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Abstract

In this experimental study, the fractal behavior of lean premixed wrinkled turbulent
flames was investigated over a range of turbulence conditions. For this purpose a turbulent combustion rig was designed and built in which the turbulence intensity and scale
could be independently varied by means of a set of grids. The relative turbulence intensity varied from 0.5 to 8.6 times the laminar flame speed. The turbulent Reynolds
number range was 10 to 360. The premixed lean flame was stabilized by means of a small
pilot burner. A cross section of the wrinkled flame was visualized by an Argon-ion laser
sheet and the flame contour was recorded at high shutter speeds by a 35 mm camera. The
images were digitized at a high resolution and analyzed to determine their fractal parameters. The experimental technique of this study represents considerable improvements
over previous studies.
It was observed that premixed wrinkled flames exhibit fractal behavior over a range
of turbulence conditions. The measured values of fractal dimension were observed to
increase with turbulence intensity and were within 5% of the values reported by others.
The inner cutoff scale, representing the smallest scale of surface wrinkling, was
determined to be approximately three and a half times the laminar flame thickness.
However, for turbulence levels below three times the laminar flame speed, the inner
cutoff was found to increase with decreasing turbulence. This provided experimental
verification of an earlier hypothesis regarding the smoothing effect of flame propagation
at the smaller scales of wrinkling.
The turbulent flame speeds based on the fractal parameters measured in this study
were compared to those measured directly from the flame cone-angle determined from
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long-exposure photographs. It was found that, generally, flame speeds estimated from
fractal analysis were in poor agreement with the directly measured values, as well as those
predicted from a correlation of previous experimental data. There was fair agreement at
values of turbulence intensity less than the laminar flame speed, but at higher values of
intensity the fractal-based predictions severly underestimate the flame speed. It appears
that the flame surface may not be an isotropic fractal object as presumed in the application of fractal concepts to wrinkled flames. To estimate this anisotropy, fractal analysis
of flame contours obtained from simultaneous images in orthogonal planes is, perhaps,
necessary. The role of turbulent transport of heat and mass from the flame front is not
taken into account in fractal analysis. At higher turbulence levels, the predominant effect
on flame propagation may be this transport of heat and mass rather than the relatively
small increase in flame area predicted from fractal analysis.
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Chapter 1

INTRODUCTION

1.1 GENERAL
Turbulent combustion occurs in all practical devices such as furnaces and internal combustion engines. The demand for improved combustion efficiency and decreased pollutant
emissions have led to the need for a better understanding of turbulent combustion.
In premixed combustion, the fuel and air are mixed well ahead of the flame zone and
are considered homogenously distributed. This situation occurs in spark-ignition engines,
for example. The propagation of a flame front in a quiescent, premixed, combustible
mixture depends on the chemical reaction rate within the thin reaction zone and is
referred to as laminar flame propagation. In turbulent premixed combustion, on the
other hand, the observed flame speed is much higher. Damkohler(1947) proposed that
this was due to the observed increase in the surface area of the turbulent flame.
Figure 1.1 shows an example of the schlieren photographs taken by Ballal and Lefebvre(1975) in which the turbulent flames appeared rough and convoluted over a range of
scales. At low turbulence levels the flame was wrinkled and the wrinkling increased with
the level of turbulence. Such flames are called wrinkled turbulent flames. At extremely
high turbulence levels, the flame appeared to be a thick matrix of burned gases interspersed with pockets of unburned mixture. They calculated the turbulent flame speed
from the measured angle of the flame cone and the mean flow velocity of the fuel-air
mixture.

1

^
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Since premixed turbulent combustion has the most widespread application in sparkignition engines, it is useful to examine their range of operation on a diagram with
parameters relevant to combustion. Figure 1.2 presents a plot of Damkohler number

Da versus the Reynolds number Re t based on the integral scale of turbulence. The
Damkohler number represents the ratio of the characteristic turnover time
of size / to the characteristic transit time

TI

Tt

of an eddy

through the laminar flame, i.e.

Tt^1/ui^1/(51
Da = — =
^= ,^
TI^01114^u'/u t

(1.1)

where u' is the turbulence intensity, 81 is the thickness of the laminar flame and u t is its
propagation speed.
The range of IC engine operation estimated by Abraham et al.(1985) is denoted
by the box in Fig 1.2. Much of the operating range lies in the reaction sheet regime in
which chemical reaction occurs in thin sheets called flamelets. The residence time

TI

in

the flamelets is small compared to the characteristic times of the eddies i.e. Da > 1.
The flamelets behave locally as steady laminar flames embedded in a turbulent flowfield;
the turbulence merely distorts or wrinkles the flamelets. For u 1 /7/ 1 << 1, turbulence
is weak and a single continuous reaction sheet can be identified; at higher turbulence
intensities, several inter-connected sheets are formed. The line u'iu t = 1 may be taken
as the boundary between these two sub-regimes of the flamelet combustion zone.
In 1947, Damkohler proposed that the effect of turbulence on premixed flame structure was to distort the flame-front , thereby increasing its surface area and resulting
in a higher value of the flame speed. He proposed that the turbulent flame speed u t
could be determined if the surface areas of the laminar and turbulent flames, A t and At
respectively, were known:

ut
u t^A t

(1.2)

Historically, the evaluation of this theory has been difficult due to the lack of a
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method to measure the surface areas of turbulent flames. Early models of wrinkled flames
[Karlovitz(1952), Wohl et al.(1952)] attempted to predict the flame surface area by using
a simple geometric object, say for example, a number of identical cones. These attempts
were unsuccessful due to the fact that only one scale of wrinkling was considered.
In the last twenty years, a new statistical method for the analysis of rough curves
and surfaces has been developed, primarily by Mandelbrot(1975). The motivation for
such development has been the need for a statistical description of rough surfaces and
curves. The main thrust for the application of fractals to turbulence studies came when
Mandelbrot(1975) suggested that surfaces of constant properties of passive scalars in
homogenous and isotropic turbulent flows possess fractal character. Sreenivasan and
Meneveau(1986) measured a parameter, called fractal dimension, in free shear layers
while Lovejoy(1982) analyzed satellite images of storm clouds and observed that they
exhibit fractal character.
Fractals are rough objects that display self-similarity over a wide range of scales
of roughness. Simply put, self-similarity means similar appearance at all scales. The
self-similarity of scales is an essential feature of fractal objects. The second feature of a
fractal object is that its measured size varies with the measurement scale by a power-law
relationship. Figure 1.3 shows, for example, how the measured length L of a fractal curve
varies with the measurement scale

E

as
L ( €)

a

El-D2

(1.3)

where D2 is called the dimension of the fractal curve and the subscript 2 identifies the
dimension of the space in which the fractal curve lies. The quantity (1— D 2 ) is referred to
as the co-dimension. The fractal dimension is a measure of the roughness of the object.
For fractal curves lying in a plane, the fractal dimension is bounded by 1 < D2 < 2.
The closer the dimension of a fractal is to its upper limit, which is the dimension of the
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space in which it is embedded, the more rough or space-filling it is. For smooth curves
the fractal dimension D2 reduces to one.
Likewise, the measured surface area A of a 3-dimensional fractal object depends on
the size of the square used for measuring the area:
A( E )

oc E

2—D9

(1.4)

where D3 is the fractal dimension of the surface embedded in 3-dimensional space. Again,
(2 — D 3 ) is called the co-dimension and 2 < D3 < 3. For smooth surfaces, the fractal
dimension reduces to two. It is difficult to measure the fractal dimension of a surface
because it requires area measurements on an irregular surface with high resolution. Such
techniques are not presently available.
To overcome this difficulty, consider a plane intersecting the 3-dimensional fractal
object. The fractal dimension of the curve of intersection can be experimentally determined and related to that of the surface by
D3 = D2 I

--

1

(1.5)

provided that the surface of the object is isotropic i.e., the orientation of the plane of
intersection is irrelevant [Mandelbrot(1982)].
For the case of naturally ocurring fractals, it is expected that there exists a minimum
and maximum value of the measurement scale € beyond which the measured quantity
does not change. The small and large limits to fractal behaviour were termed inner and
outer cutoffs, c i and c o respectively, by Mandelbrot(1975). This is illustrated in Fig 1.3,
referred to earlier. The slope of the line in the fractal region between € 2 and e c, is (1 — D 2 ),
as explained before. The inner cutoff represents the smallest scales of wrinkling in the
flow. For non-reacting flows, Mandelbrot(1975) proposed the Kolmogorov scale

n as the

value of the inner cutoff. A measurement of surface area with a resolution finer than the
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Kolmogorov scale cannot reveal more surface structure because surface convolutions of
finer scales do not exist owing to dissipation at the smallest scales. The outer cutoff E c,
is the largest scale of surface wrinkling present in the flow. Mandelbrot(1989) defined it,
in a general sense, as the size of the experiment.
Recently, Gouldin(1987) suggested that the concepts of fractal analysis could be
utilized to estimate the surface area of wrinkled turbulent flames. He proposed that the
actual surface area of a wrinkled flame is the measured surface area corresponding to the
inner cutoff scale. The surface area of the laminar flame is the measured surface area
corresponding to E t . He extended Damkohler's hypothesis and proposed:
'mot ^At^€2 ) 2-D a

—=—=(
UI^Al

—

eo

(1.6)

He developed a model by assuming that the outer and inner cutoffs were the same as those
found in isothermal flows which were the integral and Kolmogorov scales, respectively.
His predicted values of turbulent flame speed were within 30% of experimental values.
Recent work, however, suggests that the cutoffs and the fractal dimension measured in
flame studies are quite different from their values in isothermal flows [Gouldin(1988),
Goix et al.(1989)].
For the present work, a steady-flow premixed combustion rig was designed and built
in which the intensity and scale of turbulence could be independently varied by means of
turbulence grids. The experimental apparatus and technique were carefully designed so
that the fractal parameters could be reliably measured. All tests were performed using
lean (0 = 0.60) methane-air flames.
Table 1.1 presents the range of conditions investigated in this study. The cases
investigated are listed by order of the turbulence grid, and for each grid, in order of
increasing turbulence intensity. The turbulence intensity varied from a half to about
nine times the laminar flame speed; the turbulent Reynolds number varied from 10 to
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360; and the Damkohler number ranged from 3 to 27. As seen in Fig 1.2, these conditions
are located within the zone relevant to IC engine combustion as proposed by Abraham
et al.(1985). The conditions lie on both sides of the line 7051 =1, shown in Figure 1.2.
This line is usually taken to be the lower limit of the wrinkled flame regime. However,
as found in this and previous studies, fractal behavior was also observed for values of

77/81 < 1.
A centrally-located pilot burner, having a small blockage ratio (0.3%) stabilized the
conical wrinkled flame. Images of the instantaneous flame contour, recorded by means of
a 35 mm camera at 1/8000 s, were digitized at a high resolution to locate the flame-front.
Fractal analysis was performed on the wrinkled flame fronts and the results compared to
those reported in literature.
Values of the fractal dimension obtained were approximately 5% lower than those reported in the studies of North and Santavicca(1990), Takeno et al.(1990) and Gouldin(1988).
Good agreement was found when the results of the present study were compared with
data from a study of V-shaped flames [Goix et al.(1989)] and another recent study of
stagnation flames [Shepherd et al.(1992)].
The use of the Kolmogorov and the turbulent integral scales as the inner and outer
cutoff scales respectively, as proposed by Gouldin(1987), does not agree with the experimental findings of this work. The inner cutoff was measured for all the conditions of this
study. It was found that the inner cutoff increases with decreasing turbulence intensity
but attains a constant value of three and a half times the laminar flame thickness when
the turbulence intensity is greater than three times the laminar flame speed.
Utilizing the fractal parameters determined in this study, the turbulent flame speeds
were predicted and compared to those measured from the angle of the flame cone. The
values of flame speed estimated from fractal considerations were significantly lower than
those measured directly, especially at turbulence levels greater than the laminar flame
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speed. The results of this study suggest that the flame may be more convoluted than that
indicated by fractal analysis. The assumption of fractal isotropy at all scales, especially
the larger scales, may not be valid. Imaging of orthogonal planes through the flame will
help in determining the degree of anisotropy.

1.2 LITERATURE REVIEW
The application of the concepts of fractal geometry to premixed turbulent flames was first
proposed by Gouldin(1987). It was suggested [Gouldin and Dandekar(1984)] that at lowto-moderate levels of turbulence, combustion occurred in thin sheets called flamelets.
This concept has been considered to be convenient for examining premixed turbulent
flames. Depending on the turbulence conditions, the flamelet may form a single continuous sheet or may be fragmented into several separate sheets. The local structure of these
flamelets is the same as that of a steady laminar flame propagating normal to itself. The
effect of turbulence is to deform and convolute the flamelets into wrinkles of varying size.
In order to estimate the turbulent flame speed Gouldin employed Damkohler's expression
that u t /u / = A t /A i , and proposed that the area of the turbulent flame could be estimated
from fractal analysis by relating the wrinkles on the flame to the turbulent scales in the
flow.
Earlier, Mandelbrot(1975) had suggested that surfaces in homogenous, isotropic
turbulence possess fractal character. He stated that the inner cutoff could be related to
the Kolmogorov scale and the outer cutoff is a function of the integral scale. Based on
the Kolmogorov cascade which corresponds to the heirarchy of eddies in a turbulent flow,
he proposed a value of 8/3 for the fractal dimension of these surfaces.
Employing the ideas of Mandelbrot and using the value of the fractal dimension
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measured by Sreenivasan and Meneveau(1986) for isothermal flows, Gouldin(1987) proposed a model to estimate the turbulent flame speed of wrinkled flames. His model
assumed the inner and outer cutoff scale equal to the Kolmogorov and integral scale of
turbulence, respectively, and proposed
ut
— At
Ales) — ('l)2_D3 (l )D3_2
u i A t A(e 0 ) 1 71

(1.7)

For homogeneous isotropic turbulence, 1/77 = A 1 /'Re / 3 / 4 [Tennekes and Lumley(1972)]
where A is a constant of order one and Re i = u'l/v is the turbulent Reynolds number.
The above becomes
U_t (A1/4Rei3/4)D3 -2

711

(1.8)

Gouldin then proposed a modification of the above expression to account for the propagation of the flame front relative to the reactant mixture when 9.2 1 /u i was small. He
stated that the effect of flame front movement would be to smooth the surface at the
smallest scales of wrinkling, and he proposed a monotonically increasing function f so
that e s = 77 / f having the property that f 1 when 727u / oo and f

