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Abstract Topology and brush thickness of turbulent premixed V-shaped flames were inves-
tigated using Mie scattering and Particle Image Velocimetry techniques. Mean bulk flow
velocities of 4.0, 6.2, and 8.3 m/s along with two fuel-air equivalence ratios of 0.6 and 0.7
were tested in the experiments. Using a novel experimental turbulence generating apparatus,
three turbulence intensities of approximately 2 %, 6 %, and 17 % were tested in the experi-
ments. The results show that topology of the flame front is significantly altered by changing
the turbulence intensity. Specifically, at relatively small turbulence intensities, the flame
fronts feature wrinkles which are symmetric with respect to the vertical axis. At moderate
values of turbulence intensities, the flame fronts form cusps. The formation of cusps is more
pronounced at large mean bulk flow velocities. The results associated with relatively large
turbulence intensity show that flame surfaces feature: mushroom-shaped structures, freely
propagating sub-flames, pocket formation, localized extinction, and horn-shaped structures.
Analysis of the results show that the flame brush thickness follows a linear correlation with
the root-mean-square of the flame front position. The correlation is in agreement with the
results of past experimental investigations associated with moderately turbulent premixed
V-shaped flames, and holds for the range of turbulence conditions tested. This suggests that
the underlying mechanism associated with the dynamics of moderately turbulent premixed
V-shaped flames proposed in past studies can potentially be valid for the the wide range of
turbulence conditions examined in the present investigation.
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1 Introduction
Several engineering systems, e.g., stationary gas turbines, lean premixed and prevapor-

ized gas turbine engines, and spark ignition engines perform in the mode of turbulent
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premixed combustion [1-4]. The combustion processes in these engineering applica-
tions are accompanied by significantly large values of turbulence intensities (u'/U ~
50 %), where u’ and U are the root-mean-square (RMS) and mean of the veloc-
ity measured in the reactants flow [5]. In several investigations associated with tur-
bulent premixed combustion, the V-shaped flame configuration has been utilized to
study the fundamental physics associated with combustion processes in real engineer-
ing applications; see, for example, the review papers by Clavin [3] and Driscoll [4].
Survey of literature pertaining to V-shaped flames shows that perforated plates or mesh
screens have been mainly utilized for turbulence generation purposes. These appara-
tuses can generate turbulent flow fields with corresponding turbulence intensities of about
10 %. The values of turbulence intensities associated with perforated plates and mesh
screens are significantly smaller than those pertaining to real engineering applications.
Since the flame characteristics can become strongly altered at large values of u’/U, the
present study is motivated by the need to explore the turbulent premixed V-shaped flame
characteristics at relatively large values of turbulence intensities. In this investigation, two
characteristics are studied: flame front topology and flame brush thickness. The rest of this
section presents a review of literature associated with these characteristics.

Studying the flame front topology is associated with realization of flame front struc-
tures apparent in turbulent premixed flames. The flame front structures are of significant
importance since they are related to several flame front characteristics, e.g., flame front
curvature, surface density, and brush thickness. Thus, several investigations have been
performed to study the topology of V-shaped flames in the past decades; see, for exam-
ple, [6-10]. Experimental results presented in Goix et al. [6] show that, for relatively
small values of turbulence intensities, therein referred to as laminar condition, the flame
fronts represent two straight lines. At relatively moderate values of turbulence intensity,
ie, u'/U ~ 10 %, results presented in [6-10] show that the topology of turbu-
lent premixed V-shaped flames depends on the vertical distance from the flame-holder.
Relatively close to the flame-holder, similar to the results associated with small values of
u’/ U, the flame fronts feature two straight lines. However, at large vertical distances from
the flame-holder, the flame fronts become wrinkled [6—10]. Although topology of turbu-
lent premixed V-shaped flames is investigated for relatively small and moderate values
of turbulence intensities [6—10], it is not studied for relatively large values of turbulence
intensities.

The flame brush thickness (§1) is an approximate distance over which the flame front
exists [4]. In turbulent premixed V-shaped flames, §T can be estimated using the following
equation [9]:

! 1

= max(—dc/dx)’ M
where c is the mean-progress-variable, and x is the axis normal to the vertical axis pointing
towards the reactants region. Two mathematical formulations have been developed for the
flame brush thickness in the literature. The first formulation is associated with the Langevin
model [11, 12]. Taylor also proposed a similar formulation in his turbulent diffusion theory
[13]. Using the results provided in [11-13], it is shown [4, 14, 15] that the flame brush
thickness normalized by the integral length scale (61/A) can be obtained from the following
formulation:
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Note that the factor /27 is missing in [4, 14]. In Eq. 2, ¢ is referred to as the eddy
convection time and equals to the ratio of the vertical distance from the flame-holder (y) to
the mean bulk flow velocity (U) [4]. 7 is referred to as the eddy turnover time and equals
to A/u’ [4]. The second formulation developed for the flame brush thickness is associated
with the level set formalism [1]. Peters [1] shows that the flame brush thickness can be
obtained from the following equation:

oT r 1
= 1.78[1 — exp(=2 )]2. €))
A T

It can be shown that both Egs. 2 and 3 predict a linear correlation between the normalized
flame brush thickness and the normalized convection time (¢/7) for relatively small values
of this parameter. For relatively large values of ¢/7, Eq. 2 suggests that /A = 24/7t/7,
while Eq. 3 predicts ét/A = 1.78.

