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The flame brush characteristics and turbulent burning velocities of premixed turbulent methane/air
flames stabilized on a Bunsen-type burner were studied. Particle image velocimetry and Rayleigh scatter-
ing techniques were used to measure the instantaneous velocity and temperature fields, respectively.
Experiments were performed at various equivalence ratios and bulk flow velocities from 0.7 to 1.0,
and 7.7 to 17.0 m/s, respectively. The total turbulence intensity and turbulent integral length scale were
controlled by the perforated plate mounted at different positions upstream of the burner exit. The nor-
malized characteristic flame height and centerline flame brush thickness decreased with increasing
equivalence ratio, total turbulence intensity, and longitudinal integral length scale, whereas they
increased with increasing bulk flow velocity. The normalized horizontal flame brush thickness increased
with increasing axial distance from the burner exit and increasing equivalence ratio. The non-dimen-
sional leading edge and half-burning surface turbulent burning velocities increased with increasing
non-dimensional turbulence intensity, and they decreased with increasing non-dimensional bulk flow
velocity when other turbulence statistics were kept constant. Results show that the non-dimensional
leading edge and half-burning surface turbulent burning velocities increased with increasing non-dimen-
sional longitudinal integral length scale. Two correlations to represent the leading edge and half-burning
surface turbulent burning velocities were presented as a function of the equivalence ratio, non-dimen-
sional turbulence intensity, non-dimensional bulk flow velocity, and non-dimensional longitudinal inte-
gral length scale. Results show that the half-burning surface turbulent burning velocity normalized by the
bulk flow velocity decreased as the normalized characteristic flame height increased.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Premixed turbulent combustion is being studied widely
because of its importance in the development of low-emission
combustion devices such as engines for transportation, and lean-
burn gas turbines for power generation [1]. Despite the ongoing
advance in understanding the premixed turbulent combustion
mechanism, there still exist many unresolved problems regarding
the fundamental properties of such flames. The knowledge of flame
brush characteristics and turbulent burning velocity are essential
for the design of premixed combustion devices and numerical
model testing [2]. The premixed turbulent flame geometries are
mainly divided into the ‘‘Envelope’’ category (Bunsen-type flames),
‘‘Oblique’’ category (rod-stabilized V-shaped flames), ‘‘Unattached’’
category (counterflow and low-swirl flat flames), and spherical
expanding flames [3–5].

In this study, the experiments were performed on a Bunsen-
type burner. The characteristics of the flame brush are classified
into two parts: (1) the flame height, Hhci and (2) the flame brush
thickness, dT. The quantitative value of flame height changes signif-
icantly by selecting different values of mean progress variable, hci,
whereas the observed trend of flame height remains unchanged
with different flame/flow properties at a constant mean progress
variable [6]. Previous results show that the flame height decreases
with increasing the equivalence ratio from ultra-lean to stoichiom-
etric mixtures [6–9]. It is observed that the flame height decreases
with increasing total turbulence intensity, u0, at a constant bulk
flow velocity, UB, see, e.g., [8]. Moreover, Griebel et al. [9] reported
that the flame height is independent of pressure, while it decreases
by preheating the reactants. They observed that the centerline
flame brush thickness, dT;0, decreases with increasing the equiva-
lence ratio from ultra-lean to stoichiometric methane/air flames,
and it increases with increasing total turbulence intensity. In
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Table 1
Summary of geometrical properties for perforated plates.

Perforated plate d (mm) M (mm) b (%)

PP-I 1.1 1.3 43
PP-II 0.9 1.3 62
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addition, the growing behavior of the horizontal flame brush thick-
ness, dT;h, with increasing axial distance from the flame-holder for
the Bunsen-type, V-shaped, and confined oblique flames was
reviewed by Lipatnikov and Chomiak [2].

Several correlations are proposed in the literature to estimate
the turbulent burning velocity, ST, of premixed turbulent flames
based on the turbulence statistics, namely the total turbulence
intensity and turbulent length scale, see, e.g., [2,10,11]. Gülder
[10] proposed conceptual models for the estimation of turbulent
burning velocity for three combustion regimes. These models were
tested by comparing them to the measured data of various exper-
imental rigs covering the range from flames stabilized in ducts to
expanding flames. Liu et al. [11] proposed a general correlation
in order to predict the turbulent burning velocity of spherical
expanding flames under various pressures and turbulent Reynolds
numbers. All of their measurements lie on a single curve of the
form ðST;hci¼0:5 � S0

LÞ=u0 ¼ 0:14Da0:47, where ST;hci¼0:5; S
0
L , and Da are

the half-burning surface turbulent burning velocity, unstrained
premixed laminar burning velocity, and turbulent Damköhler
number, respectively. Lipatnikov and Chomiak [2] reviewed the
influence of these statistics on the turbulent burning velocity using
the data reported by various researchers. It is widely accepted that
the turbulent burning velocity increases with the total turbulence
intensity up to moderate turbulence levels, whereas it shows a
decreasing tendency when the turbulence level becomes more
intense. The latter is known as the ‘‘bending’’ phenomenon. The
possibility of flamelets merging along with the gas expansion
may be the reason behind the aforementioned mechanism [4]. As
noted in [2], not many comprehensive studies have been per-
formed on the influence of turbulent integral length scale on the
turbulent burning velocity. However, most of the experimental
data and empirical correlations show an increase of the turbulent
burning velocity with increasing turbulent integral length scale.
It should be mentioned that obtaining a universal correlation for
the turbulent burning velocity has not been successful mostly
due to a large scatter of the experimental data available in the lit-
erature [12]. It appears that using the turbulent burning velocity
data from different flame geometries could be the culprit in unsuc-
cessful attempts to have a universal correlation [5,12]. Therefore, it
is suggested that the turbulent burning velocity data from one
flame category should only be used for a geometry-specific corre-
lation for the turbulent burning velocity in view of the fact that the
flame front wrinkling and boundary conditions seems to be geom-
etry-dependent [5].