[A1/4Rei3/ 4 ]-1

when u'/u 1 —> 0. He then compared his predictions of turbulent flame speed assuming
inner and outer cutoffs equal to the Kolmogorov and integral scale, respectively, together
with the value of D3 measured in isothermal flows, with combustion-bomb data. The
agreement was generally low but within 30%.
Since Gouldin's seminal paper, several experimental studies have been performed to
investigate the fractal nature of wrinkled flames. The fractal parameters were determined
from the analysis of the curve of intersection between the flame surface and a laser
sheet. Table 1.2 and Table 1.3 summarize their experimental setup, measured fractal
parameters, turbulence conditions, image acquisition etc. Their salient points are briefly
discussed now.
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Gouldin et al.(1988) measured fractal parameters in an open, circular burner flame.
The flamelets were found to display fractal character. The inner cutoff (€2 = 1.1 mm) was
found to be four times the Kolmogorov scale while the outer cutoff varied from four to
six times the integral scale. The fractal dimension was found to be 2.11, well below the
value of 2.37 measured in isothermal flows by Sreenivasan and Meneveau(1986). They
explained this difference by stating that at their low Reynold's number of 25, a welldeveloped range of turbulent eddies did not exist. No comparison was made with direct
measurements of flame speed.
The work of Mantzaras et al.(1989) studied a 15 mm diameter flame kernel in an
IC engine. The inner cutoff scale was not detected by them due to the inadequate
resolution of their experimental technique; but they found that D 3 =2.36, close to the
value measured earlier in isothermal flows.
Goix et al.(1989) studied a rod-stabilized V-flame and found that

D3

increased along

the length of the flame from 2.0 to 2.2 . The inner cutoff scale was not found due to
limited spatial resolution. In addition, their experimental conditions were limited to
0.7<ui/u/<1.6.
North and Santavicca(1990) studied fifteen conditions in the range 0.25 < u'iui <
12, eight of which were at ui/ui < 0.70. In their apparatus the fractal parameters were
determined for a propagating flame within a duct. They observed that

D3

increased from

2.1 to 2.3 in the range of turbulence conditions studied. They found the outer cutoff to
approximate the integral scale of turbulence, but the inner cutoff could not be identified
due to the limited spatial resolution.
The work of Takeno et al.(1990) employed an open circular burner. They measured
a constant value of the inner cutoff (e 2 = 1.5mm) in a narrow range of 0.6 < u 1 /u / <
1.6. They reported the thickness of their laminar flame as 1.1 mm. Their outer cutoff,
determined to be 20 mm (41), was comparable to the size of their burner. They found
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that the fractal dimension D3 increased by 6% when ui/u / increased from 0.6 to 1.6 .
In order to predict turbulent flame speeds from fractal analysis, all three parameters
ez , € 0 and D3 must be measured. In each of the above studies, there was some limitation.
,

In some, the inner cutoff was not detected at all due to low spatial resolution. In the
few studies where it has been measured, the range of conditions investigated was narrow.
The fractal dimension has been reported in all previous experimental works, but only
for a few conditions. The exception is the work of North and Santavicca(1990) but they
could not observe an inner cutoff. No study has yet reported the variation of the inner
cutoff scale with the turbulence level as suggested by Gouldin(1987).
In their very recent study, Shepherd et al.(1992) presented the experimental criteria
for the determination of fractal parameters. They systematically investigated the effect of
spatial resolution, digitizing noise, and averaging method. They investigated a stagnation
flame and, as an example, reported data at u'fu i =0.88 . They found that D 3 =2.16 and
ei =1.9 mm and 6 0 =23 mm compared to

n = 0.12 mm and /=3 mm respectively. They also

measured the turbulent flame speed directly from the flow velocity along the stagnation
line, and reported u t /u / =-3.8 compared to 1.5 predicted from their fractal analysis.
Table 1.4 summarizes the experimental details and general results of the present
study. In view of the limitations observed in previous studies, the present experimental
work was designed so as to resolve the inner cutoff and fractal dimension over a wide
range of turbulence intensity and scales which could be independently varied. The study
of Shepherd et al.(1992), published subsequently, confirmed the experimental technique
developed in the present work.
For each of the ten conditions investigated in the present work, the turbulent flame
speed was also measured directly from the angle of the flame cone. The values predicted
from fractal analysis were then compared with direct measurements of flame speed.
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1.3 OBJECTIVES OF THIS WORK
In light of the overview presented in the survey of recent work, the objectives of the
present study are summarized below:
1. To design and build a steady flow combustion rig in which the intensity and scale
of turbulence can be independently varied.
2. To experimentally investigate the fractal behavior of premixed wrinkled flames.
3. To develop a technique of acquiring and analyzing flame images so as to overcome
the limitations of previous studies.
4. To determine the fractal dimension of the flame surface under varying turbulence
levels.
5. To determine the lower limit to fractal behavior, referred to as the inner cutoff
scale, and to observe its variation with turbulence level.
6. To estimate the turbulent flame speed based on the measured values of the fractal
dimension and the inner and outer cutoff scales.
7. To compare the turbulent flame speeds obtained through fractal analysis with the
directly measured values determined from the cone angle of the flame.

Chapter 2

EXPERIMENTAL APPARATUS

In order to achieve the objectives set forth in the previous chapter, a steady flow combustion test rig was designed and built in the Department of Mechanical Engineering at
UBC. A range of turbulence intensities and length scales can be reproduced in this apparatus by varying the flow velocity through a set of interchangeable biplanar grids. The
apparatus has been designed to allow a variety of combustion phenomena to be studied:
premixed and diffusion flames, flames in a co-flowing stream, flame speed measurements
through flame kernel growth, and ignition phenomenon in flowing mixtures.

2.1 GENERAL FEATURES
Figure 2.1 shows the schematic layout of the test facility. This section describes its
general features, while design details are discussed in the sections that follow.
Compressed air was supplied by a 60-hp screw compressor delivering a maximum
mass flow of 0.127 kg/s at 860 kPa (125 psia). The flow was filtered, measured and
conditioned before delivery to the test section. Two filters were used to remove water,
oil and solid particles from the air supply. Liquid droplets and solid particles larger than
25 iLm were removed by centrifugal action in the first filter. Oil mist and sub-micron
sized particles were removed by a coalescing type of oil filter. These two filters ensured
a supply of clean air to the rig.
In order to obtain constant mass flow-rate of air through the rig, a choked nozzle
was employed. A set of nozzles allowed the air flow to be adjusted from the maximum
12
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value down to about 2% of maximum. This was achieved by adjusting the pressure in
a reservoir placed upstream of the nozzle by means of a two-stage feedback regulator
for accurate pressure control. The reservoir was an epoxy-lined tank having a volume of
0.140 m 3 .
Orifice plates were designed and installed according to ISO standards to measure
the mass flow rate of combustion air. Differential and static pressures were measured
using U-manometers.
Next, the flow was conditioned to reduce free-stream turbulence before it entered the
test section. A honeycomb was used to suppress swirling motion and a set of three fine
screens broke the large eddies into smaller scale turbulence. This small-scale turbulence
was allowed to decay over a distance of 500 mesh-lengths before the flow entered a 4:1
contraction designed to produce a uniform velocity profile at its exit plane.
The low turbulence, uniform velocity flow was then directed through a turbulence
generating grid. A set of three interchangeable grids was used to establish the desired
turbulence intensity and integral length scale in the test section. The integral scale of
turbulence depends on the bar size of the grid while the intensity of turbulence depends
on the flow velocity through the grid. Thus, the intensity and scale of turbulence could
be independently varied by proper selection of the grid and flow velocity. The turbulence field downstream of the grid was characterized by detailed hot-wire anemometer
measurements.
A test section made of stainless steel (SS 304) and having internal dimensions of
51x51 mm was designed. It was fitted with fused silica windows to allow optical access for
velocity measurements using laser Doppler anemometry (LDA) as well as visualization
of the flame structure by means of a laser sheet.
Methane was added to the air stream by means of an injector located twelve pipe
diameters upstream of the test section. A safety circuit designed to detect a flashback or
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blowout of the main flame, controlled the delivery of fuel. Gas chromatograph measurements of the lean fuel-air mixture showed that the fuel and air were well mixed.
The flame was stabilized by means of a centrally-located pilot burner whose blockage
ratio was 0.3%. Details of the fuel delivery system and the flame stabilizer are given in
Appendix B.
Figure 2.2 shows a close-up view of the contraction piece, turbulence grids, test
section, flame holder and the wrinkled flame. The region in which measurements were
made for this study is also indicated.
An Argon-ion laser (3 Watts) was employed to perform LDA measurements. The
calculated diameter and length of the measuring volume were 52 ym and 0.5 mm respectively. The LDA system was used to measure the level of turbulence within the
test section, and the flow rate of air through the turbulence grid was adjusted until the
desired value of turbulence intensity was obtained. Appendix C gives details of the LDA
system used in this study.
For measurements of the fractal parameters, the flame front was visualized by means
of a thin laser sheet obtained from the Argon-ion laser. The wrinkled flame front was
recorded by a 35 mm camera on high-speed monochrome film at high shutter speeds
(1/8000 s). The air flow was seeded with Titanium tetrachloride for LDA and visualization measurements. The photographic data on 35 mm negatives was digitized at a high
resolution and analyzed on a computer to evaluate the fractal parameters.

2.2 AIR SUPPLY SYSTEM
The air supply system was designed to deliver a constant, measured flow having low
turbulence and uniform velocity at the entrance to the test section. This was achieved
by employing the following devices. Further details are given in Appendix A.
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Choked Nozzle

As mentioned earlier, a set of two choked nozzles having throat diameters of 2.4 mm(3/32in)
and 4.8 mm(3/16in) were designed to achieve a constant flow rate of air through the rig.
Their entrance region was suitably rounded, their throat length was twice the throat
diameter and the total divergent angle was 12 degrees. Figure Al in Appendix A shows
a nozzle in its aluminum housing. The flow rate of air through the nozzle was controlled
by adjusting the pressure in the upstream reservoir until the desired turbulence intensity
was established in the test section as indicated by LDA measurements.
Orifice Plates

In order to measure the flowrate of air, a set of two orifice plates were designed and installed according to ISO standards. Once the air massflow was known, the fuel flowrate
was adjusted to achieve the desired air-fuel ratio. The orifice plates were designed to
produce a maximum and minimum pressure differential of 75 cm (30 in) and 10 cm (4 in)
of alcohol respectively.
Plate#1 (15.3 mm orifice) was used to measure the flow rate of air corresponding
to flow velocities below 5 m/s in the test section. In its range of operation, the Reynolds
number (Re D ) based on pipe diameter (10 cm) and the flow velocity in the pipe was
ReD<9750. This was lower than the recommended minimum (ReD>10 4 ) for use of the
ISO correlation. Hence, tabulated values of the orifice discharge coefficient (ISO) at low

Re D were used for this plate. In this range,

Cd

varied between 0.6004 and 0.5980 for

1 < U < 5 m/s in the test section. For higher velocities in the test section, 5 < U <
10 m/s, Plate#2 having an orifice of 31.7 mm(1.25in) was employed. For this flow range
10 4 < ReD < 10 5 , so the ISO correlation recommended for D:1/2D pressure taps was
used:
Cd

= 0.5899 + 0.0513 2 — 0.080 6 + (0.00370 1.25 + 0.011/3 8 )

^
103

(2.9)
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The discharge coefficient for Plate#2 varied from 0.6032 to 0.6007 in the the above range
of flows.
Figure A.2 and Fig. A.3 in Appendix A give the design details and the installation
diagram for the orifice plates. All dimensional tolerances prescribed by ISO were measured from the machined orifice plates and found to be well within limits. The static
pressure was measured at the upstream pressure tap. Atmospheric pressure was recorded
from a mercury barometer and the air temperature was measured by a copper-constantan
(Type T) thermocouple located 0.50 m (5 pipe diameters) downstream of the orifice plate
as recommended by ISO.

Flow Conditioning
In order to produce a flow with specified turbulence parameters, it is convenient to
first generate a stream with a negligible level of turbulence and then to provide turbulence of the required characteristics by inserting suitable grids. A combination of a
flow straightener, damping screens, settling length and a contraction section was used
to reduce turbulence upstream of the grid. A honeycomb of 3.2 mm(1/8in) cell-size and
102 mm(4in) in length was used as the flow straightner. Three damping screens were
followed by a settling distance of 500 mesh lengths in order to reduce screen-generated
turbulence to a low level. These screens also act as flame arrestors in case of a flame
flashback.
The turbulence level in the flow was further reduced by means of a 4:1 contracting
section which formed a transition between the 102 mm(4in) square flow-conditioning
duct and the 51 mm(2in) square test section. Its purpose was to produce a uniform
velocity flow at its exit. Profiles for a circular contracting cone surface which yields
a theoretical exit-velocity uniformity within 1% were used. The circular areas were
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converted to equivalent square sections to obtain the required profile for the squaresectioned contraction piece designed for this study. Additional details and illustrations
are presented in the Appendix.
In order to evaluate the performance of the flow conditioning devices installed on the
combustion rig, LDA measurements were made at seven locations (-22.5<y<22.5 mm)
across the exit plane of the contraction piece, in the absence of a flame. Figure 2.3(a)
presents the measured turbulence intensity, in the absence of grids. It was approximately
1.5%, except near the walls. Figure 2.3(b) shows that the deviations of mean velocity
from the centre-line value was within 1 percent. Since combustion measurements were
made in the central region of the test section, the flow conditioning results were considered
satisfactory for purposes of this study.