Guo et al. [8], Kheirkhah and Giilder [9], Namazian et al. [16], and Rajan et
al. [17] experimentally investigated the flame brush thickness of turbulent premixed
V-shaped flames. Their results show that ét is dependent on the vertical distance
from the flame-holder, turbulence intensity, and the fuel-air equivalence ratio (¢).
Specifically, their results show that increasing y and u’/U increases the flame brush
thickness. This is in agreement with the formulations presented in Eqs. 2 and 3.
The results of past experimental investigations [8, 9, 16] show that increasing the fuel-air
equivalence ratio increases the flame brush thickness. Kheirkhah and Giilder [9] showed
that the flame brush thickness is proportional to the root-mean-square (RMS) of the flame
front position (x"); and x” increases with increasing the fuel-air equivalence ratio. Also, in
a recent publication [10], the authors discuss that the reason for the increase of x” with ¢ is
the enhancement of the reactants transverse velocity fluctuations at the vicinity of the flame
front. Thus, the reason for the increase of §t with ¢ is known for moderately turbulent pre-
mixed V-shaped flames. Nevertheless, increase of ét with ¢ is in contrast with predictions
of both models presented in Eqs. 2 and 3. As speculated by Lipatnikov and Chomiak [14],
this discrepancy between the experimental results and those of theoretical formulations may
be attributed to the formulations not being capable of incorporating the effect of heat release
on the flame front dynamics.

To the best knowledge of the authors, topology of turbulent premixed V-shaped flames
as well as the flame brush thickness have not been investigated for relatively large values
of turbulence intensities, i.e., u’//U ~ 20 %. Specifically, the validity of the linear cor-
relation between &t and x’, proposed in Kheirkhah and Giilder [9] for moderate values
of u’/U, has not been investigated for relatively large values of u’/U. The present study
aims at developing a novel experimental apparatus which allows for producing relatively
large values of u'/U. Then, topology of turbulent premixed V-shaped flames as well as
the flame brush thickness are investigated for the large values of turbulence intensity. For
comparison purposes, the flame front characteristics are also studied at small and moderate
values of u’/ U.

2 Experimental Methodology

This section consists of the experimental setup utilized for producing the V-shaped flames,
the measurement techniques, and the experimental conditions tested.
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2.1 Experimental setup

Burner setup and coordinate system The V-shaped flames were produced using the burner
shown in Fig. 1a. The burner is composed of an expansion section, a settling chamber, a
contraction section, and a nozzle. The expansion section has an expansion area ratio of
about four. As can be seen from Fig. la, a baffle disk is placed close to the entrance of
the expansion section in order to disperse the entering premixed and seeding flows. Fol-
lowing the expansion section, a settling chamber is placed. The chamber contains five
mesh screens for flow conditioning purposes. After the settling chamber, a contraction
section with a contraction area ratio of about seven is placed. A nozzle section is installed
after the contraction section. The nozzle has an inner diameter (D) of 48.4 mm. A
flame-holder is placed close to the exit of the nozzle, see Fig. 1b. The flame-holder
is cylindrical in shape, and has a diameter (d) of 2 mm. A flame-holder support was
used to fix the flame-holder, see Fig. 1b. Parallel and circular guiding holes were gen-
erated on the flame-holder support. The guiding holes serve as a sliding mechanism
which allows for adjusting the distance between the flame-holder centerline and the exit
plane of the burner, see Fig. 1b. This distance was fixed at 4 mm for all the experimental
conditions tested.

The coordinate system utilized in the present investigation is Cartesian, as shown in
Fig. 1b. The origin of the coordinate system is located equidistant from both ends of the
flame-holder, and 5 mm above the burner exit plane. The y-axis of the coordinate system is
normal to the exit plane of the burner. The x-axis is normal to both y-axis and the flame-
holder centreline. The z-axis is normal to both x and y axes and lies along the span of the
flame-holder.

(a) (b)
Flame-holder
<+— Flame-holder Support

Nozzle
Contraction
Section
Settling
Chamber

Screen
Expansion
Section

Baffle Disk

— and Screens

Seeding Flow

Premixed Flow 4?

Fig. 1 (a) Burner setup and (b) flame-holder, flame-holder support, and coordinate system details
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Turbulence generating arrangements Three turbulence generating arrangements were uti-
lized in the present study. For the first arrangement, turbulence was produced by the mesh
screens in the settling chamber, see Fig. 1a. The values of the turbulence intensities pertain-
ing to this arrangement were relatively small (u’/U =~ 0.02). Relatively moderate and large
values of turbulence intensities were produced using the second and the third arrangements,
with details provided below.

The technical drawing associated with the second turbulence generation arrange-
ment is presented in Fig. 2a. The generator shown in Fig. 2a is a stainless
steel perforated plate, with outer diameter (D) of 48.4 mm and a thickness of 1 mm. Sixty
seven circular holes were generated on the plate. The holes are arranged in hexagonal
pattern. Each hole has a diameter (Dy) of 3.9 mm. The distance between two neighbour-
ing holes (s) is 5.7 mm. This arrangement of holes results in a plate blockage ratio of
approximately 58 %. The turbulence intensity pertaining to the second arrangement is
u'/U =~ 0.06.

Figure 2b represents the technical drawing of the third turbulence generation arrange-
ment. The generator shown in Fig. 2b is composed of two perforated plates, with the plate
technical drawing presented in Fig. 2a. In Fig. 2b, r and 6 are the distance between two

(b)

Fig. 2 (a) and (b) Turbulence generating mechanisms utilized for the second and the third arrangements,
respectively
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neighbouring circular holes as well as the relative angular position of the plates, respectively.
The results show that both r and 6 significantly affect the turbulent flow characteristics.
Using a trial and error technique, these parameters were tuned such that the turbulence
intensity produced by the arrangement is maximized. The pertaining values of r and 6
are approximately 15 mm and 60°, respectively. This arrangement results in a turbulence
intensity of u’/U =~ 0.17.

Depending on the second or third turbulence generating arrangement tested, either the
generator shown in Fig. 2a or that shown in Fig. 2b was placed in the nozzle section of
the burner. For distances between the turbulence generating mechanism and the exit plane
of the nozzle smaller than about 50 mm, the flames occasionally flash back and stabilize
on the turbulence generating mechanism rather than the flame-holder. In order to avoid this
problem, for the second and the third arrangements, the turbulence generators were placed
one and a half nozzle diameters, i.e., about 73 mm, upstream of the nozzle exit plane.

