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The influences of the equivalence ratio, turbulence intensity, and different thermo-diffusive characteristics on

the flame brush characteristics, instantaneous flame front structures, and burning velocities of premixed tur-

bulent methane/–, ethane/–, and propane/air Bunsen flames were investigated systematically. Particle image

velocimetry and Mie scattering techniques were utilized to measure the turbulence statistics and to visualize

flame front corrugations, respectively. All experiments were performed under a constant bulk flow velocity

of 21.0 m/s. The equivalence ratio range was from 0.7 to 1.35 for methane/air flames, 0.7–1.45 for ethane/air

flames, and 0.8–1.35 for propane/air flames. Two perforated plates were used to produce different turbulence

levels. A series of comprehensive parameters including the characteristic flame height, mean flame brush

thickness, mean volume of the turbulent flame region, mean fuel consumption rate, two-dimensional flame

front curvature, local flame front angle, two-dimensional flame surface density, wrinkled flame surface area,

turbulent burning velocity, mean flamelet consumption velocity, and mean turbulent flame stretch factor

were obtained. The mean turbulent flame stretch factor displayed a dependence on the equivalence ratio and

turbulence intensity. Results show that the mean turbulent flame stretch factors for lean/stoichiometric and

rich mixtures were not equal when the unstrained premixed laminar burning velocity, non-dimensional bulk

flow velocity, non-dimensional turbulence intensity, and non-dimensional longitudinal integral length scale

were kept constant.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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. Introduction

For the improvement of certain class of combustion devices such

s the lean premixed gas-turbines for power generation and the

omogeneous charge spark-ignition engines for transportation, we

eed a better understanding of premixed turbulent combustion [1].

espite the continuing progress in the field of premixed turbulent

ombustion, there still exist many unresolved problems regarding

he underlying physics of the associated processes. The knowledge of

ame brush characteristics, instantaneous flame front structures, and

urning velocities, which are the manifestations of turbulence–flame

nteractions, is necessary in order to understand the mechanism be-

ind the premixed turbulent combustion. This kind of information is

ot only desired for a better design of the related combustion devices

ut also for the numerical model testing.

The premixed turbulent flame geometries are classified into

he “Envelope” category (Bunsen-type flames), “Oblique” category
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V-shaped flames), “Unattached” category (counterflow and swirl-

tabilized flames), and propagating flame kernels [2–4]. Abdel-Gayed

nd Bradley [5] examined a large number of burning velocity data

ets for premixed turbulent flames on different burners, extracted

rom different sources. They also developed a two-eddy theory of

urning, and they compared it with experimentally measured values.

hey suggested that the ratio of the turbulent to the laminar burning

elocity might be correlated with the ratio of the root-mean-square

r.m.s.) of velocity fluctuations to the unstrained premixed laminar

urning velocity and with the cold gas turbulent Reynolds number.

ater, Abdel-Gayed et al. [6] modified the two-eddy theory of burning

roposed in [5] to estimate the effect of flame straining on the burn-

ng velocity, and they reported burning velocity values obtained in an

xplosion bomb. They showed that the turbulent burning velocity in-

reases with increasing r.m.s. of velocity fluctuations, whereas by fur-

her increasing the latter property, the rate of increase of the burning

elocity with the r.m.s. of velocity fluctuations decreases. This obser-

ation is called the “bending” phenomenon [7]. Similar trends were

reviously reported in the literature, see, for example, Sokolik et al.

8], Karpov and Severin [9], Bradley [10], Duclos et al. [11], Aldredge

t al. [12], Peters [13], Shy et al. [14], Kido et al. [15], Kobayashi et al.

http://dx.doi.org/10.1016/j.combustflame.2015.08.009
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Table 1

Summary of geometrical properties and upstream position of the

perforated plate from the burner exit for each of the perforated

plate used in this study. Symbols: d = hole diameter of the perfo-

rated plate; M = mesh size of the perforated plate; β = blockage

ratio of the perforated plate; he = upstream position of the perfo-

rated plate from the burner exit.

Perforated plate d (mm) M (mm) β (%) he (mm)

TG-I 1.0 1.3 53 100.1

TG-II 0.9 1.3 62 44.5
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[16], Filatyev et al. [3], and Fairweather et al. [17]. This phenomenon

may be attributed to the flamelets merging along with the gas ex-

pansion [3]. Abdel-Gayed et al. [6] presented the ratio of the tur-

bulent to the laminar burning velocity in terms of the parameters

previously reported in [5] plus a Lewis number for the deficient re-

actant and the dimensionless activation energy. Experimental mea-

surements showed that the burning velocity of premixed turbulent

flames increases with decreasing Lewis number for the deficient re-

actant, see, for example, Karpov and Severin [9], Kido et al. [15,18],

and Nakahara et al. [19]. Abdel-Gayed et al. [20] presented the ra-

tio of the turbulent to the laminar burning velocity in terms of the

ratio of the effective r.m.s. of velocity fluctuations to the unstrained

premixed laminar burning velocity and the Karlovitz flame stretch

factor. Bradley [10] showed that the ratio of the turbulent burning

velocity to the effective r.m.s. of velocity fluctuations has a power law

relation to the product of the Karlovitz flame stretch factor and the

Lewis number by investigating the experimental values reported in

[20]. Gülder [21] proposed conceptual models for the prediction of

burning velocity for three different combustion regimes. Each model

was tested by comparing it to the measured data of various experi-

mental rigs. It should be emphasized that all of these models are in

terms of the turbulence statistics, namely the r.m.s. of velocity fluc-

tuations and turbulent length scale. In their comprehensive review

papers, Lipatnikov and Chomiak [22,23] reviewed the available em-

pirical correlations to represent the turbulent burning velocity in the

literature, and they discussed the effects of various parameters such

as the turbulence intensity, turbulent length scale, unstrained pre-

mixed laminar burning velocity, molecular heat diffusivity, pressure,

and Lewis number for the deficient reactant on the burning velocity

of premixed turbulent flames.