2.3 HOT WIRE ANEMOMETRY
A miniature hot-wire probe was used in a constant-temperature anemometer circuit to
measure the cold-flow turbulence field downstream of the grids. It was used in the endflow
orientation to minimize blockage effects within the small test section. The sensor was a
5 Am diameter tungsten wire, spot-welded to the support needles of the probe with the
aid of a microscope and a DISA welding unit. The probe was connected to a DISA 56C16
anemometer bridge, DISA 56N20 signal conditioner and a DISA 56N22 mean value unit,
all housed in a DISA 56B10 module. The bridge voltage was sampled at the required
frequency by the ISAAC data acquisition system connected to a personal computer. Data
was transferred to the VAX mini-computer for subsequent analysis.
Figure 2.4 shows the hot-wire probe mounted in the end-flow configuration on the
horizontal arm of the precision 2-D traverse designed for this study. This traverse permitted a map of the flowfield downstream of the grids which were mounted at the exit
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of the contracting section, seen in the lower left corner of the photograph.
Calibration of Sensor
The hot-wire sensor was calibrated against a pitot static tube in the range of velocities
2<U<42 m/s. The wire operating temperature was chosen as 250°C and an overheat
ratio of 0.8 was selected. The calibration data is presented in Sec. A4 of Appendix A.
During preliminary tests it was observed that electronic drift caused the bridge
circuit to become unbalanced, resulting in a shift of the calibration curve. This resulted
in errors up to 6% in the measured velocity. For this reason, the bridge was carefully
balanced before each experiment and rechecked after the measurements were completed.
Sensor Length
The size of the smallest eddy which can be detected by a hot-wire probe is equal to the
length of the sensor wire, which was 1.5 mm for the miniature probe used in this study.
Since the size of the eddies produced in grid turbulence is similar to the bar size of the
grid, the length of the sensor determined the smallest grid which could be used in this
study as Grid 1 having a bar diameter of 1.6 mm(1/16in).
Sampling Frequency
The highest frequency which can be sensed by a hot-wire probe depends on the size of
the smallest detectable eddy and its flow velocity past the sensor. The smallest integral
scale of turbulence expected in this study is estimated as 1.6 mm and the highest value
of U is 10 m/s, giving a maximum frequency of 6.25 kHz.
In order to avoid aliasing, the signal must be low-pass filtered at a cutoff frequency
called the Nyquist frequency equal to the highest frequency of interest in the signal [Bendat and Piersol(1971)]. Accordingly, the hot-wire signal was low-pass filtered at 10 kHz
which was the closest available setting on the DISA 56N20 signal conditioning unit. The

^
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ISAAC data acquisition system was programmed to sample at 20 kHz in view of the
above considerations.

2.4 TURBULENCE GENERATING GRIDS
Once a low-turbulence stream was obtained at the test section inlet, the desired turbulence field within the test section was generated by means of square-mesh biplanar
grids. It is known that at some distance downstream of such grids, typically 12 x mesh
size, the turbulence is nearly isotropic and homogenous. The integral scale of turbulence
produced by such a grid is of the order of the bar size and grows with axial distance.
The turbulence intensity decays with axial distance and is a function of the grid size and
the fluid velocity through it.
Table 2.1 presents the physical characteristics of the three turbulence grids used
in this study. The smallest bar size b of the grid was chosen as 1.6 mm(1/16in) thus
producing eddies of the minimum detectable size.
The turbulent flow-field downstream of the grids was characterized through hot-wire
measurements of the intensity and integral scale of turbulence at various axial and crossstream locations. The turbulence intensity u' was computed from the digital data and
was plotted as a function of axial distance x, non-dimensionalized by the mean velocity U
and the bar size of the grid b respectively. Figure 2.5(a) presents the measured turbulence
intensity for Grid#2, as an example. The variation of turbulence intensity with distance
downstream of the grid was of the form

^/

a (_l
12_^
T _n
U^b'

(2.10)

where the exponent nr_•_'0.7 was comparable to the value of 0.75 obtained by Ballal and
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Lefebvre(1975) and to the value of 0.5 estimated by Tennekes and Lumley(1972) using
order of magnitude calculations.
The integral scale of turbulence was obtained from single point measurements of the
velocity fluctuations. The autocorrelation function with time delay Ru.(r) was computed
and plotted. Typically, Ri,„„(T) decreased from a value of 1.0 (fully correlated) at r=0 to
0.0 (not correlated) at the first zero-crossing rmas , beyond which R,,,,(T) oscillated about
a value of zero [Tennekes and Lumley(1972)]. The area under the R„„(r) versus
from 0.0 to

Tmax

T

curve

was computed to obtain the integral time scaleT 1 . Then, using Taylor's

frozen field hypothesis, the integral length scale was computed as

1 =^x U^

(2.11)

The growth of the integral scale with distance downstream of Grid#2 is presented
in Figure 2.5(b). The variation is of the form
/^x

b cr q in

(2.12)

where m = 0.30. Ballal and Lefebvre(1975) obtained m = 0.5 while Tennekes and Lumley(1972) estimated m = 0.5 from simple considerations. Similar results were obtained
for all three grids employed in this study.
The values of turbulence intensity u' and integral scale 1 so obtained were used later to
compute parameters relevant to combustion.

2.5 TEST SECTION DESIGN
Previous works discussed in the literature review of Chapter 1, have used a variety of
configurations of the flame and test section. To determine the best configuration for the
present study, both open and enclosed geometries were investigated. It was suspected that
the unsteady nature of the flow at the boundary of the jet would influence the wrinkling
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of the flame front in some manner unrelated to that produced by the turbulence grid
itself. Therefore, the turbulence field downstream of a grid in an open and confined
geometry was investigated.
Gouldin et al.(1988) used an open circular burner in which the rod stabilized flame
was wedge shaped. Takeno et al.(1990) also employed a round burner but the stabilization
was achieved by means of tiny diffusion flames located around the lip of the burner. This
gave an upright conical flame. In both studies, cold-flow turbulence measurements were
reported at a single location downstream of the turbulence grid along the centerline. No
measurements were reported in the cross stream direction.
In the present study, cold-flow turbulence measurements were made in an openjet configuration, using Grid#1 as an example. Laser Doppler anemometry was used.
Figure 2.6(a) is a plot of turbulence intensity u' versus the cross-stream coordinate y at
80 mm downstream of the grid. The wrinkled flame was expected to reside in the region
70<x<130 mm. Large values of u' were observed in the region where the jet interacts
with the surrounding air. Typically, these were three times greater than the centerline
value.
The test was repeated for the same flow condition but with the test section placed
downstream of the grid. Figure 2.6(b) shows the uniformity of measured turbulence
intensity inside the test section at any axial position. The values of u' are within 3% of
the centerline value for —20<y< + 20 mm, that is, within 5 mm of the test section wall.
In view of the uniform and well-defined turbulence field obtained within the test
section, the enclosed configuration was selected for this study. This decision was confirmed by North and Santavicca(1990) who used a co-flowing stream to minimize external
interference. However, for turbulence Reynolds numbers above 150, they stated that "turbulence mixing of the center flow and shroud flow were unacceptable. Therefore at higher
Reynolds numbers, an optically accessible, open ended test section was used."
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In the present study, the test section was made of stainless steel plate (SS304,
1/4in thick) welded to form a square duct having internal dimensions of 51 x51 mm.
Optical access was provided by fused silica windows (Dynasil 4000) having 94% optical
transmittance in the visible wavelengths and a softening temperature of 1300°C. The
windows were free of inclusions, bubbles, etc. and were polished to a flatness of A/10 to
avoid any distortions of the image. A ceramic-paper gasket 1.6 mm(1/16in) thick was
used between the steel and glass surfaces.

2.6 FLAME STABILIZATION
In order to anchor the flame in a premixed flow, some form of flame stabilization is
required. A review of literature revealed a variety of techniques used for this purpose
and these are discussed below.
Vinckier and Van Tiggelen(1968) employed two horizontally opposed jets of premixed fuel and air to create a stagnation zone. The flame was anchored in this region.
Kozachenko and Kuznetsov (1965) used two techniques. The first was to ignite the
main flow with pilot jets located on opposite sides of the mouth of their 40 mm square
burner. This gave a "regular" cone shaped flame. It another experiment, they used an
aerofoil-shaped stabilizer with a pilot flame located at its trailing edge—this produced
an "inverted" cone profile. Chew et al..(1989) employed tiny diffusion flames located
along the circular rim of their burner. The same technique was employed by Takeno et
al.(1990). Gouldin et al.(1988) placed a cylindrical rod across the mouth of their circular burner to provide the recirculation zone necessary to stabilize the flame. Ballal and
Lefebvre(1975) employed a centrally-located pilot burner. The pilot burner was a 20 mm
OD tube within which a circular rod was placed axially near its exit. The recirculation
zone downstream of this circular rod stabilized the pilot flame which, in turn, anchored

Chapter 2. EXPERIMENTAL APPARATUS ^

23

the main flame. Their pilot burner represented a blockage ratio of 3% of their test section.
The centrally-located pilot flame was considered the best arrangement. In this
arrangement, the conical flame is free of any effects due to the walls, provided the cone
angle is small. Given the small size of the test section used in the present study, a small
cone angle was desirable. It was observed that if the flame touched the walls of the test
section, a flashback occurred due to the propagation of the flame along the boundary
layer. This behaviour was observed repeatedly during preliminary tests.
Several sizes of pilot burners were tried in order to determine the smallest pilot
burner which could stabilize the flame. The smallest was a commercially available jeweller's burner, Little Torch' Tip#4, having a diameter of 3 mm(1/8in) and an exit
orifice of 0.46 mm(0.018in). It was duplicated in stainless steel and used as the pilot
burner for this study. The resulting 0.3% blockage of the test section was smaller than
any reported in literature. Initial tests showed that the pilot flame remained stable upto a
velocity of 43 m/s in the co-flowing stream of combustion air. The burner was press-fitted
into 3 mm(1/8in) OD tubing (SS304) which carried premixed oxygen and propane to the
pilot burner. Propane was supplied from a 20 lb tank whose pressure was regulated to
10 psig. The pilot flame was first ignited as a diffusion flame. Then, the oxygen supply
was adjusted until an intense blue flame (about 20 mm long) was established on the tip
of the burner. The fuel circuit designed for the pilot burner was provided with flame
traps filled with wire gauze and 1/16 in glass beads to prevent flashback. Checkvalves
were also provided to prevent backflow.

Chapter 3
IMAGE ACQUISITION AND ANALYSIS

3.1 LASER SHEET VISUALIZATION
In the study of turbulent flames, laser sheet visualization refers to the optical technique
of determining the structure of the turbulent flame. Past attempts to visualize turbulent flames have used direct photography, schlieren and the shadowgraph techniques.
These methods yield an image that is averaged through the flame and their use for quantitative analysis is limited. Ballal and Lefebvre(1975) calculated the turbulent flame
speed from the flame cone angle determined by Schlieren photography. Kozachenko and
Kuznetsov(1965) used long-exposure direct photography to estimate the position of the
flame front from which they calculated the surface area of the averaged flame cone and
the turbulent flame speed. Vinckier and Van Tiggelen(1968) used direct photography
to calculate the turbulent flame speed in a setup employing two horizontally opposed
flames stabilized in the stagnation region. In such studies the photographs have yielded
approximate information.
In order to estimate the fractal properties of a flame surface, one needs to measure
its area with high resolution. Since such a method is not presently available, a cross
section of the flame can be visualized and analyzed for its fractal parameters which can
be related to those of the flame surface as explained in Chapter 1.
In 1980, Boyer proposed a simple optical technique to illuminate the cross section
of a turbulent flame. He utilized an Argon-ion laser and a cylindrical lens to create a

24
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thin, intense light sheet. The premixed combustible mixture was seeded with silicone
oil droplets, a few microns in diameter, which were produced by an atomizer. The seed
particles present in the unburned region scattered the laser sheet, thus making it visible.
However, close to the flame front, the oil aerosol evaporated and no scattering of the laser
sheet occurred. The interface between the bright and dark regions identified the position
of the flame front. When viewed perpendicular to the laser sheet, a two-dimensional
image of the wrinkled flame was obtained.
This technique enabled a clear definition of the burnt/unburnt gas interface, revealing that the flame front was highly convoluted with multiple scales of wrinkling. The
simple method of Boyer(1980) was implemented by Chew et al.(1989). They reported
that a limitation of their experiments was the movement of the flame front during the
time their camera shutter was open (1/3000 s) leading to blurred images in some cases.
Gouldin et al.(1988), Mantzaras et al.(1989) and North and Santavicca(1990) improved
the original technique by employing a pulsed Nd:Yag laser. This provided an intense
pulse, a few nanoseconds in duration. The scattered light intensity was several orders of
magnitude larger than from an Argon-ion laser, giving a clearer definition of the flame
boundary and the short duration of the pulse essentially froze the movement of the flame
front. The high intensity of scattered light available from a pulsed laser allows the use
of high-resolution solid-state cameras besides providing a sharp, instantaneous image of
the flame front.
Since a pulsed laser was unavailable for the present study, the Argon-ion laser
(3 Watts) used for LDA measurements was employed for laser tomography as well. The
flow was seeded with titanium dioxide particles obtained from a liquid seeder designed
for this study, which is discussed in Sec. C5 of the Appendix.
Figure 3.1 shows an example of the image recorded on 35 mm film. The bright region
represents unburned fuel-air mixture in which scattering particles are present in a large

Chapter 3. IMAGE ACQUISITION AND ANALYSIS^

26

concentration. The particles of Titanium dioxide disintegrate optically as they traverse
the flame front, so negligible scattering occurs downstream of it. The burned/unburned
boundary can thus be identified.
The visualization method developed in this study represents considerable improvements over results obtained in the past using an Argon-ion laser. The operating mode
of the laser, the camera shutter speed and the type and processing of the film were optimized through systematic tests as explained below.

Laser-sheet optics
Figure 3.2 shows a photograph of the precision mirror and lens traverse mechanism designed for this study. The same traverse was employed for LDA measurements also.
Figure 2.2 showed a schematic of the cylindrical and focussing lenses employed to obtain
the laser sheet. The multiline laser beam was first expanded into a diverging sheet of
light by means of a cylindrical lens of (-12.7) mm focal length and then collimated by a
convex lens of 250 mm focal length, resulting in a laser sheet having a maximum thickness of 250 p,m within the test section.