2.2 Measurement techniques

The Mie scattering and the Particle Image Velocimetry (PIV) techniques were utilized in
the experiments. The former was used to study the flame front topology and flame brush
thickness. The latter was utilized for estimating the velocity field characteristics under non-
reacting flow conditions. The following two subsections provide details associated with the
measurement techniques.

Mie scattering Mie scattering is elastic scattering of light, with wavelength A, from parti-
cles with average size dp, when dj, 2 A [18]. Olive oil droplets were utilized for seeding
purposes in the Mie scattering experiments. A Laskin-nozzle type nebulizer utilized in past
investigations [9, 19, 20] was used for producing the olive oil droplets.

In the application of the Mie scattering technique for studying premixed combustion,
it is assumed that the combustion occurs inside a relatively thin layer. This assumption is
referred to as the flamelet assumption [21]. Implication of the flamelet assumption is that if
the reactants are seeded with particles which evaporate at the flame front, the light intensities
scattered from the particles significantly change across the flame front. This abrupt change
in the light intensities was used for obtaining the flame front in the present study.

The hardware associated with the Mie scattering technique consists of a CCD camera
and a pulsed Nd:YAG laser. The CCD array has a resolution of 2048 pixels x 2048 pixels.
The camera head is equipped with a Macro lens which has a focal length (f) of 105 mm.
For all experiments, the lens aperture size was fixed at f/8. Also, the lens was equipped
with a 532 nm band-pass filter in order to avoid influence of flame chemiluminescence in
the acquired images.

The flow field was illuminated by a laser sheet formed from a 6.5 mm diameter beam,
which has a wavelength of 532 nm, a beam energy of about 120 mJ per pulse, and a pulse
duration of about 4 ns. At the plane of z/d = 0, where all the experiments were performed,
the laser sheet thickness was measured to be 150 & 50um. The laser operated at a frequency
of 5 Hz and the Mie scattering images were simultaneously acquired by the CCD camera.
For statistical analysis purposes, 1000 images were acquired for each experimental condi-
tion tested. The recorded images were binarized and filtered using the algorithm detailed in
Kheirkhah and Giilder [9].

Farticle image velocimetry The Particle Image Velocimetry (PIV) was performed in order
to estimate the non-reacting turbulent flow characteristics. The hardware associated with
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the PIV is identical to that used for the Mie scattering experiments. Also, similar to the
Mie scattering experiments, olive oil droplets were utilized for seeding purposes in the PIV
experiments. For each experimental condition tested, 1000 PIV image pairs were acquired.
The interrogation box size was set to be 16 pixels, with zero overlap between the boxes.
The separation time between the laser pulses, was selected such that the average distance
traced by the seeding particles in each interrogation box was approximately 25 % of the size
of the interrogation box. This measure was taken in order to avoid particles loss between
consecutive images.

2.3 Experimental conditions

The tested experimental conditions are tabulated in Table 1. Methane grade 2, i.e.,
methane with 99 % chemical purity, was used as the fuel in the experiments. All veloc-
ity statistics presented in Table 1 were estimated using the Particle Image Velocimetry
(PIV) technique for non-reacting flow condition and without the flame-holder in place.
The velocity data were estimated along the line associated with the intersection of the
planes: y/d = —1 and z/d = 0. Then, mean and RMS of the streamwise velocity
data were averaged along the corresponding line (from x/d = —12 to 12). In Table 1,
U and u'/U pertain to the averaged values along the x-axis. In the table, Flames A-F,
G-L, and M-R correspond to the first, the second, and the third turbulence generating
arrangements, respectively. For each turbulence generating arrangement, three mean bulk
flow velocities of U = 4.0, 6.3, and 8.3 m/s were tested. For each mean bulk flow

Table 1 Tested experimental conditions

U(m/s) ¢ Sro(m/s) S.(mm) u' /U A(mm) Rep Da Ka

Flame A 4.0 06 013 0.17 0.02 2.6 13.2 24.8 0.02
Flame B 4.0 0.7 020 0.11 0.02 2.6 13.2 58.8 0.01
Flame C 6.2 06 013 0.17 0.02 2.5 17.5 174 0.03
Flame D 6.2 0.7 020 0.11 0.02 2.5 17.5 41.1 0.01
Flame E 8.3 06 013 0.17 0.02 2.4 30.6 9.2 0.07
Flame F 8.3 0.7 020 0.11 0.02 2.4 30.6 21.7 0.03
Flame G 4.0 06 013 0.17 0.06 4.2 58.9 146  0.06
Flame H 4.0 0.7 020 0.11 0.06 4.2 58.9 345 0.02
Flame I 6.2 06 013 0.17 0.06 3.8 84.7 8.3 0.12
Flame J 6.2 0.7 020 0.11 0.06 3.8 84.7 19.6  0.05
Flame K 8.3 06 013 0.17 0.06 3.8 116.2 6.1 0.20
Flame L 8.3 0.7 020 0.11 0.06 3.8 116.2 14.3 0.08
FlameM 4.0 06 013 0.17 0.18 6.3 2849 638 0.28
Flame N 4.0 0.7 020 0.11 0.18 6.3 284.9 16.1 0.12
Flame O 6.2 06 013 0.17 0.17 5.5 4294 45 0.51
Flame P 6.2 0.7 020 0.11 0.17 5.5 429.4 10.7 0.22
Flame Q 8.3 06 013 0.17 0.17 55 501.0 29 0.85
Flame R 8.3 0.7 020 0.11 0.17 5.5 501.0 7.0 0.36
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velocity, two fuel-air equivalence ratios of ¢ = 0.6 and 0.7 were examined. It was desir-
able to perform experiments at larger values of fuel-air equivalence ratio, e.g., ¢ = 0.8 and
¢ = 0.9. However, due to occasional flash back of the flames associated with the third tur-
bulence generation arrangement for ¢ = 0.7, experiments were not performed for fuel-air
equivalence ratios larger than 0.7. In Table 1, the integral length scale (A) was estimated
from the autocorrelation of the streamwise velocity data calculated along the y-axis [12].
The values of the unstretched laminar flame speed was extracted from [22]. The laminar
flame thickness was estimated from §;, = D/Sro, where D = v/(PrLe). The Lewis num-
ber (Le), the Prandtl number (Pr), and the kinematic viscosity (v) are estimated for the
reactants at standard temperature and pressure conditions. Le, Pr, and v are unity, 0.71, and
1.57 x 10~>m? /s, respectively. In Table 1, Reynolds, Damkéhler, and Karlovitz numbers
are calculated from Rep = u’A/v, Da = SpoA/(u'8y), and Ka = 0.157(u’/S10)> Re 1O
[23], respectively.

