.
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Figure 10.22: Variation of laminar burning velocity as a function of stretch rate for different cases.
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Time u? (cm/s) at ¢ = 0.6
(ms) | Case1 | Case2 | Case 3

1 39.2 34.9 33.8
2 27.1 23.3 21.9
3 18.9 16.4 14.1
4 15.3 13.2 13.5
5 13.0 11.9 11.7
6 12.0 11.3 10.0
7 11.4 9.3 8.7
8 9.9 9.0 8.3

Table 10.4: Unstretched values of conditioned laminar burning velocity of three cases.
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Figure 10.23: Unstretched values of conditioned velocities for different cases.
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10. LAMINAR STRATIFIED FLAME PROPAGATION

stoichiometric and lean case is around 0.13 m/s. The similar kinds of variations between the
cases are observed for fresh gas velocities and laminar burning velocities.

In all the cases, the unstretched velocities at 1 ms after ignition are around 4.2 times greater
than their corresponding values at 8 ms after ignition. It shows that the propagation of flame
through very lean homogeneous mixture of equivalence ratio ¢ = 0.6 slows down over a period
of time in all the cases. Also the evolutions of unstretched velocities are almost similar for all
the stratified cases. Indeed, the variations of unstretched values show a power law relationship
with time for all the cases. Therefore, power law fit is applied to the unstretched laminar burning
velocity which is shown in Fig. 10.23 as dashed line for each case. Those power law fits indicate
that the unstretched conditioned laminar burning velocity is proportional to the Time™“, where
the scaling parameter « is varying between 0.66 to 0.67 for three cases. This small difference of
scaling parameter between three cases indicates that time to relax is independent of degree of
stratification. But the magnitude of local laminar burning velocity is not independent to the degree
of stratification. Indeed, at each time after ignition, the unstretched laminar burning velocity of rich
stratified case is around 1.14 times higher than that of stoichiometric stratified case and almost
1.2 times higher than that of lean stratified case. This clearly confirms the effect of degree of
stratification on flame propagation. At 6 ms, the unstretched laminar burning velocity of rich strat-
ified case is almost equal with that of homogeneous mixture of equivalence ratio ¢ = 0.6 which
is around 12.5 cm/s [Razus et al. (2010)]. So in our configuration, the relaxation time is around
5 ms to 6 ms from start of ignition. The quantitative analysis of local conditioned velocities of three
cases clearly shown that the flame fronts initially propagate at faster rate due to the availability of
favorable mixture conditions around the ignition point at the time of ignition as proposed in litera-
ture [Ra (1999), Pires Da Cruz et al. (2000), Kang and Kyritsis (2007a)]. Then flame propagation
gradually decelerates during its propagation through very lean mixture and at later stages, the rate
of propagation is almost equal to the local homogeneous combustion. The degree of stratification
greatly influences the flame propagation through very lean mixture which back supports the flame
propagation by hotter gases temperature and excess of fuel in burned gases.. So our quantitative
analysis of laminar stratified flame propagation clearly confirmed the memory effect of stratified
flames.

10.8 Conclusions

In this chapter, we have discussed the experimental setup to create controllable laminar stratified
mixture field inside a constant volume chamber. We analyzed the flow and scalar fields of stratified
mixture at the position and time of ignition for three different stratified cases. Then laminar flame
propagations through stratified mixture fields are analyzed. From that, we compared the global
parameters such as evolution of mean flame fronts, flame front geometries and observed the
enhancement of flame propagation by the increase of degree of stratification level. Then local
instantaneous flame speeds, fresh gas velocities and laminar burning velocities are measured by
using the newly developed algorithms explained in the previous chapter. Finally, we computed the
conditioned local variables based on local equivalence ratio, local stretch rate and local tangential
velocity of flame propagation and compared the results of three different stratified cases. The
comparison of results clearly proved the enhancement of flame propagation by stratification of
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mixture field and increase of enhancement with increase of degree of stratification. The average
relaxation time of stratified flame propagation is 5 ms in our configuration. In conclusion, the
stratification of mixture field enhances the propagation of flame front through very lean mixture
field back supported by the rich and stoichiometric flame fragments of previous timings of stratified
combustion.
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Chapter 11