Laser Mode
In the previous studies of Chew et al.(1989) and Takeno et al.(1990), the Argon-ion laser
was operated at a wavelength of 514.5 nm, which is the green region of the spectrum.
Then, by means of a narrowband filter centered at 514.5 nm and placed before the camera lens, the radiation from the flame was eliminated. The green wavelength contains
only 50% of the laser power and an interference filter has a typical transmittance of 50%.
Consequently, the intensity of the scattered radiation reaching the film is only 25% of
the maximum possible without a filter and with the laser operating in multiline mode.
Preliminary tests were made utilizing the full multi-wavelength power of the laser
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(3 Watts). Tests conducted without an interference filter at camera shutter speeds of
1/1000 s to 1/4000 s showed that flame radiation was recorded only at the low shutter
speeds. Hence, by employing the full power of the laser and eliminating the narrowband filter, the intensity of scattered light was increased by a factor of four compared to
previous works.
Camera shutter speed
The flame front was photographed at a shutter speed of 1/8000 s. At this shutter speed
and mean-flow velocity of 4 m/s, for example, the wrinkles on the flame front move approximately 500 Am, three times the typical value of Kolmogorov scale i occurring in
this study. However, the recent studies of Takeno et al.(1988), Mantzazaras et al.(1989)
and Shepherd et al.(1992) have all observed that the smallest wrinkles on the flame were
several times larger than the Kolmogorov scale. In light of these studies the smallest wrinkles were expected to be much larger than Th and their movement during the 1/8000 s
exposure was not expected to be a significant problem even at the maximum flow velocity
of 10 m/s.
Film processing
Various high-sensitivity black and white films were tested in order to determine the
optimum film and processing method. The fastest black and white film available was
3200 ASA. The film was processed at its rated speed as well as at 6400 ASA. A Neopan
1600 ASA film was also tested. The finest grain and best contrast between the burned
and unburned region of the flame was obtained with the Neopan film rated at 1600 ASA
and developed at 3200 ASA.
In summary, the following setup was used to obtain photographs of the wrinkled flamefront:
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Laser source: Spectra Physics 165 Argon-ion laser
Laser mode: Multiline, 3 Watts optical power
Cylindrical lens: f = —12.7 mm, uncoated
Focussing lens: f=250 mm, 60 mm aperture
Seed particles: Titanium dioxide
Camera: Nikon F8015 1/8000 s shutter speed, 3 frames/sec
Lens: Nikkor 50 mm f#1.8 with B+W closeup lens#1
Film: Neopan 1600 ASA black & white, 35 mm format
Processing: 3200 ASA

3.2 RESOLUTION OF VISUALIZATION SYSTEM
The cross section of the flame visualized by means of a laser sheet was recorded on high
sensitivity, 35 mm black and white film. The photographic images were analyzed for their
fractal parameters. For this, the film negatives were digitized at a high resolution so as to
successfully identify the inner and outer cutoffs as well as the fractal dimension. Details
which directly affect the measured fractal parameters are briefly discussed below, and the
improvements incorporated in this study are discussed in the light of recent publications.
North and Santavicca(1990) studied a freely-propagating wrinkled flame using a
pulsed laser sheet. A CCD camera having an array of 128 x 128 sensors was focussed
to a 40 x 40 mm field of view, giving a spatial resolution of 300 ym per pixel. The
Kolmogorov scale (y) varied from 34 fim to 413 Am in their study. Their analysis did
not reveal an inner cutoff, leading them to conclude that their measurements were not
made with adequate resolution.
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The measurements of Mantzaras et al.(1989) were made inside an internal combustion engine with a 100x100 CCD camera viewing a 2x2 cm region, giving a resolution of
200 Am per pixel compared with the maximum value of the Kolmogorov scale of 150 ktm.
They observed fractal behaviour from 4.5 mm, which was twice their measured integral
scale, down to 200 ,um which was the resolution of their setup. No inner cutoff was
detected leading them to conclude that the inner cutoff was smaller than the resolution
of their technique.
Takeno et al.(1990) performed their experiments in an open burner of 27 mm diameter. The resolution of their technique was 400 pm and they observed fractal behaviour
between mm and e c,'_-'20 mm, approximately the size of their burner. The inner
cutoff length was approximately four times the Kolmogorov scale.
Very recently, Shepherd et al.(1992) observed the inner cutoff to be E i =-1 mm and
the outer cutoff e c,=22.7 mm. The Kolmogorov scale was 0.12 mm and the integral scale
was 3 mm. The resolution of their apparatus was 150 pm per pixel. They performed a
detailed investigation into the effects of inadequate resolution in image acquisition and
digital processing, on the measured fractal parameters.
In view of the inadequate resolution in several of the previous works, in this study
the acquisition and processing of flame images was carefully designed to resolve the inner
cutoff.

Grain size of photographic film
The most suitable film and processing technique was determined through experimentation. Best results were obtained with a high speed, fine grain black and white film
(Neopan 1600 ASA). The grain size on these films is typically 3 ,um and, owing to the
5:1 reduction in the photographic system, translated to 15 ym of physical length on the
flame. The grain size of the films was not a limiting factor since the Kolmogorov scale
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was greater than 80 pm, typically it was 150 pm. It was expected that the present study
would successfully resolve the smallest wrinkles in the flame which were expected to be
larger than the Kolmogorov scale as indicated by Gouldin(1987) and observed in the
experimental studies of Takeno et al.(1990) and Shepherd et al.(1992).

Thickness of laser sheet
The thickness of the laser sheet determines the smallest wrinkles which can be detected.
Prasad and Sreenivasan(1990) investigated the effect of sheet thickness on the measured
fractal dimension in an isothermal jet. They found that the dimension decreases by 2.5%
from the 'thin sheet' value when the sheet thickness becomes five times the Kolmogorov
scale.
In the present study the thickness of the Argon-ion laser sheet was calculated as
120 pm from the Gaussian beam equations presented in Appendix C. However, this is
the minimum thickness which occurs at the focus of the collimating lens. Elsewhere,
the laser sheet diverges. It was estimated that the maximum thickness of the laser sheet
inside the test section was 250 pm. Given that the smallest value of the Kolmogorov scale
was 80 pm, typically greater than 150 pm, and the smallest wrinkles which occur are
several times the Kolmogorov scale, the laser sheet was considered adequate to resolve
the smallest wrinkles in the flame.

Flame movement
Chew et al.(1989) reported that, in their study employing an Argon-ion laser sheet and
camera exposures of 1/3000 s, some blurring of images due to flame movement (3 mm at
a flow velocity of 10 m/s) did occur but was found to be rare. Takeno et al.(1990) used
an exposure of 1/1000 s but their maximum flow velocity was only 1.7 m/s compared
to 8 m/s in the former study. In the present study, also employing a similar laser, the
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maximum flow velocity was 10 m/s and a camera shutter speed of 1/8000 s was employed
to minimize the problem of blurring of the images. Improvements incorporated to obtain
satisfactory images in such short exposure times were explained earlier in this chapter. In
the range of expected values of the inner cutoff scale, flame movement was not considered
as a limiting factor in this study.

3.3 DIGITIZING OF FLAME IMAGES
To enable computerized analysis of flame images, they must be digitized with adequate
resolution. The image is scanned by an array of sensors whose output voltage is proportional to the light intensity detected by each sensing element. This voltage is digitized
in an 8-bit format corresponding to 256 quantization levels. The area of the image
represented by each sensor is called a pixel, whose intensity value is stored in one byte.
Studies referred to earlier in this chapter, obtained spatial resolutions of between
200 pm and 400 pm. A recent study by Shepherd et al.(1992) systematically investigated
the influence of reduced resolution on the measured fractal dimension and the inner cutoff
scale. The reduced resolution was obtained by artificially degrading the edge of the flame
by means of an averaging performed at each pixel. They observed that, at their lowest
resolution (1.24 mm/pixel) the inner cutoff was not detected in the fractal plots. At their
highest resolution of 150 pm per pixel, the inner cutoff was clearly seen to be 1.9 mm
compared to the Kolmogorov scale

n of 120 pm. The fractal dimension was, however,

unaffected by the digitizing resolution.
In the present study, the smallest resolvable scale is the maximum laser sheet thickness (250 pm) and the typical value of the Kolmogorov scale is 150 pm. The smallest
scales of wrinkling expected are of the order of 1 mm. In order to resolve the inner cutoff
in the present study, it was decided that the resolution of the digitized images should be
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an order of magnitude higher than the smallest expected wrinkles on the flame.
The camera imaged an area x=45 mm, y=60 mm of the flame; this is recorded on the
35 mm negative as an area x=9 mm, y=12 mm owing to the 5:1 reduction in the optical
system. The 35 mm negatives were scanned at 60 pixels/mm giving a spatial resolution
of 12 pixels/mm (83 pm per pixel) on the flame. This resolution was expected to identify
the smallest convolutions occurring on the flame surface. At the chosen resolution of
60 pixels/mm, the image was represented by 540x720 pixels giving a file size of 400 kilo
bytes approximately.

3.4 FLAME FRONT EDGE DETECTION
The position of the flame front is indicated by the rapid change in scattered light intensity
which occurs as the seed particles traverse the flame. The use of computerized image
analysis enables unattended processing of a large number of images. The digitized flame
images were analyzed on an AT 486 personal computer running at 33 MHz.
The images recorded on the 35 mm negatives were digitized in TIFF, a common
image file format. The digitized data was then analyzed by means of software developed
by Atlantis Scientific (Ottawa) in collaboration with the National Research Council. This
software determines the boundary between the bright and dark regions of the image based
on an intensity threshold input by the user. Its output is a binary image file in which the
value of the pixels is zero everywhere except along the flame front where the value of the
pixels is one. The steps involved in obtaining the edge of the flame are summarized below.

1. The raw data files in TIFF format were first standardized in size and position with
respect to the walls of the test section.
2. The image produced above was filtered to remove digitization noise. This process
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is called median filtering and is accomplished by replacing the intensity value of
each pixel by a median value based on its immediate neighbours.
3. Each median-filtered image is then examined to determine the variation in pixel
intensity across the flame front in order to select an intensity threshold. This value
of the threshold is used to define a contour representing the flame front. Mantzaras
et al.(1989) report that the exact value of the threshold has no effect on the fractal
analysis.
4. The image analysis software creates a binary image by assigning the value 0 (black)
to all pixels whose intensity is below the threshold; and assigns the value 1 (white)
to all pixels whose intensity is above the threshold.
5. The edge of the flame front is then defined as a string of pixels lying along the
interface of the binary image. These are assigned a value of 1 while all remaining
pixels in the image are assigned the value 0.
An example of the variation in pixel intensity across a flame front is presented in Figure 3.3(a). Consistent with observations in the literature [Shepherd et al.(1992)], the
intensity drops off sharply from a high value in the unburned region to a value below 25
(on a scale of 0-256) just downstream of the flame front. Figure 3.3(b) shows an example
of the flamefront position as determined by the software. The convolutions in the flame
front are clearly visible. The edge identified by the program was visually compared to
the original image to confirm that no significant details of the flame contour had been
lost. The binary edge file was then input to the fractal analysis program which measures
the length of the flame contour as a function of the measurement scale. This procedure
is discussed next.
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3.5 FRACTAL ANALYSIS OF THE FLAME FRONT
The edge of the flame determined by the procedure described in the previous section, was
then tested for its fractal behavior. For this purpose, the length of the digitized flame
contour was calculated by means of a stepping caliper technique. Shepherd et al.(1992)
report that this technique is most suitable for images having continuous, unfragmented
contours. In all the images studied here the flame fronts are continuous and so the
above method was used. In this method the flame length is determined by stepping at a
measurement scale c along the digitized flame boundary. The flame length at that scale
is then

L(e)

=

Ne

(3.13)

where N is the number of steps necessary to cover the entire flame length.
In the present study the smallest value of e used was 0.35 mm. The smallest value
of e is determined by the overall resolution of the apparatus. In the present study this
was set by the maximum thickness of the laser sheet (250 Am). The largest value of c
chosen was 31 mm. This value was determined during preliminary tests in which fractal
behavior was detected upto 15 mm approximately.
Previous studies of Gouldin et al.(1988), North and Santavicca(1990) and Takeno
et al.(1990) analyzed a number of images under the same condition, determined the line
of best fit in the fractal region for each individual image, and determined its slope to
calculate the fractal dimension for each image. Then, they obtained the mean value of the
fractal dimension for the condition under study. It was observed by the present author
that there was a large amount of scatter in the individual plots. This scatter increased
for larger values of c. This is probably due to the fact that in an image of given size,
the complete fractal set is not fully represented. It was therefore decided to ensemble
average the length measurements at each

E

from ten independent images acquired in
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succession for the same turbulence condition. This reduced the scatter considerably as
shown in Fig. 3.4. Therefore, in this study the fractal dimension of the flame contour
was determined from plots of the ensemble-averaged length measurements. The recent
work of Shepherd et al.(1992) also recommends that the measured lengths be ensemble
averaged before determining the fractal dimension.
The length of the flame front was computed utilizing software developed by the
Combustion group at the National Research Council, Ottawa. This software employs
the caliper technique explained earlier. A set of ten files containing edge data was input
for each turbulence condition. The ensemble-averaged length L(E) for each e was then
plotted and the slope obtained from a best fit line. These results are discussed next.

Chapter 4
RESULTS AND DISCUSSION

A combustion test rig was designed and developed in this study to investigate the fractal
nature of premixed wrinkled flames. In this apparatus, the intensity and length scales
of turbulence could be independently controlled by varying the flow velocity through a
set of three interchangeable turbulence grids. An Argon-ion laser sheet and Titanium
dioxide seeding were used to visualize the flame which was recorded at 1/8000 s on high
sensitivity film by means of a motor-driven camera. The film negatives were digitized
at a resolution of 60 pixels per millimeter corresponding to 12 pixels per millimeter (or
84 pm per pixel) of actual length on the flame. The images were processed to determine
the edge of the wrinkled flame. The edge data was then analyzed to determine the fractal
parameters of the flame front contours for the twelve cases investigated, representing four
conditions for each of the three turbulence grids employed. Ten images were analyzed
for each case. The flame images were analyzed to
(a) ascertain whether the flame front displays fractal behavior
(b) determine if the limits to fractal behavior are observed in the data
(c) observe the variation of fractal dimension with turbulence intensity (u'/u 1 )
(d) observe the variation of inner cutoff length with turbulence intensity (u//u 1 )
(e) compare the turbulent flame speeds (u t /u i ) derived from fractal analysis with direct
measurements of flame speed.

36
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Table 4.1 summarizes the experimental conditions of this study and lists the measured fractal dimension and inner and outer cutoff lengths. These results are discussed
next.

4.1 FRACTAL BEHAVIOR OF FLAMELETS
As explained in Sec. 3.5 the measured length L(c) at each measurement scale c was
ensembled averaged for ten images at each of the twelve conditions. The mean value of
length for each measurement scale was then plotted for each of the conditions. These
plots are shown in Fig. 4.1 to Fig. 4.4 for Grid 1, Fig. 4.5 to Fig. 4.8 for Grid 2, and
Fig. 4.9 to Fig. 4.12 for Grid 3. In the present study, the overall resolution was limited by
the thickness of the laser sheet which varied from 120 /Lai to 250 ktm in the test section.
For this reason, the plots of fractal behavior given in Fig. 4.1 to Fig. 4.12 report values
of L(e) for c > 0.25 mm.
Wrinkling of the flame surface was observed at all the experimental conditions of
this study. For the case G1A the turbulence level is low and the case corresponds to
Subregime-1 of the reaction sheet regime shown in Fig. 1.2. At low turbulence Reynolds
numbers, the eddies exist in a narrow range of sizes resulting in larger sized wrinkles
as seen in the photograph in Fig. 4.13(a) for which u 1 /72/=-- 0.50 . It can be seen that
the flame has a relatively smooth appearance. With increasing turbulence, the flame is
expected to be more wrinkled since a wider range of eddies is now present in the flow.
An example of such a flame is presented in Fig. 4.13(b) for which uVu 1 =3.3 .
That wrinkled flames exhibit fractal behavior can be seen by observing Figures 4.1
to Fig. 4.12 which represent the conditions 0.5 < u 1 /u / < 8.6 investigated in this study.
The value of 77/81 -=-1 is usually taken as the lower limit of the reaction sheet regime
[Mantzaras et al.(1989)]. In the present work fractal behavior has been observed in all
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the twelve cases in this study, including the five at which 71 / Si < 1 corresponding to cases
G1D, G2C, G2D, G3C and G3D listed in Table 1.1.
It can be stated that the premixed flames studied in this work clearly exhibit fractal
behavior within a range of scales. That is, the variation of the measured length of the
flame contour with the scale of measurement obeys a power law, at all the conditions
investigated 0.5<ui/u/<8.6 and 0.4<n/8 / <2.6 .
It should be mentioned that the fractal behavior illustrated in Fig. 4.1 to Fig. 4.12
is a measured phenomenon for which no presupposition regarding the fractal nature of
flamelets was made.