All the experimental conditions tested are overlaid on the Borghi diagram [1], presented
in Fig. 3. As shown in the figure, the experimental conditions associated with the first, the
second, and the third turbulence generation arrangements mainly correspond to the wrinkled
flames, the corrugated flames, and the thin reaction zones, respectively.

3 Results

The results are associated with the flame front topology and the flame brush thickness. The
Mie scattering technique was utilized to obtain the data associated with these character-
istics. The Mie scattering is a two-dimensional imaging technique. It is believed that the
three-dimensionality of the flame surfaces enhances with increasing the turbulence intensity.
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Fig. 3 The experimental conditions overlaid on the Borghi diagram [1]
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However, the three-dimensionality of the flame surfaces does not influence the discussions
presented in here. This is because the results pertaining to the flame front topology pro-
vide qualitative presentation of the flame surfaces as apposed to quantitative presentations.
For the flame brush thickness, by definition, dT depends on the characteristics of the mean-
progress-variable measured at a single plane (z/d = 0), see Eq. 1. Although, values of ét
can potentially vary in planes of z/d # 0, the values measured at z/d = 0 are indepen-
dent of three-dimensionalty of the flame fronts. In the following sections, first, the results
associated with the flame front topology are presented. Then, the flame brush thickness is
studied.

3.1 Flame front topology

Analysis of the Mie scattering images shows that, for all experimental conditions tested,
the topology of the flame fronts strongly depends on the turbulence intensities examined.
Three representative Mie scattering images associated with relatively small, moderate, and
large values of turbulence intensities are shown in Fig. 4a, b and c, respectively. The
flame fronts are shown by the highlighted curves in the figures. The results in Fig. 4a
show that, at relatively small value of the turbulence intensity, the flame fronts represent
two straight lines. However, the results in Fig. 4b and ¢ show that, at relatively moder-
ate and large values of turbulence intensity, the flame fronts are wrinkled. The results in
Fig. 4a—c show that increasing the turbulence intensity increases the wrinkling of the flame
surfaces. In addition to enhancement of the flame front wrinkling, increasing u’/U from
moderate to large values results in spread of the flame surfaces in a relatively larger area.
Since the topology of the turbulent premixed V-shaped flames shows a strong dependence
onu’/U, the results are discussed in three subsections: small, moderate, and large values of
turbulence intensities.

Small turbulence intensity For the experimental conditions associated with relatively small
turbulence intensities (Flames A-F), the Mie scattering images show that the flame fronts
mainly feature two straight lines similar to the results presented in Fig. 4a. The results
in the figure showed that the flame fronts are symmetric with respect to the y-axis.

(c) u'/U ~0.18
3 N

5 10 15 -5 -10 -5 5 10 15 -15  -10 5

0 0
z/d z/d
Fig. 4 Representative images of the flame front topology. (a), (b), and (c) correspond to Flames A, G, and
M, respectively. The turbulence intensities associated with (a), (b), and (¢) are ' /U = 0.02, 0.06, and 0.18,
respectively. For all flame conditions presented, the the mean bulk flow velocity and the fuel-air equivalence
ratio are fixed at U = 4.0 m/s and ¢ = 0.6, respectively
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This is similar to the results associated with relatively small values of turbulence intensity
presented in Goix et al. [6].

In comparison to the results presented in Fig. 4a, which showed two straight lines,
the analysis of the Mie scattering images show that, with increasing the mean bulk
flow velocity, the flame fronts become perturbed. The perturbations are more pronounced
at large vertical distances from the flame-holder. Representative flame fronts featuring
two perturbed lines, corresponding to Flame F condition, are presented in Fig. 5a. As
shown in the figure, relatively close to the flame-holder (y/d < 5), the flame fronts
feature two straight lines. However, for y/d 2 5, the amplitude of the perturbations
grows towards the downstream direction. Two insets of Fig. 5a, associated with the
left and right wings of the flame fronts, are presented in Fig. 5b and c, respectively.
The results in Fig. 5b and c¢ show that the flame fronts are symmetric with respect
to the y-axis. Shanbhogue et al. [24] investigated topology of V-shaped flames in both
presence and absence of acoustic excitation. For relatively small turbulence intensities
and without the excitation, in agreement with the results presented in Fig. Sa, their
results [24] show that the flame fronts feature corrugated surfaces that are symmetric
with respect to the vertical axis.