Conclusions and Perspectives

The automobile manufacturers are developing new technologies to reduce fuel consumption as
well as emissions. One such technology is the direct injection gasoline engine which offers more
fuel efficiency than conventional petrol engines [Zhao et al. (1999)]. The potential of direct in-
jection gasoline engine is realized by utilization of stratified combustion mode where the overall
mixture is lean but the mixture around the spark plug is rich enough to ensure flame propagation
through lean mixtures. This strategy results in less fuel consumption and lower CO, emissions.
But this stratified mode introduces cycle-to-cycle variations and difficulties in controlling the com-
bustion. In that regard, numerical modeling can be very helpful to optimize engine parameters
but the modeling process requires deep fundamental understanding of stratified combustion. So
it becomes important to study the stratified flame propagation in simple configurations to gain
knowledge and to provide data for the numerical simulations. Therefore, in this work, flame prop-
agation through stratified mixture field under laminar and turbulent flow conditions have been
investigated by using simultaneous PIV/PLIF measurement techniques. The experimental inves-
tigations are supported by the ANR (Agence Nationale de la Recherche) and the CNRS through
the MESOPTI-CO2 program, in collaboration with the GSM (Groupement Scientifique Moteurs).

The experiments are conducted in a constant volume combustion chamber under atmospheric
pressure and ambient temperature conditions. Simultaneous PIV/PLIF measurement techniques
are utilized in order to measure combined flow and scalar field of flame propagations with an in-
vestigation area of 45 x 45 mm?. In this work, propane flow is seeded with fluorescent tracer to
measure the equivalence ratio by FARLIF technique [Reboux et al. (1996)]. Anisole is selected
as fluorescent tracer for propane-air mixture based on the investigations carried out by Pasquier-
Guilbert (2004). The air flow rate is seeded with micro-metric olive oil particles to measure the ve-
locity field by PIV technique. The area under investigation is illuminated by the combined PIV/PLIF
laser sheets and the emitted fluorescence signal in the UV range is collected by ICCD camera
and emitted Mie scattering signal in the visible range is collected by CCD camera and all the
systems are synchronized by a special control unit. From the acquired CCD and ICCD images,
combined velocity and equivalence ratio fields are measured by using post-processing schemes.
A new LIF image correction scheme has been developed to remove the noises in the fluorescence
images, which also improved the accuracy of equivalence ratio measurement. The velocity field is
measured from particle images by using post-processing scheme developed by Lecordier (1997).
The two-dimensional velocity field is measured with an uncertainty of + 0.04 m/s and equivalence
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ratio field is measured with an uncertainty of + 2% @ ¢ = 1.0. The spatial resolution of veloc-
ity measurement is 160 um whereas the spatial resolution of equivalence ratio measurement is
444 pm.

The first task of this work is the investigation of turbulent stratified flame propagation in a con-
stant volume combustion chamber by using simultaneous PIV/PLIF techniques. For that, an axi-
symmetrical injection setup has been developed to realize turbulent stratified mixture field inside
the combustion chamber. The evolution of velocity of turbulent jet at the entrance of combustion
chamber is measured by hot wire anemometry technique in order to provide data for numerical
simulation. From the analysis of mixture field, the optimal ignition location is selected and the
mixture is spark-ignited at slightly richer than stoichiometric condition. Then unsteady flame prop-
agation through stratified mixture field is acquired by using simultaneous PIV/PLIF techniques.
Also, flame propagation through six different homogeneous mixtures is acquired with same injec-
tion strategy in order to isolate the influence of flow turbulence from the effect of stratification of
mixture field. In all the cases, the flame propagations are acquired starting from 1 ms to 5 ms
after ignition with 1 ms time duration. At each cycle of experiment, one PIV image pair simulta-
neously one PLIF image of flame propagation is acquired. At each acquisition time, one hundred
cycles are performed for stratified case and sixty cycles are performed for homogeneous cases.
From those images, the combined velocity and equivalence ratio fields of flame propagations are
calculated using post-processing tools. A new extraction method has been developed to extract
the flame front contours with sub-pixel resolution. From the extracted flame front contours, mean
flame front radius and mean flame propagation speed of different cases are calculated. The anal-
ysis of those global parameters indicated the increased wrinkling rate of stratified flames and their
higher cycle-to-cycle variations compared to that of homogeneous flames. The local variables
such as equivalence ratio, flame speed, normal component of fresh gas velocity all around the
flame fronts are then calculated for all the cases. The local curvature and the local turbulent burn-
ing velocity of stratified flames are conditioned based on the local equivalence ratio. The local
conditioned values of stratified flames are then compared with that of equivalent homogeneous
cases. The comparison revealed that the stratified flames are always faster than lean and stoi-
chiometric homogeneous cases and at least twice faster than lean homogeneous cases at initial
propagation period. Indeed, the turbulent burning velocity of stratified flame through ¢ = 0.6 mix-
ture is around 0.3 m/s which is at least three times faster than the unstretched laminar burning
velocity of equivalent premixed flame. So our quantitative analysis has confirmed the effect of
mixture stratification on flame front wrinkling, enhancement of flame propagation and widening of
flammability limits. Our observations significantly contributed to the understanding of fundamen-
tals of turbulent stratified combustion.