4.2 FRACTAL DIMENSION
All the flames in this study displayed fractal behavior in a range of measurement scales,
that is, the measured length of the flame contour varied with the measurement scale
according to

L(e) cc € 1 — D2 (4.14)
The values of measured length, ensemble-averaged from ten images at each of the twelve
cases, were plotted on log-log axes. A line of best fit, using the method of least squares,
was drawn through the linear region. The slope of this line was taken as the value (1—D 2 )
from which the fractal dimension of the contour D2, and that of the flame surface D3
could be determined as explained in Chapter 1.
The values of D3 obtained in this study are listed in Table 4.1 . It is expected that
at larger turbulent Reynolds numbers (Re t ), the flame will become increasingly wrinkled
in response to the wider range of eddies present in the flow. The flame surface is more
convoluted or space-filling and it is expected that the fractal dimension will be larger
as can be seen qualitatively by comparing Fig. 4.13(a) and Fig. 4.13(b), cases CIA and
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G1D, for which the measured fractal dimensions are 2.04 and 2.12 respectively. The
presence of smaller wrinkles on the flame contour increase its measured length L for
scales of measurement c smaller than the size of the wrinkle. The larger values of L(e)
for small values of c increase the slope of the line representing fractal behavior.
The variation of the measured values of the fractal dimension D3 with the intensity
of turbulence u'/u ' is shown in Fig. 4.14. It is seen clearly that the fractal dimension
increases with the level of turbulence. The values of the fractal dimension measured in
other studies are also shown in the same figure. The studies of Gouldin et al.(1988),
Goix et al.(1989) and Takeno et al.(1990) were performed in a relatively narrow range
of turbulent Reynolds number and did not reveal this behavior clearly. The present
study confirms the expected trend and is in general agreement with the values of North
and Santavicca(1990) which were obtained from a moving flame front enclosed within a
test section to avoid external interference with the flow. Their unsteady, wrinkled flame
therefore encountered a uniform turbulence field. Nine of the fifteen conditions examined
by them were in the range 0.24<uVu i < 1, that is, a region of weak turbulence.
It is seen that the values of D3 obtained in the present study are approximately
5% lower than those reported by others. It is suspected that in the present work, the
confined flame surface was stretched along the wrinkles thereby reducing the measured
fractal dimension. This possibility was recently suggested by Cheng(1993) and will be
investigated in the next phase of this study. No study has yet been reported in literature
which investigates the effect of flame confinement on the measured fractal dimension.
In the study by Gouldin et al.(1988), the flame was stabilized by a 1.5 mm diameter
rod placed across the mouth of their circular burner, forming a V-flame. Their turbulence
parameters were measured 4 cm downstream of the burner exit along its centerline. They
found D 3 =2.11 and 2.09 for u'/u 1 =0.36 and 0.54 respectively. In the above study it is
suspected that the flame front, in fact, experienced a higher level of turbulence than that
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reported. The strong effect of the shear layer in altering the downstream turbulence field
in such an open-jet configuration was investigated in the present study, and is reported in
Chap. 2. The results are illustrated in Fig. 2.6. For Gouldin's flame, the actual value of
u' may be greater by a factor of two; this would shift their data to the right and provide
good agreement with values of D3 obtained in the present study.
In the study by Takeno et al.(1990) employing an open Bunsen flame, data was
reported for values of u'/u / equal to 0.65, 0.84 and 1.62, and fractal behavior was observed
at all three conditions. Their values of D3 were 2.16, 2.17 and 2.25, respectively. For
reasons outlined above, it is the opinion of the present author that the interaction of
jet fluid with ambient air may have produced more wrinkling than that due to grid
turbulence alone.
In their work, Goix et al.(1989) analyzed the fractal dimension of a V-flame by
examining 25 mm windows along the flame length and found that D3 increases with
downstream distance from a value of 2.025 to 2.175 at x = 20 mm and x=80 mm
respectively, for a value of u'/uj=1.6 measured at the flame holder. A value of the fractal
dimension averaged over the length of their flame was estimated by the present author as
D 3 =2.14. This compares within 2.5% with the value of D 3 =2.09 measured in the present
study for u'/ui=1.75 .

4.3 INNER CUTOFF SCALE
The smallest value of the measurement scale at which fractal behavior is observed, is
referred to as the inner cutoff scale. The works of Gouldin et al.(1988), Takeno et
al.(1990) and Shepherd et al.(1992) are the few studies which have resolved the inner
cutoff. The ability to experimentally detect an inner cutoff depends on a number of
practical considerations. These are (a) the thickness of the laser sheet, (b) the movement
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of the flame front during image acquisition, (c) the resolution of the recording device,
that is, film or CCD camera and (d) the digitizing resolution in the case of photographic
prints or slides. These have been discussed in Chap. 3. In the present study, the overall
resolution is limited by the thickness of the laser sheet which varied from 120 pm to
250 pm in the test section.
In the vicinity of the inner cutoff scale, a decrease in slope from the (1 — D 2 )
value is observed. However, the slope changes gradually and the measured length does
not become independent of the measurement scale as expected. Similar behavior has
been reported by all three studies referred to above. Gouldin et al.(1988) and Shepherd
et al.(1992) determine the inner cutoff corresponding to the intersection point of the
straight line through the fractal region and another through the points of reduced slope
in the vicinity of the inner cutoff. This method was employed to determine the inner
cutoff length in the present study. Recently, Shepherd et al.(1992) have shown that the
anomalous increase in L(E) which occurs when E is less than four or five times the pixel
resolution is due to the step-like representation of the contour at the scale of individual
pixels. They referred to it as digitizing noise. By smoothing the edge of the flame contour,
they obtained a region of nearly zero slope for E < c i . This smoothing at the scale of
individual pixels did not affect the inner cutoff in their study which was measured to be
1.9 mm.
Referring to the combustion regimes shown in Fig. 1.2, it seems reasonable that
in the regime where the Kolmogorov scale is smaller than the laminar flame thickness
(n/t5 / <1), the smallest wrinkles are limited by the laminar flame thickness Si and not
the Kolmogorov scale 77, since a flamelet cannot have wrinkles smaller than its thickness.
Hence for conditions in which

n isi < 1, it is recommended that E t be scaled with S. For

conditions such that ri/Si > 1, the inner cutoff should be scaled with the Kolmogorov
scale of turbulence.
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In order to calculate the laminar flame thickness, the simple expression of Mallard
and LeChatelier is commonly employed. This expression (S i = a/u i ) requires the value of
the thermal diffusivity of air, evaluated at some suitable temperature. Glassman(1987),
Lewis and Von Elbe(1987), Ballal and Lefebvre(1975) and others have recommended that
a be evaluated at temperatures ranging from 300 K to 1300 K. As seen in Fig. D.2 in
Appendx D, the value of a varies by a factor of ten for the above temperature range,
producing the same variation in the laminar flame thickness. In the present study, a
modified form of the thermal diffusivity has been proposed, the details of which are
presented in Appendix D. The proposed parameter is a more accurate representation
of Mallard and LeChatelier's two zone model. It is based on the temperature of the
unburned mixture, the ignition temperature, and an average value of temperature in the
preheat zone of the laminar flame. The variation of the proposed thermal diffusivity a'
with temperature is also shown in Fig. D.2. It can be seen that the proposed parameter
is rather insensitive to the choice of ignition temperature. For the present work, the
laminar flame thickness was calculated from 8; = &Pu t and was found to be 0.44 mm for
the methane-air mixture having an equivalence ratio of 0.60 . Wherever necessary, the
value of the flame thickness Si based on the conventional parameter a is also stated.
The values of the inner cutoff scale determined in this study for the range 0.5<ul/u / <8.6
are listed in Table 4.1, and vary from 1.5 mm to 2.8 mm, which is 3.2<e t /81<6.4 . The
values of the inner cutoff measured in the present study over a wide range of turbulence intensity are plotted in Fig. 4.15. It is seen that E 2 /61 increases with decreasing
turbulence. Gouldin(1987) suggested that when flamelet propagation relative to mixture
motion becomes important, that is when u'iu i is small, a likely effect is the smoothing of
the flame surface at the smaller scales of wrinkling, thereby increasing the inner cutoff.
This proposal of Gouldin had lacked experimental confirmation because the few studies
which measured the inner cutoff, did so in a narrow range of values of u'iu t . The present

Chapter 4. RESULTS AND DISCUSSION ^

43

study confirms Gouldin's hypothesis. Figure 4.15 indicates that the effect of smoothing
becomes significant when the turbulence intensity becomes less than three times the laminar flame speed. Above this value, the inner cutoff appears to become constant at three
and a half times the laminar flame thickness.
Takeno et al.(1990) reported measurements of e z at three conditions near 10/4=1
but did not observe any variation in the inner cutoff length, presumably because their
range of variation of turbulence intensity was limited.

4.4 OUTER CUTOFF SCALE
The outer cutoff scale refers to the maximum size of wrinkling of a fractal curve or surface.
Mandelbrot defined the outer cutoff, in a general sense, as the size of the experiment. In
the present study, the measured value of the outer cutoff varied in the range 2<e 0 //<6
as indicated in Table 4.1 for a test section which was 51 mm square.
Gouldin et al.(1988) measured e a =8 mm, giving c o 3/, while Mantzaras et al.(1990)
measured e 0 =2 mm, equal to their integral scale. Takeno et al.(1990) measured the outer
cutoff as 20 mm compared to their burner diameter of 27 mm and an integral scale of
5 mm. In their recent study, Shepherd et al.(1992) observed e o =23 mm for a burner
of 50 mm diameter and /=3 mm. These studies indicate that the outer cutoff is in the
range 1 < c o /l<8, in agreement with the findings of the present work. The findings of the
present study are in agreement with previous observations that the outer cutoff is larger
than, but of the same order, as the the integral scale of turbulence. The influence of the
size of the apparatus on the outer cutoff scale is not clear from the present or previous
studies.
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4.5 TURBULENT FLAME SPEED
The turbulent flame speed was predicted using Damkohler's hypothesis and its implementation by Gouldin(1987) who employed fractal analysis and proposed:

u t^A t _ ( E. )D 3 -2
u t^A t^Ei

(4.15)

The measured values of the fractal dimension, and the inner and outer cutoffs for each of
the twelve conditions studied in the present work were utilized to estimate the turbulent
flame speed from fractal considerations.
Turbulent flame speeds were also directly measured from long-exposure photographs
of the cross section of the flame visualized by means of the laser sheet. Then, knowing
the mean flow velocity U the flame speed was calculated from

ut

=

Usina

(4.16)

where a is the half-angle of the flame cone. Figure 4.16 presents an example of the
photographs from which the flame angle was measured.
Table 4.2 lists the predicted values of the turbulent flame speed based on the fractal parameters measured in this study. It is observed that the turbulent flame speed
predicted from fractal measurements increases by only 40% for a nine-fold increase in
turbulence intensity. It is seen that these values are severely underestimated compared
to the corresponding flame speed measurements from the flame cone-angle which are also
listed in Table 4.2.
Figure 4.17 illustrates the variation of the flame speeds obtained from fractal analysis
and those obtained from direct measurements. The value of the laminar flame speed u t for
a methane-air mixture (0=0.60) was taken from Gulder(1984). For uVu i =0.50, the value
estimated from fractal analysis is within 20% of that predicted from direct measurement.
Values of flame speed obtained from fractal analysis show a weak trend with increasing
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turbulence level but worsening agreement with flame speeds derived from the flame coneangle. At the largest value of turbulence intensity u'/ui=8.6, the value predicted on the
basis of fractal analysis is only 25% of the directly measured value.
The values of the flame speed measured in this study are also compared with a
correlation of previous experimental data proposed by Gulder(1990) for the wrinkled
flame regime. This correlation was based on 200 data points obtained by eight research
groups. Gulder proposed that, in the wrinkled flame regime,
ut

u/
= 1 + 0.62( — ) °.5 Re n
ul^ui

(4.17)

The values of u t /u t predicted by the above correlation at the twelve experimental conditions of this study, are listed in Table 4.2. They are also illustrated in Fig. 4.17. It is
observed that the flame speed measurements based on the flame cone-angle are in fair
agreement with the correlation but the fractal-based values are severly underestimated.
The results of the present work were also compared with the few studies in which all
three fractal parameters were measured. These comparisons are also shown in Fig. 4.17.
Shepherd et al.(1992) estimated that u t /u/=1.5 from their measured fractal parameters at uVu t =0.88 compared to u t /u t =3.8 determined from direct measurements. Only
a single measurement condition was reported by them. Takeno et al.(1990) reported
measurements of c z , Et, and D3, but no estimates of turbulent flame speeds were made.
Employing their measured values of E 2 =1.1 mm, c o =20 mm and D 3 =2.16, 2.17 and 2.25 at
ui/u t =0.65, 0.84 and 1.62 respectively, estimates of u t /u / were computed by the present
author as 1.59, 1.64 and 2.06 . The flame speed results from Shepherd et al. and Takeno
et al. are also shown in Fig. 4.17. It is seen that the results of these two studies conducted
at values of ui/u t 1 are comparable to those obtained in the present study at u'/u i =0.5
and 1.0 .
The poor agreement between flame speeds predicted from the fractal parameters
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measured in the present study and those obtained from direct measurements, prompted
a further question: namely, what values of c o /Et would be necessary in order to achieve
typical values of u t /u / for various values of D3 . The following equation proposed by
Gouldin(1987) was used:
ut A t =
ui
Al

( 6

0 ) D 3 -2

ci

The values of D3 chosen were 2.08, 2.20 and 2.37 corresponding to a low value observed in
the present study, an intermediate value and the value recommeded by Mandelbrot(1983),
respectively.
Figure 4.18 presents the values of u t /u t calculated on the basis of the above expression. It is seen that they are highly sensitive to the value of the fractal dimension. For
example, for a typical measured value € 0 /€ 2 =15, increasing D3 from 2.08 to 2.37 (about
12%) increases u t /u t by nearly 200%. In order to achieve u t /u 1 =-4, for example, given
the highest value of D 3 =2.37 requires € 0 /€,=40, approximately. It appears unlikely that
such high values of c o /c, will be measured experimentally because the lower bound on
E, is the larger of the laminar flame thickness or the Kolmogorov scale, and the upper
bound on c o must be the size of the experiment.
Based on the present investigation, it appears that satisfactory estimates of the
turbulent flame speed cannot be obtained from fractal analysis of wrinkled flames. Underlying the application of fractal methods to wrinkled flames is the assumption that the
flame surface is an isotropic fractal object, so that its fractal dimension can be found
from the fractal dimension of a contour of intersection. The assumption of isotropy at
the largest scales may not be correct. To estimate the degree of anisotropy, simultaneous tomography of several planes is probably necessary. Another possible reason for
this large discrepancy between the fractal-based and directly measured values of flame
speeds, could be the role of turbulence on the transport of heat and active species from
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the reaction zone of the flame front. At low levels of turbulence the increased flame
surface area could account for the increased flame speed, but at higher turbulence levels,
perhaps, the predominant effect on flame propagation may be the increased turbulent
transport of heat and mass across the flame front. This possibility was not investigated
in the present work but will be examined in the future.