Moderate turbulence intensity Comparison of the results presented in Fig. 4a and b showed
that increasing the turbulence intensity from about 2 % to 6 % strongly affects topology
of the turbulent premixed V-shaped flames. Specifically, the symmetry of the flame fronts
observed for relatively small values of turbulence intensity disappears at moderate values
of u’/U. Since the characteristics of the reactants flow are expected to influence topology
of the flame fronts, the asymmetry of the flame fronts pertaining to relatively moderate

(b) ()

34
32
30
28
26

24

22

-15 -10 =5 0 5 10 15 ' '4 -3 2 2 3 4
xz/d x/d z/d

Fig.5 (a) Representative Mie scattering image associated with Flame F condition. The corresponding mean
bulk flow velocity, turbulence intensity, and fuel-air equivalence ratio are U = 8.3 m/s, u’'/U = 0.02, and
¢ = 0.7, respectively. (b) and (c) are insets of (a) and correspond to the left and right wings of the flame
front, respectively
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value of u’/ U is linked to relatively strong velocity fluctuations associated with Flames G-L
conditions.

Although topology of the flame surfaces changes by increasing the turbulence inten-
sity from about 2 % to 6 %, the flame fronts associated with the relatively small
and moderate values of u'/U feature common characteristics. Specifically, compari-
son of the results presented in Fig. 4b with those in Fig. 5, show that size of flame
front wrinkles increases with increasing the vertical distance from the flame-holder.
This indicates that, for the experimental conditions corresponding to Flames A-F and
G-L, the flame brush thickness is expected to increase by increasing the vertical
distance from the flame-holder. Indeed, results of past studies associated with rela-
tively small and moderate values of u’/U show that increasing y increases dr, see,
for example, [9].

In addition to the similarity associated with the growth of the size of the wrinkles with
vertical distance from the flame-holder, comparison of the results presented in Figs. 4b
and 5a shows formations of cusps for experimental conditions associated with both rela-
tively small and moderate values of turbulence intensity. Cusps are flame front structures
with negative and large values of curvature [25], where negative value of curvature refers to
the flame front being concave towards the reactants region [25]. Analysis of the Mie scatter-
ing images associated with Flames A-F and G-L show that the formation of cusps is more
pronounced both at relatively large values of mean (U) and RMS (u') velocity fluctuations.
A representative Mie scattering image associated with the experimental condition of Flame
L is shown in Fig. 6a. The regions associated with cusp formations are highlighted by the

(a) | (b) w,d/U
' i 35p ‘ % 25
- e
30l .l | 2
A 15
25F S :
v 1
20¢ A% :
- 0.5
15} . ] 0
at
’ -05
10} ‘e 1
-1
%%
3 -15
o O 2

0 0
x/d x/d
Fig. 6 (a) Representative flame front associated with Flame L condition, with U = 8.3 m/s, u’/U = 0.06,
and ¢ = 0.7. The white dashed boxes highlight the regions of cusp formation. The white curved arrows
correspond to possible directions of vortices rotations. (b) Representative normalized vorticity contour of
non-reacting flow, with experimental conditions identical to those of (a)
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dashed boxes in the figure. Figure 6b represents normalized vorticity (w,d/U) contours in
the wake of the flame-holder and for non-reacting flow condition. The turbulence charac-
teristics at the exit of the burner (y/d &~ —1) are identical for the results presented in both
Figure 6a and b. The results presented in Fig. 6b indicate that the flow structure in the wake
of the flame-holder is dominated by alternate shedding of vortices, with representative direc-
tion of rotations shown by the black curved arrows in Fig. 6b. Although, for reacting flow
condition, due to heat release effects, the flow structures shown in Fig. 6b may alter, previ-
ous studies, e.g., [26], show that the vortex shedding exists in the wake of the flame-holder.
This observation is also confirmed by studies associated with turbulent premixed flames
stabilized in the wake of non-circular flame-holders; see, for example, [24]. The studies of
[24,26] indicate that the flow structures strongly influence the flame fronts. Specifically, the
results presented in [24] show that the vortices are mainly surrounded by the flame surfaces.
This interaction of vortices and the flame front is speculated to affect the flame front topol-
ogy presented in Fig. 6a. The flame fronts shown in Fig. 6a seem to surround boundaries of
a von Kédrman vortex street. Possible direction of vortices rotations are shown by the white
curved arrows in the figure. The results in Fig. 6a suggest that the cusps are formed due to
the interaction between the flame fronts and the vortices formed in the wake of the flame-
holder.

Large turbulence intensity Results presented in previous subsections show that certain
flame front structures can be identified using the Mie scattering technique. This is due
to the state of the flow being associated with relatively small and moderate values of
turbulence intensities. In comparison to flame topology associated with relatively small
and moderate values of u'/U, for large values of turbulence intensity, the flame fronts

become significantly disturbed, see Fig. 4c. Although the results in Fig. 4c show that the
flame fronts seem to be significantly disordered, analysis of the Mie scattering images
suggests that the flame fronts feature certain characteristics. Qualitative study of these
characteristics is of importance since it can provide insight into quantitative arguments
pertaining to turbulent premixed V-shaped flames. Specifically, the arguments provided
in this section can be potentially utilized for understanding several flame front characteris-
tics associated with highly turbulent premixed V-shaped flames, e.g., flame front curvature
and flame brush thickness.

A representative Mie scattering image corresponding to relatively large value of turbu-
lence intensity is presented in Fig. 7a. The results in the figure show formation of certain
flame front structures, with details provided below.

1. Mushroom-shaped flame front structures Flame front structures similar to those presented
in Fig. 7b are commonly observed in the Mie scattering images associated with relatively
large values of turbulence intensities (Flames M-R), and are referred to as mushroom-shaped
flame front structures. Figure 7b contains two mushroom-shaped flame front structures: one
oriented towards the reactants region and the other oriented towards the products region, see
Fig. 7b.