The second task of this work is the development of new technique to accurately measure the
local flame speed and the local fresh gas velocity in order to investigate the laminar stratified flame
propagation. For that, two original methods have been developed to deduce the local flame speed
and local fresh gas velocity from pair of PIV images. The local flame speed is measured from the
distance between two successive flame positions. For the flame localization, a new extraction tool
combined with a filtering technique has been developed to access to the flame front coordinates
with sub-pixel accuracy. The local fresh gas velocity near the flame front is extracted from the
maximum of the normal velocity profile, located within 1 mm ahead of the flame front. To achieve
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the required spatial resolution, a new algorithm based on adaptive interrogation window scheme
has been developed by taking into account the flow and flame front topologies. The accuracy
and reliability of new methods have been evaluated from two complementary approaches based
respectively on synthetic images of particle and on the well-established configuration of outwardly
propagating spherical flames. The directly measured unstretched laminar burning velocities of
propane-air premixed flames are then compared with literature results and satisfactory agreement
is observed. The two newly developed approaches have improved the accuracy of measurement
of local flame speed and local fresh gas velocity and they greatly improved the accuracy of direct
measurement of local laminar burning velocity of stretched flames which would be otherwise not
possible to measure by available global measurement techniques.

The final task is the investigation of laminar stratified flame propagation by using simultaneous
PIV/PLIF techniques. For that, a unique injection setup has been developed to achieve control-
lable as well as repeatable laminar stratified mixture field inside a constant volume combustion
chamber. The injection system is optimized to realize very low flow with very high degree of strat-
ification. The laminar stratified mixture is then spark-ignited and the propagation of flame through
stratified mixture field is acquired by using simultaneous PIV/PLIF measurement techniques. The
flame propagations through three different stratified fields with same aerodynamics are analyzed
in order to understand the effect of degree of stratification on combustion. In all the cases, the
flame propagations are acquired starting from 1 ms to 8 ms after ignition with 1 ms time duration.
At each cycle of experiment, one PIV image pair simultaneously one PLIF image of flame propa-
gation is acquired. At each acquisition time, twenty cycles are performed for each case. From the
particle images, the local flame speed, local fresh gas velocity and local laminar burning velocity
are calculated by using new PIV algorithms developed in this work. From the measurements, lo-
cal conditioned variables are calculated for flame fragments propagating through lean mixture with
moderate stretch after ignition in three different stratified mixture cases. Then, local conditioned
flame speed, fresh gas velocity and laminar burning velocity of three different stratified cases are
compared in order to know the memory effect and relaxation time of stratified flames. Our results
has clearly shown that at early stage, the stratified flames are propagating around three to four
times faster through very lean mixture field compared to unstretched laminar burning velocity of
equivalent homogeneous flame and decelerates over a period of time and eventually losses its
memory effect. Our quantitative analysis has confirmed the enhanced flame propagation through
lean mixtures when back supported by rich and stoichiometric flame fragments of previous tim-
ings and also quantitatively shown that the enhancement of propagation increases with increase
of degree of stratification of mixture field.