In addition to the total turbulence intensity and turbulent
length scale, Filatyev et al. [4] recommended to include further
parameters such as the bulk flow velocity and burner width in
the turbulent burning velocity correlation of Bunsen-type flames.
They stated that increasing the bulk flow velocity and burner width
elongate the flame height. This may result in an increase in the tur-
bulent burning velocity due to an increase in flame surface wrin-
kling. This hypothesis is supported by the experimental data
showing that the turbulent burning velocity increases with
increasing bulk flow velocity, see, e.g., [4,13,14]. However, the
observed trend may not be solely due to the effect of bulk flow
velocity since the total turbulence intensity increases simulta-
neously with the bulk flow velocity in these experiments. To the
best of the authors’ knowledge, there has not been any systematic
investigation conducted on the influence of bulk flow velocity on
the turbulent burning velocity when other turbulence statistics
and burner geometry are kept constant. Therefore, studying the
effect of bulk flow velocity on the turbulent burning velocity of
Bunsen-type flames may contribute to the explanation of the dis-
parity among measurements available.

In the current study, the first objective was to determine the
influences of equivalence ratio, total turbulence intensity, bulk
flow velocity, and longitudinal integral length scale on the flame
brush characteristics of premixed turbulent Bunsen-type flames.
The second objective was to investigate the effects of the afore-
mentioned parameters on the turbulent burning velocity, and to
incorporate these parameters in an empirical expression to repre-
sent the turbulent burning velocity of Bunsen-type flames.
2. Experimental methodology

2.1. Bunsen-type burner

An axisymmetric Bunsen-type burner with a nozzle inner diam-
eter, D, of 11.1 mm was used to generate premixed turbulent con-
ical flames. This burner has been previously used in this laboratory
to study the structure of premixed turbulent flame fronts, see, e.g.,
[15], and the geometry of its components was documented in
detail in [16]. The calibrated mass flow meters were used to control
the flow rates of the filtered air and methane grade 2.0. The accu-
racy for each of the mass flow meter was �0:80% on its reading,
and �0:20% on its full scale. The premixed turbulent flame was
anchored to the rim of the burner using an annular premixed eth-
ylene/air pilot flame. The turbulence was produced using two per-
forated plates, that is, PP-I and PP-II. The holes for each of the
perforated plate are arranged in a hexagonal array. The geometrical
properties of the perforated plate are characterized by the hole
diameter ðdÞ, mesh size ðMÞ, and blockage ratio ðbÞ. Table 1 sum-
marizes geometrical properties for perforated plates used in this
study.

2.2. Flow field characterization and experimental conditions

The turbulence statistics in the flow field were characterized
using the two-dimensional particle image velocimetry technique.
A double-pulsed Nd:YAG laser was used as a light source in order
to illuminate the seeding particles with a maximum energy and
wavelength of 200 mJ/pulse and 532 nm, respectively. These parti-
cles were generated by atomizing olive oil to sub-micron droplets
using a nebulizer. The laser sheet was formed by passing the laser
beam through a LaVision light sheet optical assembly. This assem-
bly consisted of two spherical lenses, f ¼ þ85 and �75 mm, and a
cylindrical lens, f ¼ �20 mm. The laser sheet had a full-width-at-
half-maximum (FWHM) of approximately 300 lm at the burner
centerline. The experimental images were captured using a LaVi-
sion Imager pro X camera with a resolution of 2048 � 2048 px2.
A Sigma macro lens with a focal length of 105 mm operating at
f/8 was mounted on the camera, and a 532 nm bandpass filter
was attached to the lens to decrease the intrusion of unsought
wavelengths from the surrounding environment on the camera’s
CCD. The axial and radial velocity components were calculated
using the DaVis 7.2 software (FlowMaster, LaVision). For each
experimental condition, five hundred image pairs were acquired
at a frequency of 6 Hz under the non-reacting condition. A multi-
pass vector evaluation algorithm was applied on each image pair
with interrogation box sizes decreasing from 64� 64 to
32� 32 px2 with a 50% overlap. This resulted in a resolution and
vector spacing of approximately 960 and 480 lm, respectively.
The time delay between laser pulses was adjusted for each exper-
imental condition in order to confirm that the displacement of



Fig. 1. Normalized mean axial velocity profiles as a function of the normalized
radial distance for all sets of experiments at h=D ¼ 0:5.
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seeding particles was less than a quarter of the final interrogation
box size.

In this study, four sets of experiments were performed. Table 2
summarizes the upstream position(s) of the grid(s) from the bur-
ner exit, bulk flow velocity, total turbulence intensity, and longitu-
dinal integral length scale under non-reacting conditions for all
sets of experiments. The profiles of the mean axial velocity, hUi,
normalized by the bulk flow velocity, UB, as a function of the nor-
malized radial distance, r=D, for all sets of experiments at
h=D ¼ 0:5 are shown in Fig. 1, where r is the radial distance from
the centerline of the burner, and h is the axial distance from the
burner exit. The total volumetric flow rate was used to determine
the bulk flow velocity for each set of experiments. The mean axial
velocity profiles of experimental sets II and III resemble to an
almost parabolic profile which could be attributed to the coalition
of small turbulent jets generated by the holes of the perforated
plate [17]. These profiles are more like top hat across the burner
exit for sets I and IV where the perforated plates are mounted far
from the burner exit. Experimental measurements of Chen and Bil-
ger [17] showed a similar trend. The total turbulence intensity, u0,
and longitudinal integral length scale, KL, were controlled by the
geometry and upstream position of the perforated plate from the
burner exit. Due to the axisymmetric nature of the flow, the
root-mean-square (r.m.s) of velocity fluctuations in the radial,
hv2i1=2, and azimuthal, hw2i1=2, directions were assumed to be
equal. Therefore, the r.m.s of velocity fluctuations in the radial,
hv2i1=2, and axial, hu2i1=2, directions were used to estimate the total
turbulence intensity from u0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hv2i þ hu2ið Þ=3