Formations of flame front structures, similar to those presented in Fig. 7b, are previously
observed and reported for Bunsen flames (see, for example, Buchmann et al. [27]), opposed
jet flames (see, for example, Coriton et al. [28]), and swirl stabilized flames (see, for exam-
ple, Cheng et al. [29]). The experimental conditions investigated in [27-29], similar to
those of the Flames M-R of the present study, mainly correspond to the thin reaction zones
regime. Thus, it is speculated that the formation of the mushroom-shaped flame structure
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y/d

z/d

Fig.7 (a)Representative Mie scattering image pertaining to Flame M condition, with U = 4.0 m/s,u’/U =
0.18, and ¢ = 0.6. (b), (¢), (d), (e), and (f) pertain to mushroom-shaped flame structure, freely propagating
sub-flames, pocket formation, localized extinction, and horn-shaped flame front structure, respectively

is independent of the flame geometry and is a characteristic of turbulent premixed flames
associated with the thin reaction zones regime.

II. Freely propagating Sub-flames The results show that, at relatively large values of turbu-
lence intensities, the V-shaped flames consist of flame front structures similar to that shown
in Fig. 7c. These structures do not feature a specific orientation with respect to the reactants
flow, and are referred to as freely propagating sub-flames. These sub-flames are usually
composed of more than one mushroom-shaped flame structure, see Fig. 7c. Topology of the
freely propagating sub-flames is similar to that of swirl stabilized flames; see, for example,
the results presented in Cheng et al. [29].

II1. Pocket formation Analysis of the Mie scattering images shows formations of both pock-
ets of products in the reactants region and pockets of reactants in the products region. This
phenomenon mainly takes place at relatively large vertical distances from the flame-holder.
Figure 7d represents an enlarged inset of Fig. 7a associated with formation of pockets
of products in the reactants region. The pocket formation is a characteristic of turbulent
premixed flames and is previously observed for Bunsen flames [27], opposed jet flames
[28], and swirl stabilized flames [29]. Similar to the formation of mushroom-shaped struc-
tures, pocket formation is speculated to be independent of the flame geometry, and is a
characteristic of turbulent premixed flames pertaining to the regime of thin reaction zones.

Analysis of the Mie scattering images shows that two relatively rare phenomena
associated with pocket formation may happen for the flames pertaining to large values
of turbulence intensities. First, pocket formation may rarely happen at relatively small
vertical distances from the flame-holder. A representative image associated with this
phenomenon is presented in Fig. 8a. A similar observation, pertaining to that presented in
Fig. 8a, is previously reported for V-shaped flames; see, for example, [30]. The second rare
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(a) , W

i
[
0

x/d

Fig. 8 (a) Pocket formation close to the flame-holder. (b) Formation of a pocket of products inside a pocket
of reactants. The results in both (a) and (b) correspond to Flame O condition, with U = 6.2 m/s, u'/U =
0.17,and ¢ = 0.6

phenomenon is associated with formation of a pocket of products inside a pocket of reac-
tants, with a representative image presented in Fig. 8b. These phenomena rarely happen and
are attributed to relatively large values of turbulence intensities tested.

VI. Localized extinction The Mie scattering images show that, at relatively large values of
u'/ U, the V-shaped flames may become locally extinct. A representative image associated
with the localized extinction is presented in Fig. 7e. This phenomenon leads to forma-
tions of two flames. One flame is located close and attached to the flame-holder, and the
other flame is located at relatively large vertical distances and detached from the flame-
holder, see Fig. 7e. The localized extinction phenomenon is previously observed in V-shaped
flames, see e.g., [30-32]; and the terminology is adopted from [30]. Arguments provided
in Shanbhogue et al. [30] indicate that the localized flame extinction is associated with
relatively large values of flame stretch at the flame fronts. As discussed in [30], the local
extinction results in dilution of the reactants with hot products, which significantly increases
the local burning rate. The increased value of local burning rate results in re-ignition of the
reactants and stabilization of the flames.

V. Formation of Horn-shaped flame front structures As shown in Fig. 7f, at relatively small
vertical distances from the flame-holder, flame fronts may become significantly corrugated
forming small scale flame front structures. These are approximately one cylinder diameter
in size, formed on either the left or the right wing of the flame front, oriented towards
the downstream direction, and are referred to as the horn-shaped flame front structures.
Since these structures are relatively small and convex towards the reactants region, they
are accompanied by large and positive values of curvature. Formation of relatively large
and positive values of curvature has been previously observed and investigated in the past
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studies, see, for example, [33]. As discussed in [33], formations of flame structures with
large and positive values of curvature are due to interaction of the flame front with two
counter-rotating vortices which pull the flame front towards the reactants region.

3.2 Flame brush thickness

For all experimental conditions tested, the flame brush thickness was estimated using Eq. 1.
For both right and left wings of the flame front, variation of the flame brush thickness along
the vertical axis is presented in Fig. 9a—i. The results in the first, the second, and the third
columns correspond to mean bulk flow velocities of 4.0, 6.2, and 8.3 m/s, respectively. Also,
the first, the second, and the third rows correspond to turbulence intensities of about 0.02,
0.06, and 0.17, respectively. In each figure, the blue color pertains to ¢ = 0.6; and the red
color corresponds to ¢ = 0.7.

As shown in Fig. 9, both the turbulence intensity and the fuel-air equivalence ratio can
influence the flame brush thickness. The results in Fig. 9 show that increasing the turbu-
lence intensity increases the flame brush thickness. For example, at y = 20 mm, comparison
of the results associated with Flames A, G, and M show that increasing the turbulence
intensity from 2 % to 6 %, and 18 % increases the flame brush thickness from about 0.5 to
1.5, and 5 mm, respectively. For relatively small and moderate values of turbulence intensity,
comparison of the flame front topology presented in Fig. 4a and b shows that the increase
of the flame brush thickness with turbulence intensity is attributed to the pronounced wrin-
kling of the flame surfaces. Increasing the turbulence intensity to relatively large values
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Fig. 9 Flame brush thickness. The first, the second, and the third rows correspond to u’/U =~ 0.02, 0.06,
and 0.17; and, the first, the second, and the third columns pertain to mean bulk flow velocities of U = 4.0,
6.2, and 8.3 m/s, respectively. The blue and the red data symbols represent ¢ = 0.6 and 0.7, respectively
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causes further enhancement of the flame front wrinkling as well as formation of flame front
structures detailed in the previous section. These two mechanisms cause significant increase
of the flame brush thickness with increase of u’/U from relatively moderate to large
values.