Chapter 5
CONCLUSIONS AND RECOMMENDATIONS

The main objective of the present work was the experimental investigation of the fractal
behavior of premixed wrinkled flames, and to determine whether turbulent flame speeds
can be predicted from the measured fractal parameters. In this work, the experimental
technique was carefully designed to overcome the limitations encountered in previous
studies. The fractal parameters were determined over a wide range of turbulence conditions. A combustion test rig was designed and built in which the intensity and scale
of turbulence could be independently varied by means of three turbulence grids. The
integral scale could be varied from 2.5 mm to 5.5 mm and the intensity of turbulence
was varied from 0.06 m/s to 1.03 m/s corresponding to 0.5<ui/u i <8.6, for the twelve
conditions examined. The turbulent flame front was visualized by means of a laser sheet.
The images were acquired by means of a 35 mm camera at exposures of 1/8000 s using
high sensitivity film, and were digitized to enable computerized analysis.
The following general conclusions have been drawn in the course of the present
study. The analysis of wrinkled flames showed that they exhibit fractal behavior over a
range of length scales, for all the conditions of this study. Conventionally, the reaction
sheet regime is said to exist when the Kolmogorov scale is larger than the laminar flame
thickness, i.e.

77181 >

1. At five of the twelve conditions of this study this criteria

was not satisfied, yet fractal behavior was clearly observed. A similar observation was
also reported by Takeno et al.(1990) and Shepherd et al.(1992) for their data which was
entirely in the region of 77 181

< 1. It appears, therefore, that n181 >
48

1 may not be the
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limiting condition for observed fractal behavior.
The fractal dimension (D 3 ), which is a quantitative measure of the roughness of the
flame surface, was found to increase with increasing turbulence. This was in agreement
with previous studies. The values of the fractal dimension measured in this work are
typically 5% lower than those reported in earlier studies.
Measurements of the inner cutoff scale (c,), which is the lower limit to fractal behavior, were reported in two previous studies at low turbulence levels, In the
present experimental work, the inner cutoff scale was measured at all the conditions studied (0.5<u1u / <8.6) and was clearly found to increase when u'/u j < 3. It was found that
for turbulence levels greater than three times the laminar flame speed, the inner cutoff
was a constant value equal to about three and a half times the laminar flame thickness.
Gouldin(1987) proposed that at small values of turbulence intensity, the propagation of
the flame front relative to the reactant mixture becomes significant and smoothing of the
flame surface should occur at the smaller scales, thereby increasing the inner cutoff. This
hypothesis remained unconfirmed because the few studies which have measured the inner
cutoff scale were limited to a narrow range of turbulence conditions, so the variation of
the inner cutoff was not observed by them. The present study has measured the inner
cutoff over a wide range of turbulence intensities and confirms Gouldin's proposal that at
small values of u'/u / the inner cutoff increases due to smoothing of the smaller wrinkles.
The turbulent flame speeds were estimated using the fractal parameters measured in
this study. The flame speeds were also calculated from the flame cone-angles determined
from cross-sectional images of the flame. It was found that at the lowest turbulence level
u'iut=0.5, the fractal-based flame speed was within 20% of the value measured from the
flame cone-angle. However, for larger values of turbulence intensity the agreement was
poor. It worsened with increasing turbulence intensity; at the condition of maximum
turbulence (u 1 /u / =-8.6) the values predicted from fractal considerations were only 25% of
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those measured from the cone-angle of the flame. A similar conclusion resulted when the
predicted values were compared with a correlation of previous experimentally measured
flame speed data. Another recent study concluded that at the low turbulence level of
ui/u 1 =0.88 investigated by them, the flame speed predicted from their measured fractal parameters was two and a half times smaller than their directly measured value of
turbulent flame speed.
It is concluded from the present investigation, that satisfactory estimates of the
turbulent flame speed cannot be obtained from the fractal analysis of wrinkled flames
when the turbulence intensity is greater than the laminar flame speed. The results of this
work indicate that the flame surfaces may be more convoluted than the isotropic fractal
object which corresponds to the flame cross sections analyzed in the present study. The
assumption of isotropy at the largest scales may not be correct. To estimate the degree
of anisotropy, simultaneous tomography of orthogonal planes is probably necessary. The
role of turbulence in the transport of heat and mass from the reaction zone of the flame
front may be another reason for the low values of u t /u t measured, since the overall geometric analysis of the flame through fractal considerations does not account for enhanced
turbulent transport. At higher turbulence levels, the predominant effect on flame propagation may be this transport of heat and mass and not the relatively small increase in
area predicted from fractal analysis.
Based on the observations in the course of the present study, the following areas of further
research are recommended:
1. Values of the fractal dimension obtained for the enclosed flames studied in this
work should be compared to those for open flames, in the same experimental apparatus. This will elucidate the influence of flame confinement on the measured
fractal parameters. Such a comparison has not yet been reported in the literature.
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2. The turbulence field should be measured upstream of the flamefront using LDA
and compared with the cold-flow measurements of the present work. This will
demonstrate the effect of the flame on the turbulence flowfield and will test the
validity of correlating flame speed data with cold-flow turbulence measurements.
3. The procedure of image analysis should be modified in order to smooth the flame
edge at single-pixel resolution in order to eliminate digitizing noise which results in
false fractal behavior below the inner cutoff.
4. The suspected anisotropy of the fractal flame surface should be be investigated by
means of simultaneous imaging of orthogonal planes of intersection through the
flame.
5. The role of enhanced turbulent transport at the higher levels of turbulence should
be investigated to determine whether this mechanism plays a predominant role in
increasing flame speed rather than the relatively small increase in flame area due
to greater wrinkling.
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Table 1.1: Experimental conditions for present study.
Grid
1

2

3

/
u'
u'/u/
n
'lei Da (n18)1
(m/s)
(mm) (mm)
G1A 0.06
0.5
2.5
0.47
10 27
2.6
G1B 0.12
1.0
2.5
0.27
19 14
1.5
G1C 0.21
1.8
2.5
0.18
33
8
1.0
GlD 0.40
3.3
2.5
0.11
63
4
0.6
G2A 0.17
1.4
3.5
0.23
38
13
1.3
G2B 0.26
2.2
3.5
0.17
58
9
0.9
G2C 0.45
3.8
3.5
0.11 100 5
0.6
G2D 0.76
6.3
3.5
0.08 170 3
0.4
G3A 0.17
1.4
5.5
0.26
59 21
1.4
G3B 0.30
2.5
5.5
0.17 104 12
0.9
4.7
5.5
G3C 0.57
0.10 200 6
0.5
8.6
G3D 1.03
5.5
0.07 360 4
0.4
Fuel: Methane^Equivalence ratio:0.60
Laminar flame speed: 0.12 m/s [Gulder(1984)]
1. Laminar flame thickness: Si = (a)3ooK/u/
2. Laminar flame thichness: Si ' = a' /IL I [Appendix D1
Case

(nW)2
1.1
0.6
0.4
0.3
0.5
0.4
0.3
0.2
0.6
0.4
0.2
0.2
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Table 1.2: Summary of previous experimental work.
Reference

D3

Gouldin et al.
1988
Open V-flame
2.11

Mantzaras et al.
1989
IC engine
2.2 to 2.36

ci

477

--

co

4/ to 6/
0.3, 0.5
2.7
0.3
25
63, 140
CH4 (0.8, 1.0)
B & W prints
Pulsed YAG
0.5
Oil aerosol
3
16
—1
Average

—l
4 to 50
2
0.1 < y/6 < 1

Expt. setup

72/u/

l(mm)
i (mm)
Rei

Da
Fuel (0)
Imaging technique
Laser source
Sheet thk. (mm)
Seeding
No. Exptl Conds.
No. Images/cond.
Resolution (mm)
Averaging method

1 to 227
C 3 H 8 (0.6, 1.0)
CCD camera
Pulsed YAG
0.2
TiO2
6
25
0.2
Average

Goix et al.
1989
Open V-flame
2.0 to 2.2
2/ to 6l
0.7 to 1.6
1 to 4
0.1 to 0.25
20, 40
7 to 44
Lean H2, air
CCD camera
Pulsed ruby
0.7
Oil aerosol
6
240
0.2
Average
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Table 1.3: Summary of previous experimental work (contd.)
Reference
Expt. setup
D3

North and Santavicca
1990
Propagating flame
2.1 to 2.3

Ei

co

ui /IL I

/ (mm)
n (mm)
Rei
Da

Fuel (0)
Imaging technique
Laser source
Sheet thk. (mm)
Seeding
No. Exptl Conds.
No. Images/cond.
Resolution (mm)
Averaging method

—1
0.25 to 11.9
8
0.034 to 0.41
50 to 1400
10 to 890
C3H8 (0.6 to 1.0)
CCD camera
Pulsed YAG
0.25
ZrO2
15
15 to 35
0.3
Average

Takeno et al.
1990
Open burner
2.1 to 2.25
1.5 mm

Shepherd et al.
1992
Stagnation flame
2.16
1.9 mm

41

71

0.6 to 1.6
5
0.2 to 0.4
30, 42, 78
3 to 7
CH4 (0.65)
B & W prints
Argon ion
0.4
TiO2
3
10
0.25
Average

0.88
3
0.12
70
80
CH4 (1.0)
High speed camera
Pulsed Cu-vapor
0.6
Oil aerosol
1
25
0.15
Ensembled
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Table 1.4: Summary of present experimental work.
Reference
Expt. setup
D3

c, (mm)
c o (mm)
/2/u/
1 (mm)
7/ (mm)
Re
Da
Fuel (0)
Imaging technique
Laser source
Sheet thk. (mm)
Seeding
No. Exptl Conds.
No. Images/cond.
Resolution (mm)
Averaging method
`

Present work
1993
Enclosed V-flame
2.04 to 2.23
1.5 to 2.3
12 to 16
0.5 to 8.6
2.5, 3.5, 5.5
0.07 to 0.47
10 to 360
3 to 27
C3H8 (0.60)
35 mm film
Argon ion
0.25
TiO2
12
10
0.083
Ensembled

Table 2.1: Turbulence grid specifications.
^Grid No. Mesh(M)^Bar(b)
^mm(in)^mm(in)
1
6.3(1/4)
1.6(1/16)
2
12.7(1/2)
3.2(1/8)
14.3(9/16)
4.8(3/16)
3

M/b
4.0
4.0
3.0
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Table 4.1: Results of fractal analysis.
Grid
1

2

3

Case

u'

u 1 /u/

(m/s)

G1A
G1B
G1C
G1D
G2A
G2B
G2C
G2D
G3A
G3B
G3C
G3D

0.06
0.12
0.21
0.40
0.17
0.26
0.45
0.76
0.17
0.30
0.57
1.03

0.5
1.0
1.8
3.3
1.4
2.2
3.8
6.3
1.4
2.5
4.7
8.6

1
(mm)
2.5
2.5
2.5
2.5
3.5
3.5
3.5
3.5
5.5
5.5
5.5
5.5

D3

ez

2.041
2.083
2.086
2.119
2.101
2.141
2.161
2.194
2.127
2.142
2.219
2.233

(mm)
2.8
2.1
1.9
1.6
2.5
1.8
1.4
1.5
2.8
1.9
1.8
1.5

Ez

/(51 1

6.4
4.8
4.3
3.6
5.7
4.1
3.2
3.4
6.4
4.3
4.1
3.4

E0

e /1

(mm)
16
14.5
11
11.8
15
15.1
11.8
11.0
11.6
13.6
12.3
12.7

6.4
5.8
4.4
4.7
4.3
4.3
3.4
3.1
2.1
2.5
2.2
2.3

0

Table 4.2: Turbulent flame speed
Grid

Case

1

G1A
G1B
G1C
G1D
G2A
G2B
G2C
G2D
G3A
G3B
G3C
G3D

2

3

u'
(m/s)
0.06
0.12
0.21
0.40
0.17
0.26
0.45
0.76
0.17
0.30
0.57
1.03

u'itti

0.5
1.0
1.8
3.3
1.4
2.2
3.8
6.3
1.4
2.5
4.7
8.6

Fractal analysis

Flame angle

Correlation

ut/u/

ut/u/

ut/ui

1.07
1.18
1.16
1.27
1.20
1.35
1.41
1.47
1.20
1.32
1.52
1.65

1.37
3.25
3.89
4.86
1.17
2.83
5.67
5.92
2.0
3.25
3.75
7.0

1.78
2.30
2.96
4.17
2.85
3.56
4.84
6.93
3.06
3.77
4.86
8.36

FIGURES^

60

Figure 1.1: Schlieren photographs of stoichiometric flames under conditions of low and
high turbulence. Upper photograph: u' — 0.31 m/s, lower photograph: u' = 3.05 m/s.
From Ballal and Lefebvre(1975).
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Figure 1.2: The regimes of premixed turbulent combustion. The box represents the
region typical of IC engine combustion as estimated by Abraham et al.(1985).
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Figure 1.3: The idealized fractal behavior of curves.
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Figure 2.1: Schematic of combustion test rig designed and built for the present study.
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Figure 2.2: Close-up view of test section showing pilot burner, wrinkled flame and laser

sheet.
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Figure 2.3: Measurements of turbulence intensity and mean velocity at the entrance to
the test section in the absence of grids.
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Figure 2A: Precision mechanism designed to traverse the hot-wire probe which was used
in the end-flow configuration. Exit of contracting section can be seen at lower left.
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Figure 2.6: Turbulence measurements for an open and enclosed jet, 80 mm downstream
of turbulence grid.