p
. The profiles of

the axial, radial, and total velocity fluctuations are shown in
Fig. 2(a–c), respectively. These profiles are uniform for r=D < 0:3,
whereas they increase considerably near the rim of the burner.
Similar observations were noted previously in [13,18]. The longitu-
dinal integral length scale was estimated by integrating the longi-
tudinal velocity correlation coefficient, f ðMxÞ, over the velocity
vector spacing in the axial direction, Mx [19]. The longitudinal
velocity correlation coefficient was obtained from
f ðMxÞ ¼ huðhÞuðhþ MxÞi=huðhÞ2i, where u is the velocity fluctua-
tions in the axial direction. This integration was performed until
the first location at which the longitudinal velocity correlation
coefficient was equal to zero. The profile of the longitudinal veloc-
ity correlation coefficient for the first set of experiments at
h=D ¼ 0:5 is shown in Fig. 3. The uncertainty associated with esti-
mation of the longitudinal integral length scale was approximately
25%. For all experimental conditions, these turbulence properties,
that is, u0 and KL, were averaged in a region between
Table 2
Summary of experimental conditions. Symbols: he = upstream position of the grid from
intensity; S0

L = unstrained premixed laminar burning velocity; KL = longitudinal integral len
Karlovitz number; Da = turbulent Damköhler number.

Set of exp. Flame / UB (m/s) u0 (m/s) S0
L (m/s) K

I A1 0.7 17.0 0.69 0.198 1
Grid type: PP-I, PP-II B1 0.8 17.0 0.69 0.279 1
he(mm): 11, 100 C1 0.9 17.0 0.69 0.345 1

D1 1.0 17.0 0.69 0.386 1

II A2 0.7 17.0 2.44 0.198 1
Grid type: PP-II B2 0.8 17.0 2.44 0.279 1
he (mm): 11 C2 0.9 17.0 2.44 0.345 1

D2 1.0 17.0 2.44 0.386 1

III A3 0.7 7.7 0.74 0.198 2
Grid type: PP-II B3 0.8 7.7 0.74 0.279 2
he (mm): 11 C3 0.9 7.7 0.74 0.345 2

D3 1.0 7.7 0.74 0.386 2

IV A4 0.7 17.0 0.74 0.198 2
Grid type: PP-I B4 0.8 17.0 0.74 0.279 2
he (mm): 89 C4 0.9 17.0 0.74 0.345 2

D4 1.0 17.0 0.74 0.386 2
�0:25 < r=D < 0:25 and 0:1 < h=D < 0:5. According to the results
presented in Table 2, the total turbulence intensity increased by
a factor of 3.5 from the first to the second set of experiments,
whereas the bulk flow velocity and longitudinal integral length
scale were kept constant. From the third to the fourth set of exper-
iments, the bulk flow velocity increased from 7.7 to 17.0 m/s,
whereas the total turbulence intensity and longitudinal integral
length scale were kept constant. The bulk flow velocity and total
turbulence intensity were kept constant for the first and fourth
sets, whereas the longitudinal integral length scale increased from
1.5 to 2.2 mm. These sets of experiments permit an independent
investigation of the total turbulence intensity, bulk flow velocity,
and longitudinal integral length scale on the flame brush charac-
teristics and turbulent burning velocity.

The summary of all flame conditions is tabulated in Table 2. The
equivalence ratio, /, was changed from 0.7 to 1.0 for each set of
experiments. The unstrained premixed laminar burning velocity,
S0

L , was estimated using the Cantera package [20] with the GRI-
Mech 3.0 mechanism [21]. These numerical values were in good
agreement with experimental measurements previously reported
in [22–24]. The Zel’dovich thickness, df , was determined by calcu-
lating the ratio of the reactant mass diffusivity to the unstrained
the burner exit; / = equivalence ratio; UB = bulk flow velocity; u0 = total turbulence
gth scale; df = Zel’dovich thickness; ReKL

= turbulent Reynolds number; Ka = turbulent

L (mm) UB=S0
L u0=S0

L
KL=df u0=UB (%) ReKL

Ka Da

.5 85.6 3.5 13.5 4.1 65 2.9 3.9

.5 60.9 2.5 19.0 4.1 65 1.5 7.7

.5 49.3 2.0 23.5 4.1 65 0.9 11.7

.5 44.0 1.8 26.4 4.1 65 0.7 14.8

.4 85.6 12.3 12.8 14.4 218 19.6 1.0

.4 60.9 8.7 18.1 14.4 218 9.8 2.1

.4 49.3 7.1 22.4 14.4 218 6.4 3.2

.4 44.0 6.3 25.2 14.4 218 5.1 4.0

.2 38.9 3.7 19.9 9.5 103 2.6 5.4

.2 27.6 2.6 28.1 9.5 103 1.3 10.6

.2 22.3 2.1 34.8 9.5 103 0.9 16.3

.2 19.9 1.9 39.1 9.5 103 0.7 20.5

.2 85.6 3.7 21.0 4.4 103 2.6 5.6

.2 60.9 2.7 28.5 4.4 103 1.3 10.7

.2 49.3 2.2 34.1 4.4 103 0.9 15.9

.2 44.0 2.0 40.2 4.4 103 0.7 20.1



Fig. 2. Normalized r.m.s of (a) axial, (b) radial, and (c) total velocity fluctuations for
all sets of experiments at h=D ¼ 0:5.