As can be seen from Fig. 9, influence of the fuel-air equivalence ratio on the flame brush
thickness depends on the turbulence intensity tested. Specifically, the results show that, for
relatively moderate value of turbulence intensity (see the second row in Fig. 9), increasing
the fuel-air equivalence ratio increases the flame brush thickness. This is more pronounced
at smaller mean bulk flow velocities and larger vertical distances from the flame-holder.
This characteristic of moderately turbulent premixed V-shaped flames has been previously
reported in the experimental investigations of Kheirkhah and Giilder [9], Namazian et al.
[16], and Guo et al. [8]. The underlying physical mechanism associated with the increase
of &1 with ¢ is due to enhancement of reactants velocity fluctuations at the vicinity of the
flame front. For further details associated with this phenomenon refer to [10].

In comparison to the results presented in Fig. 9d—f, those in Figure 9a—c show that, for
small values of turbulence intensity, the flame brush thickness is almost insensitive to the
fuel-air equivalence ratio. For relatively large values of turbulence intensity, the results in
Fig. 9g—i does not show a trend for the effect of ¢ on ét. This characteristic of turbulent
premixed flames is in agreement with prediction of the Langevin model/Taylor’s turbulent
diffusion theory [11-13] as well as the prediction of the level set formulation proposed in
Peters [1]. It is argued in [1, 11-13] that the normalized flame brush thickness (6T/A) is
dependent on the normalized convection time (¢ /7). The following discussion examines the
variation of §t/A with respect to z/z.

Variation of the normalized flame brush thickness (§1) with the normalized convection
time (¢/7) is presented in Fig. 10a. The results are shown for all experimental condi-
tions tested along with results of [8, 9, 16]. For clarity purposes, only selected results
from Kheirkhah and Giilder [9] are presented. The results from [9] are shown for limited
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Fig. 10 (a) Variation of the normalized flame brush thickness with the normalized convection time. (b), (c),
and (d) present the variations for Flames F, L and R conditions, respectively. The dashed line is the prediction
of the Langevin model/Taylor’s turbulent diffusion theory [11-13] and is given by: ‘3{ =4 271{22 {1—
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ranges of variation in the normalized flame brush thickness and the normalized convection
time. Results for full range of variation are presented and discussed later. Also presented
in Fig. 10a are the predictions of the Langevin model/Taylor’s turbulent diffusion theory
[11-13] as well as the formulation presented in Peters[1]. As can be seen from the results in
the figure, 6T/ A features an increasing trend with 7 /7. Due to scatter in the results presented,
the effects of the governing parameters are not apparent. For this reason, representative vari-
ations are also presented in Fig. 10b—d. The results in the figures are shown for fixed values
of fuel-air equivalence ratio (¢ = 0.7) and mean bulk flow velocity (U = 8.3 m/s). Data
in Fig. 10b, ¢ and d correspond to u’/U = 0.02, 0.06, and 0.17, respectively. As can be
seen from the results in the figures, the rate of change of ét/A with ¢/t depends on the
turbulence intensity tested. For relatively small value of u’/ U, see Fig. 10b, the variation
is such that increasing ¢/t increases the rate of change of d1/A. For moderately turbulent
condition, that are the experimental conditions of Flames G-L, ét/A features a linear rela-
tion with 7 /7. For relatively large value of u’/ U, increasing the normalized convection time
decreases the rate of change of the normalized flame brush thickness. This decrease is such
that the normalized flame brush thickness data features a plateau for large values of u'/U.
The plateau of the experimental results at large values of u’/U (see Flames M-R condi-
tions) is similar to the trend predicted by the formulation proposed by Peters [1], see the
dotted-dashed line in Fig. 10a.

The above arguments as well as previous experimental investigations [8, 9, 16] show that
the mean bulk flow velocity (U), the fuel-air equivalence ratio (¢), the turbulence intensity
(u'/U), and the integral length scale (A) can potentially affect the flame brush thickness
of premixed methane-air V-shaped flames. This means that, for fixed values of U, ¢, and
u’/ U, the normalized flame brush thickness data (§t/A) should collapse. In order to inves-
tigate this, similar experimental conditions from the results of the present study along with
those from Kheirkhah and Giilder [9] were selected and presented in Fig. 11a—c. Figure 11a,
b and ¢ correspond to mean bulk flow velocities of 4.0, 6.2, and 8.3-8.6 m/s, respectively. In
Fig. 11a—c, the turbulence intensities associated with the results of Kheirkhah and Giilder
[9] and those of the present study are close, u’/U ~ 0.06 — 0.08. For the results in
Fig. 11a—c, the fuel-air equivalence ratio is fixed at ¢ = 0.7. The integral length scale
associate with the conditions of the present study varies from 3.8 mm to 4.2 mm and that
associated with [9] changes from 1.9 mm to 2.3 mm. The reason for the difference between
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Fig. 11 Variation of the normalized flame brush thickness with the normalized convection time. The results
are presented for the full range of variation in §t/A and ¢ /7. (a), (b), and (c) correspond to mean bulk flow
velocities of U = 4.0, 6.2, and 8.3-8.6 m/s, respectively
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the integral length scales of the present study and that pertaining to Kheirkhah and Giilder
[9] is due to difference in position of the turbulence generator inside the nozzle section
associated with the present study and that of [9]. The error bars in Fig. 11c pertain to the
uncertainties associated with the corresponding experiments. As shown in Fig. 11a—c, the
normalized flame brush thickness data almost collapse and follows a linear trend with /7.
This is in agreement with the discussions presented earlier for moderately turbulent flames.
The results also show that ranges of variation in ét/A and ¢/t for the experiments are
different. This is due to scaling caused by the variation in the integral length scales. In
essence, the above arguments suggest that the normalized flame brush thickness is signif-
icantly dependent on the mean bulk flow velocity, the fuel-air equivalence ratio, and the
turbulence intensity. For fixed values of U, ¢, and u’/ U, changing A has a scaling effect on
the variation of §t/A with ¢/t.