From our experimental investigations, we have observed some interesting results of stratified
combustion. The analysis of turbulent stratified flame propagation showed that igniting flame
at slightly rich mixture condition is advantageous than igniting at stoichiometric condition. The
analysis can be extended to study the importance of mixture strength at the location of ignition and
their role in cycle-to-cycle variation. Another interesting possibility is to find the link between lower
flammability limit and initial mixture strength. The analysis of laminar stratified flame propagation
confirmed the enhancement of flame propagation with degree of stratification. So it could be
interesting and worthwhile to investigate the flame propagation through maximum possible degree
of stratification obtainable in order to know the effect of excess chemical species on stratified
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flame propagation. Also, this experimental setup could be extended to find the lower flammability
limits of stratified flames and their behavior at near flammability limits. In this work, we have
also developed an interrogation window reshaping technique, which is able to resolve the velocity
gradient with high spatial resolution and offers interesting potentials to improve the measurement
of the normal and tangential components of fluid velocity very near to flat or curved surfaces. Our
direct local instantaneous burning rate measurement from PIV images opens new potentials for
investigating the local properties of flame interacting for instances with flow structures, mixture
fluctuations and walls.
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Appendix A

Flame front extraction tool

The flame front characteristics such as mean flame radius, local curvature can be calculated from
the flame front coordinates. For that, we need a tool to extract the flame front accurately from the
PIV and PLIF images. This appendix explains the new extraction tool developed in this work.

A.1 Edge detection algorithm

One example of particle image of a spherically expanding laminar flame front captured at 4ms
after ignition is shown in Fig. A.1. The bright zone is the fresh gas region, represented by the Mie
scattering signal of seeding particles. The dark zone is the burned gas region, represented by
the absence of seeding particles which are completely burnt through the very sharp temperature
gradient of the flame front. A closer observation of the flame front region shows irregularities in
the seeding particle distribution and that could introduce small artificial wrinkles in the extracted
flame front coordinates.

2048 pixels
sjoxid 0ST

2048 pixels 220 pixels

Figure A.1: A closer view of flame front region in PIV image.

In this work, the PIV images are 12 bit images and the PLIF images are 16 bit images. So
each pixel may have a value between 0 to 4095 in the PIV images and have a value between
0 to 65535 in the PLIF images. One example of histogram of PIV image is shown in Fig. A.2.
It clearly shows two peaks corresponding to the burned and fresh gas region. We can find an
optimum threshold which separates the fresh gas region from the burned gas region. This has
been achieved by using Otsu algorithm [Otsu (1979)]. Then the coordinates of flame front at the
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interface between fresh and burned region are located by the edge detection algorithm based on
the optimum threshold value [Lecordier (1997)]. One example of extracted flame front contour is
shown in Fig. A.3.

Burn region
_~Bu ed gas regio

o - Fresh gas region

2500
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Paint

Figure A.2: Histogram of PIV image.

Figure A.3: A closer view of coordinates of flame front extracted by edge detection algorithm.

A simple visual impression of flame front seems to be smooth whereas the extracted flame
front shows lot of small wrinkles. These artificially superposed noises are due to the irregularities
in the seeding particle distribution closer to the flame front. In order to measure the local curvature
and flame front displacement, it is very important to extract the flame front without superposed
noises. So we have developed a new extraction tool which is explained in the next section.

A.2 Novel extraction algorithm

The new algorithm extracts the flame front coordinates with sub-pixel resolution in three steps.
The first step determines the optimum threshold I,.;,, which differentiates the burned gas region
from the fresh gas region by using Otsu algorithm applied on the top left quarter area (512 x 512
pixels) of images, which always contains both fresh and burned gas region. The next two steps
are depicted in the Fig. A.4.
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[ [ [ Unburned

Burned
gas

Figure A.4: The principle of novel extraction algorithm with sub-pixel resolution.

The second step starts to find the first flame front coordinate from the initial coordinate location
given as input to the algorithm. The principle of this step is developed by Weil3et al. (2008). The
first six sequences in the Fig. A.4 are the second step. The first frame is the small portion of an
image of size 8 x 8 pixels close to the flame front. In that frame, dark region is the burned gas
region and bright region is the fresh gas region. The yellow points are the failed coordinates that
means they are not belong to the flame front contour. The second of the sequence shows the
center point and a virtual circle of radius As. The third shows the segments of virtual circle with
an angle Ap. The fourth one shows small circles centered on the circumference of virtual circle
with a radius . The mean intensities of the area covered by the small circles are calculated at
this stage. The fifth one shows the variation of mean intensities as a function of angle ¢. Here
the values of mean intensities are compared with optimum intensity (1,:s,) and the angle (¢s+as)
of matching intensity level is calculated. The final of the second step locates the first flame front
coordinate in the direction (¢4 a,) With @ normal distance (A.,) from the present location (s).