Fig. 3. Longitudinal velocity correlation coefficient as a function of the velocity
vector spacing in the axial direction for the first set of experiments on the centerline
of the burner at h=D ¼ 0:5.

Fig. 4. Experimental conditions on a Borghi–Peters regime diagram for premixed
turbulent combustion [25,26].

P. Tamadonfar, Ö.L. Gülder / Combustion and Flame 161 (2014) 3154–3165 3157
premixed laminar burning velocity [1]. The turbulent Reynolds,
Karlovitz, and Damköhler numbers were evaluated from
ReKL

¼ u0KL=m; Ka ¼ ðdf=gÞ
2, and Da ¼ KLS0

L=df u
0, respectively,

where m is the reactant kinematic viscosity, and g is the Kolmogo-
rov length scale evaluated from g ¼ KLRe�3=4

KL
.

The experimental conditions were plotted on a Borghi–Peters
regime diagram for premixed turbulent combustion [25,26] as
shown in Fig. 4. Peters [26] proposed that the corrugated flamelets
regime separates from the thin reaction zones regime at Ka ¼ 1,
and the thin reaction zones from the broken reaction zones regime
at Ka ¼ 100 using the following expression:
u0

S0
L

¼ Ka2=3 KL

df

� �1=3

: ð1Þ

The above expression was developed for the mixture with a
Schmidt number, Sc, equal to unity, where the Schmidt number is
the ratio of the reactant kinematic viscosity to the mass diffusivity.
It should be stated that the Schmidt number for methane/air mix-
tures is approximately 0.72. Therefore, the lines that separate the
combustion regimes from each other are different from the lines
proposed by Peters [26]. In order to obtain a new expression for
non-unity Schmidt number, the same mathematical procedure as
[26] was used with the exception that the kinematic viscosity and
mass diffusivity were retained in the formulation. This results into
the following expression:

u0

S0
L

¼ Ka2=3Sc KL

df

� �1=3

: ð2Þ

It is observed that the data are mainly located in the corrugated
flamelets and thin reaction zones regimes, Fig. 4.

2.3. Two-dimensional temperature measurement

The Rayleigh scattering technique was used to measure the
two-dimensional temperature fields of premixed turbulent flames.
The light source was a single-pulsed Nd:YAG laser (Spectra-Phys-
ics, Quanta-Ray, Lab-170-10) with a pulse energy and wavelength
of 220 mJ and 355 nm, respectively. The laser beam was focused at
the burner centerline using a UV-fused silica plano-concave lens,
f ¼ �75 mm, along with a plano-convex lens, f ¼ þ100 mm. The
focused beam was then converted into a laser sheet of approxi-
mately 230 lm at full-width-at-half-maximum using a plano-con-
cave cylindrical lens, f ¼ �25 mm. An intensified CCD camera
(NanoStar, LaVision) with a resolution of 1280 � 1024 px2 was
placed at a right angle to the laser sheet in order to collect the scat-
tered light through a 355 nm bandpass filter. The intensifier was
active over a 10 ls period in order to decrease the influence of
flame radiation on the Rayleigh scattering images. The gain for
the ICCD was equal to 60. The camera was equipped with a
Sodern-Cerco UV lens with a focal length of 94 mm operating at
f/4.1. The field-of-view imaged by the Rayleigh scattering system
was approximately 128� 102 mm2 with a resolution of 100 lm/px.
The DaVis 7.0 software (Rayleigh Thermometry, LaVision) was
used to record five hundred Rayleigh scattering images at a fre-
quency of 5 Hz for each flame condition. The noise on each of the



Fig. 6. Contour plot of the mean progress variable for Flame C3 along with the
definitions of characteristic flame height, that is, Hhci¼0:5, and flame brush
thicknesses, that is, dT;0 and dT;h . Solid and dash lines indicate the locations of
hci ¼ 0:05 and 0:5, respectively.
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raw Rayleigh scattering image was reduced by employing a
3� 3 px2 non-linear sliding average filter. The temperature field,
T f ðr;hÞ, was then estimated using the following formula [27]:

T f ðr;hÞ ¼
rm

ra
Ta

Ia � Ib

IR � Ib
¼ kTaI; ð3Þ

where rm and ra are the fuel–air mixture and pure-air Rayleigh
scattering cross sections, respectively. These parameters were eval-

uated from rm ¼
P

i
rivi

� �
m

and ra ¼
P

i
rivi

� �
a

. The Rayleigh

scattering cross section, ri, of the ith species was acquired from
the results provided in [28]. The Cantera package [20] was used
to estimate the mole fraction of each species, vi, by solving an adi-
abatic unstrained premixed laminar flame. Ta is the air temperature.
IR; Ia, and Ib are the intensity of the flame, reference, and back-
ground images, respectively. The reference image was captured
under the non-reacting condition when the co-flow was utilized
to eliminate dust particles from the flow field. The background
intensity was evaluated by solving Eq. (3) in the burned region
and setting T f ¼ Tad, where Tad is the adiabatic flame temperature
[29]. For each image, the intensity ratio, I, demonstrated a bimodal
distribution. The peaks of the intensity ratio were associated with
the unburned and burned temperatures [30]. Furthermore, a corre-
lation between the intensity ratio, I, and the ratio of the fuel–air
mixture to the pure-air Rayleigh scattering cross sections, k, was
established using a 4th order polynomial by relating the peaks of
the intensity ratio to kðTuÞ and kðTadÞ, where Tu is the unburned
temperature. Therefore, the R.H.S of Eq. (3) was reduced to a single
parameter of I at a fixed Ta. Further details of this procedure are
explained in [30]. An instantaneous temperature field for a repre-
sentative flame condition, Flame D3, is shown in Fig. 5.