FIGURES^

69

Figure 3.1: An example of the flame image recorded on 35 mm film at 1/8000 s using an
Argon-ion laser sheet and Titanium dioxide seeding.

FIGURES^

70

Figure 3.2: The 2-D precision traverse mechanism designed for this study, showing the
mirror mounts, cylindrical-lens holder and focussing lens used to obtain the laser sheet.
The traverse was also used for LDA measurements.

FIGURES^

71

250

200 -1

150 -,

100 -

50 -

0
0

82^164^246

329

410

(a) Pixel intensity versus pixel location.

(b) Edge of flamefront.
Figure 3.3: Examples of (a) the variation of pixel intensity across a flame front and (b)
the edge of the flame obtained by chosing a suitable intensity threshold.
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(a) Case GlA, low turbulence, u / /ui -= 0.50

(b) Case G1D, high turbulence, u//ui^3.3
Figure 4.13: Photographs of turbulent premixed flames under low and high turbulence.
Exposure 1/8000 s, Argon-ion laser sheet, titanium dioxide seeding.
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Figure 4.16: Typical photograph of a cross section of the flame used to calculate the flame
speed directly. Laser sheet visualization, 1/60 s exposure, titanium dioxide seeding.
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Appendix A
AIR SUPPLY SYSTEM

A.1 Choked Nozzle
The choked nozzle used in this study to obtain a constant mass flowrate of air is shown in
Fig. Al. It consists of a nozzle plug which fits into an aluminum housing. For flowrates
corresponding to flow velocities in the test section of 3<U<10 m/s, the larger nozzle
with d=3/16 in was employed. For lower velocities, the smaller nozzle having a 3/32 in
throat diameter was used.
A.2 Orifice Plates
As mentioned earlier, the two orifice plates employed in this study were designed and
installed according to ISO recommendations. Their dimensions are given in Fig. A2.
The machined dimensions on both orifice plates were measured and found to be well
within the permissible tolerances. Figure A3 shows the installation of the orifice plates
as recommended by ISO. A straight length of pipe 0.10 m diameter and 1.32 m long (4in
dia x 52in long) preceeded the orifice plate, and included a flow-straightening honeycomb
of 9.5 mm(3/8in) cell size and 0.30 m(12in) length. The upstream and downstream
pressure taps were located at 0.10 m and 0.05 m (D:1/2 D taps) from the inlet face of
the orifice plate, respectively. They were provided with shutoff valves and connected to
U-manometers by 9.5 mm (3/8in) ID Tygon tubing.
The following procedure was used to set a desired flowrate in the test section. First,
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a nominal value of air flowrate (4a ) was calculated from the desired flow velocity (U)
in the test section. Based on this flowrate, an approximate value of the pipe Reynolds
number was calculated. The discharge coefficient was estimated using the tabulated
values for Plate#1 or the ISO equation (Eq. 2.1) for Plate#2 and the expected value of

(AP) c, was calculated from
4a

=

cdA0

f

1°.5
Pa(i 04)1
2(Ap)„

(A.18)

The air supply was then turned on and the regulator adjusted until the calculated value
of (AP) 0 was indicated by the U-manometer. Then, the laser Doppler system was used to
measure the turbulence intensity (u') within the test section and the flow was readjusted
via the regulator until the desired value of u' was achieved. The flow rate

(4,) was

recalculated from the observed (AP),, using the value of Cd estimated earlier. Based on
this value of 4a the pipe Reynolds number was recalculated and a more precise value of
the discharge coefficient was obtained from tables or the above equation, as the case may
be. The precise value of the mass flowrate of air was then calculated from

m a 7-- Pa

Cdflo

{ 2(AP)„1 0.5

pa ( — 0 4

(A.19)

Once the mass flowrate of air was known, the fuel flow rate could be calculated from the
desired air/fuel ratio.

A.3 Flow Conditioning
Figure A4 shows the devices which were used for flow conditioning. The honeycomb
used to suppress swirling motion, had a cell size of 3.2 mm(1/8in) and was 102 mm(4in)
long. A stainless steel screen having a mesh size of 0.64 mm(1/40in) was followed by two
screens of 0.41 mm(1/62in) mesh placed 25 mm(lin) apart. Besides reducing the intensity
of incident turbulence, a damping screen itself generates turbulence unless the Reynolds
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number based on wire diameter is very small (Re b <20). For the screens employed in
this study, the Reb varies from 6 and 30 based on wire size of 0.1 mm(0.004in). For this
reason, the final screen is followed by a settling length of 0.20 m(8in) equivalent to 500
mesh-lengths in which the screen turbulence decayed to a low level.
A contracting section was designed to produce a uniform velocity profile at its exit.
It was based on the work of Smith and Wang(1944) who presented profiles for circular
contracting cone surfaces which yielded a theoretical exit-velocity uniformity within 1% .
The circular areas based on a given profile were converted to equivalent square sections
to obtain the required profile for the square-sectioned contraction piece used in this
study. The flow enters and exits the contraction in the axial direction. Hence another
contour was required to guide the incoming axial flow smoothly into the contraction.
This contour was designed to be tangent to the Smith and Wang profile at a point 30%
into the contraction and have zero slope at its inlet. A third order polynomial with the
above boundary conditions was specified between x = 0 mm and x = 38.1 mm(1.5in).
The resulting profile is shown in Fig. AS .
Figure A6 shows the complete contracting section with mounting flanges. Its walls
were made of 1.6 mm(16 gage) aluminum sheet formed between two mating aluminum
blocks which were machined to the required profile on a milling machine. The four walls
were welded along the corners to form a contraction piece of square cross section which
was inserted into a flanged housing.

A.4 Calibration of Hot Wire Sensor
The hot wire anemometer was calibrated within the test section against a pitot static
tube. The 5 pm diameter Tungsten wire, 1.5 mm long was spot welded on to a miniature
probe which was used in the end-flow configuration. The operating temperature Top
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was chosen as 250° C. The overheat ratio, defined below, was calculated as 0.8 for this
temperature and a coefficient of resistance a w =0.0036 ohms/ohms°C for Tungsten.

R — Ro
a -=- ^
Ro

(A.20)

where R o and R are the sensor resistances at the ambient(To ) and operating temperatures
respectively. R o was measured directly and the following relation was used for R:

R = Ro [l + a,„(Top — To )]^

(A.21)

The wire resistances and overheat ratio were required to set switches in the electronic
bridge circuit before balancing it.
For calibration purposes, the output of the hot wire (the bridge-top voltage) was
sampled at 1000 Hz. The mean voltage was plotted against measured velocity. The
calibration data is presented in Fig. A7.
During preliminary tests it was observed that electronic drift caused the bridge
circuit to become unbalanced resulting in a shift of the calibration curve. This resulted
in errors upto 6% in the measured velocity. For this reason, the bridge was carefully
balanced before each experiment and the balance was rechecked after the measurements
were completed.

Appendix B

FUEL SUPPLY SYSTEM

B.1 Fuel Delivery System
The combustion measurements in this study were performed with high purity (99%)
methane. The fuel system is capable of delivering upto 30% more than stoichiometric
requirements at full flow conditions of the apparatus which corresponds to a flow of
45 m/s in the test section. For this work involving lean methane-air flames, the maximum
required flow of fuel was 1 g/s corresponding to an equivalence ratio (0) of 0.60 . This
parameter is defined as the ratio of the actual fuel/air ratio to its stoichiometric (0 = 1)
value. For rich fuel-air mixtures 0 > 1 and for lean mixtures 0 < 1.
Figure B1 presents the outlay of the fuel system. The fuel tank pressure was regulated to the pressure desired at the orifice plate which operates under choked conditions.
A range of orifice sizes and a variable upstream pressure set by the regulator, established
the desired fuel flowrate which was measured by a Laminar Flow Element. The differential and static pressures were measured on inclined and mercury manometers respectively.
A chromel-alumel (Type K) thermocouple was used to measure fuel temperature.
Fuel was conveyed to the injector by a 19 mm(3/4in) od copper pipe. A check
valve (ASCO Elec. Ltd. #V0124, 3/4in) located just upstream of the injector provided
additional safety against a backflow of combustion products into the fuel line. The injector was made from 12.5 mm(0.5in) copper tube 101 mm(4in) long with 1.6 mm(1/16in)
holes to spray fuel into a cross-stream of air. The injector was located 1.2 m (12 pipe
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diameters) upstream of the test section.
Figure B2 presents the calibration curve for the LFE (Meriam 55MW10-1.25) employed in this study. The calibration data was supplied by the manufacturer for air
flowing at standard conditions (14.7 psia, 70°F). Corrections were made for temperature
and viscosity as recommended by the manufacturer.
By means of gas chromatograph measurements made at the entrance to the test
section, it was determined by that the fuel and air were well mixed. Mixture samples
were taken at various cross-stream locations across the test section inlet for a mixture
velocity of 3 m/s. Figure B3 presents the results of the above test. The mean values of
the measured fuel concentration at all four locations were within 2% of each other. The
relative standard deviation at each location was approximately 2% . Consequently, fuel
and air were considered to be well mixed.

B.2 Safety Features
The combustion rig was provided with several safety devices to ensure its safe operation.
Both passive and active devices were used. The former, referred to as flame arrestors, are
those that quench an advancing flamefront by rapidly dissipating heat. Typically, such
devices consist of tiny passages formed by rolled-up wire gauze or tiny beads. An active
safety circuit described later in this section was also employed in the combustion rig.
For a properly designed flame arrestor, the flow passages must be smaller than the
quench diameter dq of the fuel-air mixture — defined as the diameter of the smallest flame
kernel which can propagate without any further input of ignition energy. The value of

dq depends on the fuel-air ratio and the intensity of turbulence in the flowing mixture.
Its smallest value occurs in a quiscent combustible mixture having nearly stoichiometric
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composition. Ballal and Lefebvre(1980) proposed that
dq = 10 5f--

ut

(B.22)

where a is the thermal diffusivity and 74 is the laminar flame speed of the mixture. The
above equation is valid for quiscent mixtures of fuel and air. In turbulent flow, dq is
larger owing to the turbulent transport of heat away from the flame kernel. The value
of dq for a methane-air mixture having 0 = 0.60 was calculated as 1.8 mm. The screens
used for flow conditioning had a mesh size of 0.5 mm which was smaller than the quench
diameter. Hence, besides reducing the turbulence level, they also performed as flame
arrestors.
A commercially available flame arrestor [Enardo Manuf. Co., Tulsa] was also employed. It consisted of a stainless steel corrugated sheet tightly rolled into a cylinder and
housed in a 4.5 in OD pipe provided with flanges. It was placed downstream of the fuel
injector.
A custom-designed control circuit was employed as an active safety device in the
combustion rig. This unit operated a pair of solenoid valves that delivered fuel to the
injector (Fig. B1). It received voltage signals from three Type K thermocouples. If a
flame flashback or blowout occurred, the thermocouples signalled the control circuit to
shut the fuel solenoid valves in proper sequence: first, the high pressure solenoid valve
was shut to prevent a buildup of pressure downstream of the fuel orifice. Then, after a
60 millisecond time delay the low pressure solenoid was activated to positively stop fuel
delivery into the air stream. Both valves were of the normally closed type.
TC 1 was located downstream of the test section to detect the presence of the flame.
If the signal from TC 1 fell below a preset value, indicating the absence of a flame, the
shutdown sequence was trigerred. TC 2 and TC 3 were located upstream of the tests section
to detect flashback. If their signal exceeded a preset value, indicating the presence of a
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flame upstream of the pilot burner, the fuel delivery was again stopped. To adjust the
sensitivity of each thermocouple circuit, three potentiometers were provided on the rear
panel of the control unit. TC 2 and TC 3 were set to trigger the unit when a departure of
20°C or more from the operating condition was detected. The reliability of the unit was
checked regularly, and the potentiometers readjusted if necessary.
As an additional safety feature, the fuel was automatically shut off after a preset
delay which could be varied from 2 s to 2 minutes. This was set for approximately 30 s
during the current experiments. Three emergency shutoff switches were also provided,
one of which was carried by the operator. They permitted manual shutdown from a
remote location in case an unsafe situation was observed.
The safety features outlined above ensure that the rig can be operated in a safe manner
by a trained person.

Appendix C
LASER DOPPLER ANEMOMETRY

The laser Doppler anemometer is ideally suited to make non-intrusive velocity measurements. It was employed to examine the performance of the flow conditioning devices. It
was also used for turbulence measurements to determine the best test section geometry,
as described in Chapter 2. During combustion measurements, the LDA was used to set
the air flow rate through the turbulence grids to achieve the desired value of turbulence
intensity. The basic principles of LDA are discussed in this Appendix.