The third step extracts the whole flame front coordinates starting from the first point. The rest
of the sequences (7 to 9) are the third step. In this step, the criterion to find the flame front location
is not based on the optimum threshold but rather based on the local threshold value (Itpresn). The
local threshold value is calculated from the local minimum (7,,;,,) and maximum threshold values
(Imaz) by the following expression:

Ithresh - Imin + 2% (Imaz - Imzn) /5 (A1)
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The sequences of this step are repeated until it reaches the final point of the flame front
contour. At the end of each repetition, shortest distance between the first and current point is
calculated and if it is below a predefined value then the current point is taken as final point. The
variables in this new algorithm are radius of virtual circle As, radius of small circle », angle ¢ and
step-size A,.p. The final optimized values of those variables for the PIV images are given below:
As=5.0;7=5.0; p =15°, Agep = 0.6;

As mentioned earlier, this new algorithm extracts the flame front contour with sub-pixel resolu-
tion which is fixed by the step size.

(a) Edge detection algorithm. (b) New algorithm.

Figure A.5: Extracted flame front contours.

A comparison of extracted flame front contours by the edge detection algorithm and by the
new algorithm is shown in Fig. A.5. The flame front extracted by the new algorithm is far superior
to the edge detection algorithm. Also the extracted flame front is not affected by the variation of
seeding particles density closer to the flame front.

The same new algorithm is also utilized for the extraction of flame front from the PLIF image
whose size is 512 x 512 pixels. The variables of the algorithm are again optimized for the PLIF
images. The only difficulty is the finding of first point of contour. The histogram of PLIF image
is not a bi-model like PIV image and the Otsu algorithm cannot find the optimum threshold. So
we initially presumed the value of threshold and extracted the contour. We then compared the
superposition of PLIF contour with PIV contours and by that way we optimized the initial threshold
value. The final optimized values for the PLIF images are given below: I;,csn = 0.41; As =1.5; r
=1.5; ¢ =20°; Agep = 0.6;

A.3 Conclusion

Flame front contours are very much important to characterize the flame front geometry. In this
work, we initially applied the edge detection algorithm and found more noises in the extracted
flame front contours. So we developed a new extraction tool which extracts the flame front co-
ordinates with sub-pixel resolution without superposed noises. We successfully implemented the
new algorithm for both PIV and PLIF images.
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Appendix B

Least square circle fit technique

The local flame propagation speed can be measured from the shortest distance between the
two flame front coordinates extracted from the PIV image pairs. The accuracy of this local mea-
surement can be improved by applying the filtration to the extracted flame front contours. So we
developed a filtration technique which requires the global center and radius of given flame front
coordinates and that is achieved by the least square technique explained in this appendix.

B.1 Least square circle

The least square fit is a well known technique to solve set of equations in order to find equal num-
ber of unknowns. The technique will produce direct solutions for the unknowns if the equations
are in linear form otherwise requires initial guess for the unknowns. The least square technique
can be used to fit a curve to the given data set. The principle of least square fit is to minimize
the mean square distance from the fitting curve to the given data points. The least square circle
fit technique finds the global center for the given coordinates. The technique can be applied for
the linear or nonlinear form of circle equations. In this work, linear form of least square circle fit
technique is utilized.

B.2 Linear method

A circle can be defined as:
(x—20)*+ (y —yo)* =17 (B.1)

where, (z0, yo) is the center of the circle, (z,y) is the coordinate of the circle and r is the radius of
the circle.

For a given set of coordinates, it is possible to find a best fitting circle by minimizing the square
of the distance between the coordinates defining the circle and the radius of circle.