3. Results and discussion

3.1. Flame brush characteristics

The mean progress variable, hci, was obtained by averaging over
five hundred instantaneous progress variable fields. The instanta-
neous progress variable was defined from c ¼ ðT f � TuÞ=ðTb � TuÞ,
where Tb is the burned temperature. A contour plot of the mean
progress variable for a representative flame condition, Flame C3,
is shown in Fig. 6. The distance from the centerline of the burner
exit to the half-burning surface, hci ¼ 0:5, was considered as a
Fig. 5. Instantaneous temperature field for Flame D3.
characteristic flame height, Hhci¼0:5. For each set of experiments,
the normalized characteristic flame height, Hhci¼0:5=D, decreased
by increasing the equivalence ratio from 0.7 to 1.0, Fig. 7. Similar
observations were previously reported in [6,7,9]. This trend could
be attributed to the increase in flame temperature resulting in aug-
mentation of the global reaction rate. The normalized characteristic
flame height decreased by about 40% with a 3.5-fold increase in
total turbulence intensity under a constant equivalence ratio
(Flames A1–D1 and A2–D2 in Fig. 7), indicating that the global reac-
tion rate increases due to an increase in the total turbulence inten-
sity. Furthermore, by increasing the bulk flow velocity from 7.7 to
17.0 m/s (Flames A3–D3 and A4–D4 in Fig. 7), Hhci¼0:5=D increased
by a factor of 2.4 at a fixed equivalence ratio. Moreover, increasing
the longitudinal integral length scale by a factor of approximately
Fig. 7. Normalized characteristic flame height as a function of the equivalence ratio
for all sets of experiments.



Fig. 8. Variation of the normalized centerline flame brush thickness with respect to
the normalized characteristic flame height for all sets of experiments. The lines are
least squares fits to the data.
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1.5 (Flames A1–D1 and A4–D4 in Fig. 7) results in a decrease in
Hhci¼0:5=D by approximately 8–20%. The characteristic flame height
for all experimental conditions is summarized in Table 3.

The distance between the leading edge of the flame front,
hci ¼ 0:05, and the half-burning surface, hci ¼ 0:5, was character-
ized as the flame brush thickness in this study. This definition
was previously used in [9,31]. It is worth mentioning that the
quantitative value of flame brush thickness varies significantly
using different definitions, whereas the qualitative trend remains
unaltered [32]. The definitions of centerline flame brush thickness,
dT;0, and horizontal flame brush thickness, dT;h, are shown in Fig. 6.
The normalized centerline flame brush thickness, dT;0=D, changed
linearly with the normalized characteristic flame height,
Hhci¼0:5=D, and it decreased with increasing equivalence ratio for
each set of experiments, Fig. 8. Experimental measurements of Gri-
ebel et al. [9] displayed a similar trend. The observed trend sug-
gests that reactants are consumed within a smaller flame brush
as a result of an increase in the global reaction rate with increasing
equivalence ratios from 0.7 to 1.0. It should be noted that the cen-
terline flame brush thickness decreases faster with increasing
equivalence ratio for the third set of experiments in comparison
with other sets of experiments. This implies that the lower bulk
flow velocity in the third set of experiments might be the cause
of this behavior. The centerline flame brush thickness for all sets
of experiments is listed in Table 3.

The mean progress variable profiles at different axial distances
from the burner exit mimicked the behavior of a complementary
error function when the local distance across the flame brush,
nðhÞ, was normalized by the local horizontal flame brush thickness,
dT;h, for the third set of experiments as a representative set, Fig. 9. It
is worth mentioning that the coefficient in the error function
approximation increased with increasing axial distance from the
burner exit. The local distance across the flame brush was deter-
mined using the following expression:

nðhÞ ¼ rðhÞ � rðhÞhci¼0:5; ð4Þ

where rðhÞ is the radial distance from the centerline of the burner at
a certain axial distance from the burner exit, h. Similar observations
were previously reported for a Bunsen-type [7], V-shaped [33], and
counterflow flames [34]. This observation suggests the existence of
a universal characteristic for premixed turbulent flames which
seems to be independent of the flame geometry [2].

The normalized horizontal flame brush thickness, dT;h=D,
obtained from the measured data increased with increasing nor-
malized axial distance from the burner exit, h=D, for Flames
Table 3
Summary of experimental results. Symbols: / = equivalence ratio; UB = bulk flow velocity
KL = longitudinal integral length scale; df = Zel’dovich thickness; Hhci¼0:5 = characteristic fla
burning velocity; ST;hci¼0:5 = half-burning surface turbulent burning velocity.