Kheirkhah and Giilder [9] investigated correlation between the flame brush thick-
ness and the RMS of the flame front position. Their experiments [9] were per-
formed for relatively moderate values of turbulence intensity. For this condition, their
results [9] showed that the flame brush thickness is linearly correlated with the RMS
of the flame front position. The correlation is independent of the values of mean
bulk flow velocity, fuel-air equivalence ratio, and the integral length scale tested.
Validity of the correlation between &t and x’, for relatively large values of u’/U, has not
been investigated in the past studies. In order to investigate this, variation of the flame brush
thickness with RMS of the flame front position for all the experimental conditions tested
are presented in Fig. 12. Representative results from Kheirkhah and Giilder [9] are shown in
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Fig. 12 Flame brush thickness and root-mean-square of the flame front position. The solid sym-
bol correspond to the results from Kheirkhah and Giilder [9], with ¢ = 0.7, «//U = 0.07,
and A = 2.3 mm
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Fig. 13 Proposed block-based diagram for describing the mechanism associated with dynamics of turbulent
premixed V-shaped flames

the figure as well. The results are normalized by the diameter of the flame-holder. The error
bars in the figures pertain to uncertainties associated with the corresponding experiments.
As can be seen from the results in the figure, the flame brush thickness follows a linear trend
with RMS of the flame front position, independent of the experimental conditions tested.

For moderately turbulent premixed V-shaped flames, the characteristics of x’ is argued
to be linked to the characteristics of turbulent flow at the vicinity of the flame front and
inside the reactants region [10]. Specifically, results of Kheirkhah and Giilder [10] show
that changing the experimental conditions, e.g., ¢, varies RMS of the transverse component
of the reactants velocity at the vicinity of the flame front, referred to as RMS of the edge
velocity (v}). This causes the RMS of the transverse component of the flame front veloc-
ity (vf) to change. The change in the RMS of the transverse component of the flame front
velocity results in variation of the RMS of the flame front position. Also, it was shown that
x' is linearly correlated with the flame brush thickness. The above argument is presented
in a block-based diagram shown in Fig. 13. In the diagram the connections between v/,
vf, x', and &7 are presented using double-sided arrows, since these parameters can poten-
tially feature mutual interactions. The connection between the experimental conditions and
v, is presented as one-sided arrow since the statistics of edge velocity cannot change the
experimental conditions tested. Note that validity of the connections between the parame-
ters presented in Fig. 13 are experimentally investigated for moderate values of turbulence
intensity. The experimental results in Fig. 12 showed that the correlation between §t and
x' is similar for the range of turbulence intensities investigated. Thus, it is speculated that
the mechanism proposed in [10], and elaborated in Fig. 13, can also potentially hold for the
range of turbulence intensities investigated.

4 Concluding Remarks

Topology as well as brush thickness of turbulent premixed V-shaped flames were investi-
gated experimentally using Mie scattering and Particle Image Velocimetry techniques. The
experiments were performed for mean bulk flow velocities of 4.0, 6.2, and 8.3 m/s along
with two fuel-air equivalence ratios of 0.6 and 0.7. A novel experimental apparatus, which
allows for producing large values of turbulence intensities, was developed. Three turbulence
intensities of approximately 2 %, 6 %, and 17 % were tested in the experiments.

For the relatively small value of turbulence intensity tested, the results show that the
flame fronts either represent two straight lines or two perturbed lines with small size of per-
turbations. In both cases, the flame fronts are symmetric with respect to the vertical axis. In
comparison to the results associated with small values of turbulence intensity, those pertain-
ing to moderate value of this parameter show that the sizes of the wrinkles are significantly
large and are not symmetric with respect to the vertical axis. The results show cusps for-
mation for both relatively small and moderate turbulence intensities. It was argued that the
vortices formed in the wake of the flame-holder can play a role in the cusp formation pro-
cess. Increasing the turbulence intensity from about 6 % to approximately 17 % significantly
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affects topology of the premixed flames. Specifically, the flame fronts feature: mushroom-
shaped structures, freely propagating sub-flames, pocket formation, localized extinction,
and horn-shaped structures.

Analysis of the results associated with the flame brush thickness shows that, for the
experimental conditions tested, the turbulence intensity and the equivalence ratio can affect
the flame brush thickness. The effect of equivalence ratio is limited to moderate val-
ues of turbulence intensity. Specifically, increasing the fuel-air equivalence ratio increases
the flame brush thickness. The results show that increasing the turbulence intensity also
increases the flame brush thickness. Specifically, at 20 mm above the flame-holder, increas-
ing the turbulence intensity from about 2 % to 17 % increases the flame brush thickness by
one order of magnitude.

In order to compare the result of the present study with those of the literature, variation
of the normalized flame brush thickness (§T/A) with the normalized convection time (¢/7)
was investigated. The results show that the values of the normalized flame brush thickness
do not collapse. Also, the trend of variation of d1/A with ¢/t is significantly dependent
on the turbulence intensities examined. However, analysis of the flame brush thickness data
along with the RMS of the flame front position show that these parameters are correlated and
follow a linear trend for all experimental conditions tested. Although this characteristic was
previously reported for moderately turbulent V-shaped flames, the present study extends it
to a relatively wide range of turbulence intensities. Comparison of the results of the present
study and those of Kheirkhah and Giilder [9, 10] suggests that the underlying physics asso-
ciated with the interaction of turbulent flow and premixed flames can potentially hold for a
wide range of turbulence intensities.
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