> [(\/(fcz' —x0)? + (¥ — y0)* — 7“)2} —0 (B.2)

i

This can be achieved by using the least square circle fit technique [Chernov and Lesort (2005)].
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B. LEAST SQUARE CIRCLE FIT TECHNIQUE

x,y)

The equation of a circle can be expressed in the linear form as:

A(@® +y*)+Br+Cy=1 (B.3)
where ) ) )
—2xg —2yo
A= ———-: B= : C = B.4
r? — a3 —y2’ r2—at—y2’ r?2—at—y3 (B4)

The relationship between the unknowns A, B, C and the circle parameters are given below:

-B -C V4A + B?% 4+ C?
T= G W= gy T (B.5)

The unknowns A, B,C can be related to the coordinates of the circle by the following way
[Manthey (1999)]:

A S (@122 S +u)m) S(@@+dw) ] [ D 2 + )
B | =| X ((a?+y}H)a;) > (22) > (@) Sy (B.6)

Finally, the center and radius of the best fitting circle will be obtained by solving the Eqns. B.6
and B.5. Few examples are given in the next section.

B.3 Examples

In this work, the flame fronts are mostly closed curves. However in some cases the flame fronts
are semi circles so the least square circle fit technique must provide accurate results for both
closed and open curves. This is verified by applying the least square circle fit technique to the
known circle with different size of data points as shown in Fig. B.1. In that figure, data points are
represented by the black dots and the fitted curves are represented by the red line.

The global center of the imposed curve is o = 200,y, = 200 with radius » = 100 pixels.
The measured global center and radius by the least square circle fit technique are given in the
following table. B.1.
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Figure B.1: Least square circle fit.
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B. LEAST SQUARE CIRCLE FIT TECHNIQUE

Case X (pixel) Yp (pixel) Radius (pixel)

1 199.497  199.501 99.936
2 199.500 199.511 99.944
3 199.370  199.317 99.748
4 201.297  201.123 102.280
5 191.303  191.432 88.492
6 175.494  175.657 66.324

Table B.1: Least square circle fit results.

The method predicts the global center and radius perfectly for the full circle, half circle and
quarter of circle. After that it starts to fluctuate and predicts less and less accurate results with
reduction of data points. So the method can measure the global center and radius accurately of
the data points which contains at least quarter the size of circle.

B.4 Conclusion

The global center and radius of flame front can be measured by the least square circle fit tech-
nique. This appendix explained the linear form of the least square circle fit technique. We applied
the technique to data sets ranging from full circle to arcs and the method predicts the global center
and radius for the data points up to quarter of circle. So this method is quite accurate to measure
the flame front radius and the flame front global center for the given flame front coordinates.
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Appendix C

Filtration of flame front contour

In this work, flame front contours are extracted from PIV and PLIF images by using new extraction
tool which extracts the flame front coordinates with sub-pixel resolution. But the extracted flame
fronts are still affected by limited signal-to-noise ratio closer to the flame front zone. So the flame
front contours need to be filtered for accurate measurements. This appendix explains the filtration
technique applied to the flame front coordinates.

C.1 Raw flame front contours

e m— ML M

— Contour at t il
— Contour at t+At |

— Contour at t
— Contour at t+At

Y (mm)

(a) Raw contours (b) Closer view

Figure C.1: One example of extracted PIV contours.

One example of extracted flame front contours from a pair of PIV images is shown in Fig. C.1.
These flame front contours are extracted by using newly developed extraction tool explained in
the appendix § A. Though flame front coordinates are extracted with sub-pixel resolution, still they
are affected by limited signal-to-noise ratio that imposes small artificial wrinkles to the extracted
coordinates clearly visible in the closer view of flame fronts shown in Fig. C.1.

In this work, the local flame speed is measured for each flame front coordinate as a shortest
distance between two flame front coordinates divided by the time delay (At) between them. The

205



C. FILTRATION OF FLAME FRONT CONTOUR

accuracy of this local measurement is very sensitive to the extracted flame fronts and any artificial
noises imposed on to the contours during extraction step affects the flame speed measurement
[Balusamy et al. (2009)]. So the extracted flame front contours need to be filtered before the flame
speed measurement.