Set of exp. Flame / UB=S0
L u0=S0

L
KL=df Hhci¼0:5 (mm)

I A1 0.7 85.6 3.5 13.5 115.1
B1 0.8 60.9 2.5 19.0 96.0
C1 0.9 49.3 2.0 23.5 90.8
D1 1.0 44.0 1.8 26.4 84.0

II A2 0.7 85.6 12.3 12.8 69.1
B2 0.8 60.9 8.7 18.1 56.8
C2 0.9 49.3 7.1 22.4 55.0
D2 1.0 44.0 6.3 25.2 53.2

III A3 0.7 38.9 3.7 19.9 44.3
B3 0.8 27.6 2.6 28.1 33.0
C3 0.9 22.3 2.1 34.8 31.3
D3 1.0 19.9 1.9 39.1 29.0

IV A4 0.7 85.6 3.7 21.0 105.9
B4 0.8 60.9 2.7 28.5 82.3
C4 0.9 49.3 2.2 34.1 73.0
D4 1.0 44.0 2.0 40.2 68.5
D1–D4 as shown in Fig. 10. This development was supported by
the Taylor hypothesis of turbulent diffusion [2]. The normalized
horizontal flame brush thickness increased at a fixed h=D by
increasing the total turbulence intensity (Flames D1 and D2 in
Fig. 10), indicating that increasing the total turbulence intensity
results in enlarging the zone occupied by the wrinkled flamelets.
Experimental findings of Venkateswaran [32] showed a similar
trend for H2=CO mixtures. Furthermore, increasing the bulk flow
velocity resulted in a decrease in dT;h=D at a constant h=D (Flames
D3 and D4 in Fig. 10), suggesting that the flame front wrinkling
decreases with increasing bulk flow velocity. Moreover, increasing
the longitudinal integral length scale led to a slight increase in
dT;h=D (Flames D1 and D4 in Fig. 10). This observation suggests that
the zone occupied by the wrinkled flamelets increases with
increasing longitudinal integral length scale.

The horizontal flame brush thickness normalized by the burner
diameter, dT;h=D, as a function of the normalized axial distance
from the burner exit, h=D, for all experimental conditions is shown
in Fig. 11. Results show that the horizontal flame brush thickness
increased with increasing equivalence ratios from 0.7 to 1.0.
Similar observations were reported previously in [7,33].
; u0 = total turbulence intensity; S0
L = unstrained premixed laminar burning velocity;

me height; dT;0 = centerline flame brush thickness; ST;hci¼0:05 = leading edge turbulent

dT;0 (mm) ST; ch i¼0:05 (m/s) ST; ch i¼0:5 (m/s) ST; ch i¼0:05=ST; ch i¼0:5

46.1 1.35 0.43 3.13
34.7 1.41 0.56 2.52
33.6 1.33 0.54 2.44
31.7 1.66 0.67 2.47

30.2 2.46 0.77 3.17
27.2 3.13 0.87 2.47
25.4 2.96 0.85 3.47
24.7 2.94 0.81 3.63

25.7 1.99 0.68 2.92
16.9 2.32 0.93 2.49
15.0 2.16 0.91 2.37
12.1 2.26 0.97 2.33

38.7 1.34 0.57 2.35
31.9 1.52 0.72 2.11
25.6 0.80 0.80 2.00
26.6 1.94 0.88 2.21



Fig. 9. Mean progress variable profiles as a function of the normalized local distance across the flame brush for the third set of experiments at (a) h = 8 mm, (b) h = 12 mm, (c)
h = 14 mm, and (d) h = 16 mm.

Fig. 10. Variation of the normalized horizontal flame brush thickness with respect
to the normalized axial distance from the burner exit for Flames D1-D4.
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3.2. Turbulent burning velocity

The turbulent burning velocity, ST;hci, conditioned at a specific
mean progress variable, hci, was estimated using the following
expression:

ST;hci ¼ UB
A0

AT;hci
; ð5Þ

where A0 is the cross-sectional area of the burner exit, and AT;c is the
turbulent mean flame front surface area conditioned at hci. The
mean flame front surface was created by rotating the mean flame
front around the h-axis in a virtual environment. The leading edge
and half-burning surface turbulent burning velocities were deter-
mined by conditioning the mean progress variables at 0.05 and
0.5, respectively. The half-burning surface turbulent burning veloc-
ity can be a representative of the overall consumption velocity. The
systematic error in estimation of ST;hci, originating from the uncer-
tainties in air and fuel flow measurements, and in calculation of
AT;hci, is about 1.5%. The non-dimensional leading edge and half-
burning surface turbulent burning velocities with respect to the
non-dimensional turbulence intensity, u0=S0

L , for the first and second
sets of experiments are presented in Fig. 12(a) and Fig. 12(b),
respectively. The leading edge turbulent burning velocity,
ST;hci¼0:05, was higher than the half-burning surface turbulent burn-
ing velocity, ST;hci¼0:5, for each flame condition due to an increase
in AT;hci with increasing mean progress variable, see Eq. (5). Results
show that the non-dimensional leading edge and half-burning sur-
face turbulent burning velocities increased with increasing non-
dimensional turbulence intensity. Similar trends were previously
reported for a Bunsen-type burner, see, e.g., [8,9,35,36]. In addition,
increasing the total turbulence intensity from 0.69 to 2.44 m/s led
to an increase in ST;hci¼0:05=S0

L by a factor of 1.8–2.2, and in
ST;hci¼0:5=S0

L by a factor of 1.2–1.8. The primary reason behind this
trend could be the increase in the local flame surface area with tur-
bulent structures [37].

The non-dimensional turbulence intensity was increased by a
factor of 3.5 from the first to the second set of experiments under
a constant equivalence ratio, whereas the non-dimensional bulk
flow velocity, UB=S0

L , and non-dimensional longitudinal integral
length scale, KL=df , were kept constant, see Table 2. For the first
and second sets of experiments, N1 and !1 are defined as follows:

N1 ¼
ST;hci � S0

L

� �
I;/

ST;hci � S0
L

� �
II;/

¼ ðu
0Þa1

I

ðu0Þa1
II

¼ !
a1
1 : ð6Þ

The values of N1 were found to be independent from the equiva-
lence ratio. The value of a1 was then estimated to be approximately
0.62 for both the leading edge and half-burning surface. Therefore,
ðST;hci � S0

LÞ=S0
L increased linearly with respect to ðu0=S0

LÞ
0:62

for these
flame conditions, Fig. 13.