C.1 Introduction
In 1842, an Austrian physicst named Christian Johann Doppler observed an apparent
change in the acoustic frequency whenever the source and observer were in relative motion. This phenomenon, named the Doppler effect, is observed in electromagnetic waves
also, and occurs whenever a source, receiver, reflector or scatterer is in relative motion.
The change in frequency is a measure of the velocity of the moving object.
The Doppler principle is the basis of all laser velocimeter systems. The wavelengths
employed by such systems can be in the visible range as with Argon-ion (green/blue)
and Helium-Neon (red) lasers, or in the infrared as with CO

2

systems. The choice of the

laser source and its power, operating mode of the LDA system, seeding material used,
mode of data acquisition etc. depends on the intended application.
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The change in the frequency of of an incident beam due to a moving scatterer is
very small, typically 10 parts in 10 8 for a velocity of 10 m/s [Drain(1972)]. In order to
detect such small frequency changes the principle of optical heterodyning is used. The
Doppler-shifted and an unshifted beam are focussed on a photomultiplier detector whose
output frequency is equal to the frequency difference in the two incident beams. The
detected frequency becomes a measure of the particle (scatterer) velocity.
C.2 Modes of LDA Operation

The LDA technique can be implemented in two modes of operation, reference beam and
differential Doppler mode. In the reference beam mode, the laser beam is split into
two beams carrying 0.5% and 99.5% of the optical power. The higher powered beam is
directed through the flow and becomes Doppler shifted owing to scatterers in the flow;
the low powered beam provides a reference frequency when the two beams are optically
mixed on the detector. The output signal from the detector has a frequency equal to
the Doppler frequency. A disadvantage of this mode of operation is that the frequency
sensed by the detector depends on its position with respect to the scattered beam.
In the differential Doppler mode the laser beam is split into two beams having
equal power which are focussed to overlap in a small region called the measurement
volume. The Doppler shift associated with each of the two beams is different because
the beams strike the scatterer at two different angles. The detector output gives the
difference between the two frequencies. In this mode of operation the detected frequency
is independent of the position of the detector; hence the scattered light can be collected
in any direction. Furthermore, this mode permits the use of larger optical apertures in
the receiving optics without violating the coherence requirements [see Drain(1972)].
If the frequency-shifted scattered radiation is collected in the forward direction, the
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arrangement is called forward scatter. In this case the receiving optics must be separately
mounted and refocussed each time the measurement location is changed. The scattered
radiation has a maximum value which occurs in the forward direction as demonstrated
by Adrian and Earley(1975). Therefore, the forward scatter arrangement is ideal in
situations where the laser power is small, there are few scattering particles and the data
rate is low.
In the back scatter mode, the transmitting optics are also used as the receiving
optics. When the measurement volume is moved by translating the focussing lens or
adjusting the mirrors, the collection optics remains in focus because the same optical
components are used to receive the scattered radiation. Hence separate alignment and
focussing of the receiving optics is not necessary.This arrangement is used when optical
access to the apparatus is available only from one side. The intensity scattered in the
backward direction is much smaller than in forward scatter, however.
In the present study, the differential Doppler mode of LDA was implemented in the back
scatter configuration because of the ease of alignment. The system details are discussed
next.

C.3 Components of LDA System
The LDA system used in the present study was manufactured by TSI Inc. (St. Paul,Mn)
and is described in this section. The system was used in the back scatter mode. The
laser source was a Spectra Physics 165 Argon-Ion laser giving an optical power output
of 3 Watts in the visible blue/green wavelengths. The beam was collimated upstream of
the color separator which utilizes a dispersion prism to isolate the primary blue (488 nm)
and green (514.5 nm) beams. Only the green beam was employed. It was directed along
the optic axis, by means of two mirrors. The beam was split into two beams of equal
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intensity by a beam splitter. The polarization rotator adjusted the plane of polarization
of the laser beam to match the velocity component being measured. In order to reduce
the diameter of the measuring volume, a beam expander (x2.27) was used. This reduced
the length and diameter of the measuring volume by a factor of 5 and 2.27 respectively
and increased the signal to noise ratio by a factor of 5. The beams were focussed to yield
a measuring volume of 52 ym diameter and 0.5 mm length.
A precision mechanism was designed to translate a mirror and lens. By this means
the measurement location could be moved in two dimensions. The mirrors (Melles Griot
Part #02MFG023/023) had the following specifications: 100 mm diameter, 14 mm thick
pyrex substrate having a surface flatness of A/4 (140 nm) over the central 90% of its
aperture.The reflective coating was enhanced aluminum with an average reflectance of
95% in the visible range (400 nm to 700 nm). Two mirrors were mounted in precision
mirror mounts. The lower mirror was fixed to the base of the traverse while the upper
mirror was mounted on a carrier plate fixed to precision linear bearings sliding on two
hardened steel shafts by means of a hand operated threaded rod. The focussing lens
(250 mm focal length) was mounted on a horizontal arm attached to the carrier plate.
This lens could also be traversed by means of a screw and linear bearing arrangement.
The total vertical and horizontal travel were 600 mm and 200 mm respectively. During
preliminary tests it was observed that the laser beams remained aligned and focussed
during full movement of the traverse, thereby confirming its precision.

C.4 Gaussian Beam Optics
The beam emanating from a gas laser diverges from an imaginary point within the
laser cavity and has a circular cross section everywhere. The intensity profile at any
cross section is Gaussian in shape, the maxima occurring on the beam axis. The beam
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diameter is conventionally defined by the points at which the intensity drops to 1/e 2 of
the centerline maximum value.
When a Gaussian beam is focussed by means of a convex lens, it converges to a
minimum diameter called the beam waist diameter (d e -2) given by:

de -2 =

4Af
^
7D e -2

where A is the laser wavelength, f is the focal length of the focussing lens and

(C.23)
D e -2

is

the laser beam diameter. For A = 514.5 nm (green), a focal length of 250 mm, a laser
beam diameter of 1.4 mm one obtains
de -2

4 x 514.5E — 9 x 250E — 3
7(2.27 x 1.4E — 3)
= 52 tim

The factor 2.27 is due to the beam expander.
The diameter of the measurement volume (d,„„) and its length (/,,,,) are defined by
the 1/e 2 intensity points and calculated from
de -2
= .
sznrc
d -2

=^
e
cos

where

IC is

(C.24)
(C.25)

the half-angle between the two intersecting beams. In the present setup

rc = 5.525°, giving / my = 0.54 mm and dint, = 52 Am.

At the measurement volume, the two intersecting beams produce a set of dark and
bright fringes. The particle velocity can be calculated from the fringe spacing and the
measured Doppler frequency. The fringe spacing is given by
A
df = ^
2sink

(C.26)
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and is calculated in our setup as clf = 2.67 ktm. The calibration constant, given as
(1/d1 ) MHz of Doppler shift per meter/sec of particle velocity, was 374 kHz for the
optical setup used for this study.

C.5 Seeding of Airflow
There are two commonly used methods to seed a flow of gas. Liquid aerosols can be
produced by an atomizer using compressed air, while solid particles can be injected into
the gas stream by means of a cyclone seeder or fluidized bed seeder. These are briefly
discussed below.
Liquid atomization is a convenient and inexpensive method of seeding the gas flow
with an aerosol. Gouldin et al(1988) and Chew et al(1989) employed this method to
disperse an aerosol of silicone oil. They measured the mean diameter as 4 ym; however,
atomization produces a wide particle size distribution up to 10 or 15 Am in size[TSI(1987).
In the early part of this work such a seeder was used with a 50:50 mixture of glycerin
and water. However, the particles deposited on the pipe walls, flow-conditioning screens
and on the windows of the test section.
The dispersion of solid particles into a gas stream by means of a cyclone type of
seeder was first demonstrated by Glass and Kennedy(1977). A bed of powder (say aluminum oxide) is stirred by means of a tangential air jet and the particles are carried into
the main flow. The usual problems [TSI (1987)] with this method are (a) agglomeration
into larger (1 to 5 Am) particles and (b) difficulty of obtaining a steady, repeatable seeding rate. This method can result in a safety hazard by clogging valves downstream of
the seeder as observed by Gete(1991).
The seeding technique employed in this study was a hybrid of the above two methods,
i.e. solid seed particles were obtained from a liquid seeding device. The reaction of
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Titanium tetrachloride (TiC1 4 ) with moist combustion air forms particles of Titanium
dioxide (TiO 2 ):
TiC14 + 211 2 0 TiO 2 + 411C1
Takeno et al(1990) measured the size (d p < liim) of the spherical particles formed by
means of the above reaction. Mantzaras et al(1989) reported that this method gave
uniform, repeatable seeding with no agglomeration [also Lai et al(1989)}. The seeding
density was easily adjusted by varying the flow of dry air through the seeder. The seed
material was ideal for our application of back scatter LDA requiring metallic compounds
having high refractive index [TSI(1987)].
Figure Cl shows a schematic of the seeding system designed for this study. Utility
air at 110 psig was filtered to remove water droplets. A Dantec aerosol seeder was used
as a flow control device. The air was dried by means of a descicant (CaSO 4 ) packed in
a cylinder. The dry air was measured (typically 0.2% of the main flow) by means of a
rotameter and fed into the seeder where it picked up TiC1 4 vapor. The air/vapor mixture
was sprayed into the main flow through tiny holes in a PVC tube. The humid combustion
air caused the formation of TiO 2 according to the above reaction. The hydrochloric acid
vapor formed as a byproduct of the chemical reaction caused only minimal corrosion of
the stainless steel piping in the test rig. Laboratory grade Tygon tubing carried the vapor
from the seeder into the air stream. Any handling of TiC1 4 was done in a fume hood in
the Environmental Engineering laboratory, taking appropriate safety precautions.
Figure C2 shows a cross section of the seeder. It was made from nylon pipe
127 mm0Dx102 mmID (5in x 4in) cut to length and held between 12.5 mm(0.5in) thick
nylon plates by 1/4in threaded rods. Two Viton '0' rings provided the required sealing
against the operating pressure of 20 kPa (3 psig); the device was pressure tested upto
54 kPa (8 psig) for leaks. About 50 ml of TiC1 4 was poured into the seeder.
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The satisfactory operation of this seeder demonstrated that cheap materials such
as nylon, PVC and Tygon can be used in a TiC1 4 seeding system instead of Teflon and
stainless steel as reported by Mantzaras et al(1989).

Appendix D

LAMINAR FLAME THICKNESS

The laminar flame speed u i and the laminar flame thickness S i are important parameters
in the study of turbulent wrinkled flames. The regime in which such flames occur was
examined in Chapter 1 . Another important parameter is 1161 , the ratio of the integral
scale of turbulence L to the laminar flame thickness. As explained earlier, these two
ratios define the Damkohler number as

Da =

1 161

It is shown in this section that the thermal diffusivity required to estimate the laminar flame thickness cannot be evaluated at a single temperature, as is commonly done.
Rather, it must be determined by taking into account two different temperatures.
The simple result obtained from the theory of Mallard and LeChatelier is often used
to calculate Si . They proposed a two-zone model where the upstream diffusion of heat
from the highly exothermic reaction zone creates a preheat zone in which the temperature of the unburned mixture Tu rises to its ignition temperature Ti . The situation is
illustrated in Figure D1 in which Tb is the burned gas temperature, p u is the density of
the unburned mixture and the laminar flame speed u i is the velocity of a plane combustion wave travelling into a quiscent combustible mixture. The laminar flame thickness Si
is taken as the width of the reaction zone.
The analysis of Mallard and LeChatelier equates the conductive heat flux across the
plane of ignition to the change in enthalpy of unburned mixture as its temperature rises
107
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from Tu to Ti . Such an analysis yields the following simple expression for the laminar
flame thickness:

=—
a^(D.27)
ul

where a is the thermal diffusivity (a = 1c1 pcp ) of air, since the proportion of fuel in the
mixture is small.
Glassman(1987) recommends that a be evaluated at T2 =1300 K for stoichiometric
mixtures of hydrocarbon fuels. Lewis and vonElbe(1987) recommended evaluating a at
1000 K while Ballal and Lefebvre(1975) calculated 81 based on a at 300 K. A summary
of sixteen sets of data on turbulent flames in which both u' and L were measured was
presented by Gulder(1990). The values of IL I and kinematic viscosity v employed by
the various authors was also listed. The flame thickness was calculated as 8/ = v/u i
(assuming v = a i.e. Prandtl No.=1). The values of v listed indicate that a, and hence

81 , was evaluated at 300 K. The variation of thermal diffusivity of air with temperature
is shown in Figure D2 by the solid circles. It is seen that in the temperature range of
300 K to 1300 K mentioned above, a varies by a factor of ten.
In order to evaluate the laminar flame thickness more precisely, the analysis of
Mallard and LeChatelier is presented below with certain modifications proposed in this
study. Refer again to Figure Dl. For unit cross sectional area, the following energy
balance equation can be written

dT
Tu)^— (k dx )T,
(ma + 7:r1 f)ep(Ti

(D.28)

where M u and rim f are the air and fuel mass flow rates respectively, c, the average specific
heat of the unburned mixture in the flame preheat zone, (k) T, is the conductivity of the
hot gases evaluated at T, and (dT/c/x) T, is the temperature gradient at the boundary
between the preheat and reaction zones.
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(thf M a ) = Nu t for unit cross sectional area, we get
p u u/Ep(T, — Tu )^(k) 2,‘ Tb 8

—

71^(D.29)

Following the general procedure outlined in Glassman(1987) one arrives at a modified
expression for 61 which is proposed in this work:
(k)Tii Pue;^a'

ui

(D.30)

In the above expression for a' three temperature levels are involved Tu , Ti and an average
temperature of the preheat zone at which cp is evaluated. This is in contrast to the
commonly used expression a = k/pcp evaluated at a single temperature between 300 K
and 1300 K.
In order to examine the variation of a' with ignition temperature, say 800 < T i <
1300 K, we first note that in this range of temperatures c p for air varies by only 10%
and, secondly, that the unburned fuel-air mixture is at ambient temperature for most
studies. Therefore a' is a function of ignition temperature primarily through the strong
temperature dependence of thermal conductivity. By choosing p u at 300 K, cp at a mean
temperature of (Tu + Ts )/2 and (k)T, for 800 < T. < 1300 K, the temperature dependence
of a' can be examined.
Figure D2 also shows the variation of a' with temperature. It is seen that the parameter a' proposed in this work is smaller than the value recommended by Glassman(1987)
at 1300 K by a factor of 4.25; and by a factor of 3.3 from the value recommended by
Lewis and vonElbe(1987) at 1000 K. For the typical range of ignition temperatures mentioned above, a' increases by 33 percent. Hence, it is reasonable to evaluate the laminar
flame thickness 6; = a' f ul at a mean temperature of, say, 1000 K at which a'=5.37E5 m 2 /s. The fuel air ratio determines the laminar flame speed and thereby 6;. In the
present study, the laminar flame thickness is based on the modified thermal diffusivity

a' evaluated at 1000 K. Where necessary, the conventional value of (5 / is also noted.
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Figure A.1: Choked nozzle designed to provide constant mass flow of combustion air.
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Figure A.2: Orifice plate designed to measure the flow rate of combustion air.

FIGURES (APPENDIX)^

112

Screens
Nozzle
Flow conditioning
Honeycomb
Orifice plate
D:1/20 Taps
^ Honeycomb^
Cell size 0.25 [6.351
04 [1021

XXX\

3x0

2x 0

8x0

3x0

(2 x 0 min)

(2)9 min)

(6 x 0 min)

(3 x 0 min)
Scale 1:10

/XXX\

Figure A.3: Installation of orifice plate for measuring the flow rate of combustion air.
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Figure A.5: Profile of contraction piece designed to produce uniform velocity at its exit
plane. Adapted from Smith and Wang(1944).
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Figure A.6: Contracting section designed to produce uniform velocity at its outlet.
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used in this study.
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Figure B.1: Schematic of the control, measurement and delivery system for fuel.
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Figure D.2: A comparison of the modified thermal diffusivity a' with the conventional
value a = (1c/pcp ),,, proposed to estimate the thickness of the laminar flame.