C.2 Optimization of filter size

Gaussian filter is an effective tool to remove artificial noises added to the flame front coordinates.
In this filtration process, first the flame front coordinates are sampled at equal space as a function
of independent variables s : « = f(s) and y = f(s), where s corresponds to the curvilinear
distance relative to the starting point of contour. Then low pass filter based on Gaussian weighted
moving average scheme is applied to the independent coordinates. Here, the important parameter
is the size of filter which needs to be optimized; otherwise the filtration process will remove small
structures in the flame front. For that, laminar spherically outward propagating flame fronts are
utilized. Their mean radius based on surface area (Rs) and circumference (Rs) are used to find
the optimum filter size. The definition of flame radius Rs and Rl are given below:

R, =/S;/x (CA)

R =L/2r (C.2)

where S is the flame surface area and L is the circumference of flame front. In the laminar
premixed flame configuration, the ratio of Rl/Rs is related to the artificial wrinkles superposed on
the circumference of contour and its value close to the one indicates the smoothness of contour
without any artificial wrinkles. Figure C.2 shows the ratio of Ri/Rs of filtered flame fronts taken

1006 LA L L L L L L L LB

— 3.0ms
— 42ms
— 54 ms

coa v b by b b by b b by
0'99%.0 02 04 06 08 10 12 14 16 18 20

Filter size (mm)

Figure C.2: Influence of filter size on RI/Rs.
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C.3 Conclusion

at different time after ignition as a function of size of filter. For a filter size of 1 mm, the ratio of
RI/Rs of filtered contours at various timings reaches value around unity, which indicates that all
artificial noises are removed by the filtration process. So the optimum filter size is taken as 1 mm
for both PIV and PLIF images. Figures C.3 and C.4 shows the comparison of raw and filtered

Y (mm)

16—

— Contour at t i
— Contour at t+At |

120

B )
X (mm)

(a) Raw contours

Y (mm)

16—

— Contour at t i
— Contour at t+At |

120

0 1 2 3 4
X (mm)

(b) Filtered contours

Figure C.3: Closer view of raw and filtered PIV contours.
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Y (mm)

7\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
1203 -2 -1 0 1 2 3 4
X (mm)

Figure C.4: Closer view of raw and filtered PLIF contours.

PIV and PLIF contours. The filtration process removed all the artificial noises superposed to the
raw contour by extraction step but conserves the small scale structures of flame fronts in both PIV

and PLIF cases.

C.3 Conclusion

In this appendix, the need of filtration of flame front contour is discussed. The filtration process
based on Gaussian moving average scheme is explained. The size of filter is optimized by us-
ing laminar premixed flame configuration. The optimized filtration scheme is applied to the PIV
and PLIF flame fronts and compared to their respective raw flame fronts. The filtration process
successfully removed all the artificial noises superposed to the contour by the extraction step.
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Résumeé:

Pour mieux comprendre la combustion en mode stratifié, la propagation de flammes au sein de
stratifications de richesse laminaire ou turbulente a été étudiée par des mesures simultanées
de richesse et de vitesse effectuées par couplage de la PIV et de la PLIF. Laccent a été mis
sur le développement de méthodes permettant d’améliorer la qualité des mesures locales. En
particulier, un nouvel algorithme de PIV permettant la mesure locale de la vitesse des gaz frais
véritablement a I'entrée de la zone de préchauffage a été développé. Pour améliorer la résolution,
les mailles de calcul s’adaptent localement & la topologie de la flamme, pour tenir compte de la
forme du front de flamme et de I'expansion des gaz. Lanalyse statistique des mesures condition-
née sur la richesse locale a permis de caractériser les propriétés de la flamme soumise a une
stratification de richesse dans un écoulement laminaire et turbulent, en particulier en mettant en
évidence un effet mémoire.

Mots Clés:

combustion stratifiée, flamme turbulente, flamme laminaire, PIV, PLIF, vitesse de combustion lam-
inaire

Abstract:

In order to better understand the stratified combustion, the propagation of flame through strati-
fied mixture field in laminar and turbulent flow conditions has been studied by using combined
PIV/PLIF techniques. A great emphasis was placed on developing methods to improve the ac-
curacy of local measurements of flame propagation. In particular, a new PIV approach has been
developed to measure the local fresh gas velocity near preheat zone of flame front. To improve
the resolution of measurement, the shape of interrogation window has been continuously modified
based on the local flame topology and gas expansion effect. Statistical analysis of conditioned
local measurements by the local equivalence ratio of flames allows the characterization of the
properties of flame propagation subjected to the mixture stratification in laminar and turbulent
flows, especially the highlight of the memory effect.

Keywords:

stratified combustion, turbulent flame, laminar flame, PIV, PLIF, laminar burning velocity
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