Fig. 11. Normalized horizontal flame brush thickness as a function of the normalized axial distance from the burner exit for the (a) first set of experiments, (b) second set of
experiments, (c) third set of experiments, and (d) fourth set of experiments.

Fig. 12. (a) Non-dimensional leading edge turbulent burning velocity and (b) non-dimensional half-burning surface turbulent burning velocity as a function of the non-
dimensional turbulence intensity for the first and second sets of experiments. The lowest u0=S0

L for each set of experiments corresponds to the flame condition at / ¼ 1:0, and
it increases with decreasing equivalence ratio.
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The non-dimensional leading edge and half-burning surface
turbulent burning velocities with respect to the non-dimensional
turbulence intensity for the third and fourth sets of experiments
are shown in Fig. 14(a) and Fig. 14(b), respectively. It is observed
that increasing the bulk flow velocity from 7.7 to 17.0 m/s under
a constant non-dimensional turbulence intensity results in the
leading edge and half-burning surface turbulent burning velocities
to decrease. The observed trend might be attributed to the forma-
tion of local extinctions which are created due to the increase of
flame front stretching caused by the existence of large velocity gra-
dients in shear layers [9]. This trend is in contrast with the turbu-
lent burning velocity correlation for a slot Bunsen burner proposed
in [4], in which the turbulent burning velocity was shown to
increase with the bulk flow velocity.

The non-dimensional bulk flow velocity, UB=S0
L , increased by a

factor of 2.2 under a constant equivalence ratio from the third to
the fourth set of experiments, whereas the non-dimensional turbu-
lence intensity and longitudinal integral length scale were kept
constant, see Table 2. For the third and fourth sets of experiments,
N2 and !2 are defined as follows:

N2 ¼
ST;hci � S0

L

� �
III;/

ST;hci � S0
L

� �
IV;/

¼ ðUBÞ
a2
III

ðUBÞ
a

2
IV

¼ !
a2
2 : ð7Þ



Fig. 13. Variation of ðST;c � S0
L Þ=S0

L with respect to ðu0=S0
L Þ

0:62
for the first and second

sets of experiments. Dash and dash-dot lines are least squares fits with the slopes of
approximately 2.4 and 0.5, respectively.
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The value of a2 was evaluated to be approximately �0.52 and �0.36
for the leading edge and half-burning surface, respectively. For
these sets of experiments, ðST;hci � S0

LÞ=S0
L increased linearly with

respect to ðu0=S0
LÞ

0:62
ðUB=S0

LÞ
�0:52

for the leading edge, and

ðu0=S0
LÞ

0:62ðUB=S0
LÞ
�0:36

for the half-burning surface as shown in
Fig. 15(a) and Fig. 15(b), respectively.

The leading edge and half-burning surface turbulent burning
velocities for the fourth set of experiments were higher than the
corresponding values for the first set of experiments at a constant
non-dimensional turbulence intensity (compare Figs. 12 and 14).
This discrepancy could be attributed to the differences in the
non-dimensional longitudinal integral length scale under a con-
stant equivalence ratio, whereas the non-dimensional turbulence
intensity and bulk flow velocity were kept constant. Therefore,
the scaling between the first and fourth sets of experiments is
defined as follows:
Fig. 14. (a) Non-dimensional leading edge turbulent burning velocity and (b) non-dim
dimensional turbulence intensity for the third and fourth sets of experiments. For each se
N3 ¼
ST;hci � S0

L

� �
I;/

ST;hci � S0
L

� �
IV;/

¼ ðKLÞ
a3
I

ðKLÞ
a3
IV

¼ !
a3
3 : ð8Þ

The value of a3 was evaluated to be approximately 0.2 and 1.35 for
the leading edge and half-burning surface, respectively. It is worth
mentioning that the longitudinal integral length scale in the reac-
tant region was used as a reference value for evaluation of a3. This
may explain the large difference occurs in the value of a3 for the
leading edge and half-burning surface due to the fact that the inte-
gral length scales near the leading edge of the flame are strongly
affected by the turbulence produced at the inlet of the burner,
whereas these scales could change near the half-burning surface
because of the existence of shear layers. The exponential propor-
tionality of turbulent burning velocity to integral length scale has
been previously observed, see, e.g., [38]. However, Andrews et al.
[38] reported that the value of the exponent is equal to 0.5. The
non-dimensional longitudinal integral length scale, KL=df , along
with previous parameters investigated in this study, that is,
/; u0=S0

L , and UB=S0
L , could be then incorporated in the development

of a general correlation for the turbulent burning velocity of Bunsen
flames. Therefore, two correlations to represent the leading edge
and half-burning surface turbulent burning velocities are developed
as follows:

ST;hci¼0:05

S0
L

¼ 1þ A1
u0

S0
L

 !0:62
UB

S0
L

 !�0:52
KL

df

� �0:2

; ð9aÞ

ST;hci¼0:5

S0
L

¼ 1þ A2
u0

S0
L

 !0:62
UB

S0
L

 !�0:36
KL

df

� �1:35

: ð9bÞ

The non-dimensional turbulent burning velocity, ST;hci=S0
L , increased

linearly with respect to the variables presented on the R.H.S of Eq.
(9a) for the leading edge, and Eq. (9b) for the half-burning surface
as shown in Fig. 16(a) and Fig. 16(b), respectively. It is worth noting
that A1 and A2 can be expressed as a function of the equivalence
ratio as A1 ¼ 7:60/�1:87 and A2 ¼ 0:018/�4:03. This dependency
could be due to thermo-diffusive effects, but the global Lewis num-
ber, which is about unity for these mixtures, would not support this
dependency. The summary of the leading edge and half-burning
surface turbulent burning velocities for all sets of experiments is
ensional half-burning surface turbulent burning velocity as a function of the non-
t of experiments, u0=S0

L increases with decreasing equivalence ratios from 1.0 to 0.7.



Fig. 15. Variation of ðST;hci � S0
L Þ=S0

L with respect to (a) ðu0=S0
L Þ

0:62
ðUB=S0

L Þ
�0:52

for the leading edge and (b) ðu0=S0
L Þ

0:62
ðUB=S0

L Þ
�0:36

for the half-burning surface for the third and
fourth sets of experiments. The lines indicate least squares fits to the data. The slopes of these lines are dependent on the equivalence ratio, and they decreased with
increasing equivalence ratios from 0.7 to 1.0.

Fig. 16. Non-dimensional turbulent burning velocity, ST;c=S0
L , for all flame conditions with respect to the variables presented on the R.H.S of (a) Eq. (9a) for the leading edge

and (b) Eq. (9b) for the half-burning surface. Solid and dash lines indicate least squares fits to the measured data.
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tabulated in Table 3. Results show that the leading edge and half-
burning surface turbulent burning velocities increased with
increasing equivalence ratios from 0.7 to 1.0 for the first and fourth
sets of experiments at u0=UB � 4:0%. However, these velocities were
invariant with increasing equivalence ratios from 0.8 to 1.0 for the
second and third sets of experiments at u0=UB ¼ 14:4% and 9.5%,
respectively. The data presented in [8] showed a similar behavior
with increasing u0=UB from 10% to 18%. The ratio of the leading edge
to the half-burning surface turbulent burning velocity,
ST;hci¼0:05=ST;hci¼0:5, varies from 2.0 to 3.6, see Table 3, whereas Small-
wood et al. [39] proposed that this ratio changes from 1.2 to 1.5 for
Bunsen flames. This discrepancy may be due to the different meth-
ods used to determine the mean flame surface area and different
ranges of non-dimensional turbulence intensity tested.

The half-burning surface turbulent burning velocity normalized
by the bulk flow velocity, ST;hci¼0:5=UB, decreased with increasing
normalized characteristic flame height, Hhci¼0:5=D, as shown in
Fig. 17. The data from [8] are also shown in Fig. 17. It should be sta-
ted that the inner diameter of the burner for the aforementioned
experiments is 2.7 times larger than the burner of the current
study. A least squares fit to each data set shown in Fig. 17 gives
the following expression:



Fig. 17. Variation of the half-burning surface turbulent burning velocity normalized
by the bulk flow velocity, ST;hci¼0:5=UB, with respect to the normalized characteristic
flame height, Hhci¼0:5=D. Solid and dash lines are least squares fits to the
experimental conditions of the current work and previous study [8], respectively.
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ST;hci¼0:5

UB
¼ B1ðB2Þ

Hhci¼0:5=D
; ð10Þ

where B1 is equal to approximately 0.23 and 0.26 for the current
work and previous study [8], respectively, and B2 is equal to approx-
imately 0.77 for both studies. This correlation seems to predict the
half-burning surface turbulent burning velocity of premixed turbu-
lent methane/air Bunsen flames by knowing the bulk flow velocity,
UB, and characteristics flame height, Hhci¼0:5. It is worth noting that
the universal behavior of Eq. (10) for premixed turbulent Bunsen
flames should be checked by performing further experiments with
different mixture compositions.
4. Concluding remarks

The flame brush characteristics and turbulent burning velocities
of premixed turbulent methane/air Bunsen-type flames were
investigated in the current work. The instantaneous velocity and
temperature fields of premixed turbulent flames were measured
using the particle image velocimetry and Rayleigh scattering tech-
niques, respectively. The total turbulence intensity and turbulent
integral length scale were controlled by the perforated plate
mounted at various locations upstream of the burner exit. This
resulted in the non-dimensional turbulence intensity changing
from 1.8 to 12.3. All experimental conditions are located in the cor-
rugated flamelets and thin reaction zones regimes.

The normalized characteristic flame height decreased with
increasing equivalence ratio, total turbulence intensity, and longi-
tudinal integral length scale, whereas it increased with increasing
bulk flow velocity.

The variation of the normalized centerline flame brush thick-
ness was similar to the behavior of normalized characteristic flame
height. The mean progress variable profiles at various axial dis-
tances from the burner exit were similar to the complementary
error function when the local distance across the flame brush
was normalized by the local horizontal flame brush thickness.
The normalized horizontal flame brush thickness developed with
increasing axial distance from the burner exit and increasing
equivalence ratios from 0.7 to 1.0. The normalized horizontal flame
brush thickness increased with increasing total turbulence inten-
sity, whereas it decreased with increasing bulk flow velocity under
a constant equivalence ratio. It increased slightly by increasing the
longitudinal integral length scale.

The non-dimensional leading edge and half-burning surface
turbulent burning velocities increased with increasing non-dimen-
sional turbulence intensity, and they decreased with increasing
non-dimensional bulk flow velocity. The non-dimensional leading
edge and half-burning surface turbulent burning velocities
increased with increasing non-dimensional longitudinal integral
length scale for the conditions tested in this study. Two correla-
tions to represent the leading edge and half-burning surface turbu-
lent burning velocities were derived with respect to the
equivalence ratio, non-dimensional turbulence intensity, non-
dimensional bulk flow velocity, and non-dimensional longitudinal
integral length scale. Results show that the half-burning surface
turbulent burning velocity normalized by the bulk flow velocity
decreased with increasing normalized characteristic flame height.
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