Many attempts have been made over several decades in order to

correlate the measured turbulent burning velocity data in terms of

different parameters such as the turbulent length scale, turbulent

Reynolds number, laminar flame thickness, volumetric expansion ra-

tio, and the effects of non-unity Lewis number [4]. As noted in Bil-

ger et al. [4], the correlations available in the literature are limited,

and they are sensitive to flow configuration. It is proposed in [4,7]

that the turbulent burning velocity data of one flame category should

only be used for a geometry-specific correlation, and they should not

be utilized for other flame categories. Filatyev et al. [3] stated that

the turbulence intensity and turbulent length scale cannot be solely

used for constructing a correlation to represent the turbulent burn-

ing velocity for Bunsen-type flames. This necessitated additional pa-

rameters for the turbulent burning velocity correlation, namely the

bulk flow velocity, burner width, and turbulent Markstein number.

Tamadonfar and Gülder [24] showed that the turbulent burning ve-

locity decreases with increasing bulk flow velocity when other tur-

bulence statistics are kept constant. They stated that this observation

may be attributed to the formation of local extinctions due to an in-

crease of flame front stretching caused by the large velocity gradi-

ents in shear layers. In their comprehensive study, Daniele et al. [25]

evaluated the thermo-diffusive characteristics of flames stabilized on

an axisymmetric burner by measuring the mean turbulent Markstein

number using a fractal method. They showed that the mean turbu-

lent Markstein number decreases with increasing equivalence ratio

for lean syngas/air flames. In addition, the mean turbulent Mark-

stein numbers for pure methane/air mixtures are equal to zero, and

their absolute values increase for hydrogen-containing fuels with in-

creasing H2 content [25]. The physical mechanism associated with

the thermo-diffusive effects is thoroughly explained by Lipatnikov

and Chomiak [23]. In this mechanism, the flamelet consumption ve-

locity increases (decreases) locally due to the local variations in en-

thalpy and mixture composition. Following Lipatnikov and Chomiak

[23], if the mass diffusivity of the deficient reactant is larger than the

thermal diffusivity of the mixture or the mass diffusivity of the ex-

cess reactant, the chemical energy provided to the flame front which
s convex toward the reactants surpasses the heat losses due to the

olecular conductivity, or the mixture composition for the lean mix-

ure leads to the stoichiometric mixture due to the faster diffusion

f the deficient reactant compared to the excess reactant. This pro-

ess results in an increase of the local flamelet consumption veloc-

ty. On the other hand, the opposite phenomena occur for the flame

ront which is concave toward the reactants. This results in the faster

ropagation of the flame front which is convex toward the reactants

nd the slower propagation of the flame front which is concave to-

ard the reactants. Thus, the flame wrinkling grows. To the best of

he authors’ knowledge, there has not been any systematic investi-

ation conducted on evaluating the mean flamelet consumption ve-

ocity using the flame surface density method when other turbulence

tatistics are kept constant.

In this study, we explore the effects of the equivalence ratio, tur-

ulence intensity, and different thermo-diffusive characteristics on

he flame brush characteristics, instantaneous flame front structures,

nd burning velocities of premixed turbulent methane/–, ethane/–,

nd propane/air Bunsen flames. A series of broad parameters in-

luding the characteristic flame height, mean flame brush thickness,

ean volume of the turbulent flame region, mean fuel consumption

ate, two-dimensional flame front curvature, local flame front angle,

wo-dimensional flame surface density, wrinkled flame surface area,

urbulent burning velocity, mean flamelet consumption velocity,

nd mean turbulent flame stretch factor were evaluated from the

xperimental data.

. Experimental methodology

.1. Bunsen-type burner

An axisymmetric Bunsen-type burner with a nozzle inner diame-

er, D, of 11.1 mm was utilized to produce premixed turbulent flames.

he geometry of its components was documented in detail in [26].

he calibrated mass flow meters were used to control the flow rates

f the filtered air and fuel. The accuracy for each of the flow meter

as ±0.80% on its reading, and ±0.20% on its full scale. Three differ-

nt hydrocarbons (methane, ethane, and propane) were utilized as

he fuel in the experiments. The flame was anchored to the rim of

he burner using an annular premixed ethylene/air pilot flame. Two

erforated plates, that is, TG-I and TG-II, were used independently in

rder to generate different turbulence levels. Each of the perforated

late was mounted upstream of the burner exit. The holes of the per-

orated plates are arranged in a hexagonal array. This method of tur-

ulence generation has been extensively utilized in the literature, see,

or example, [24,27–37]. The hole diameter (d), mesh size (M), block-

ge ratio (β), and upstream position of the perforated plate from the

urner exit (he) for each of the perforated plate are summarized in

able 1. The time-averaged image of a luminosity for a representative

ame condition, Flame M12, is shown in Fig. 1.

.2. Flow field characterization and test conditions

The two-dimensional particle image velocimetry was utilized to

easure the instantaneous velocity vectors. The light source which
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Fig. 1. Time-averaged image of a luminosity for Flame M12, where r is the radial dis-

tance from the centerline of the burner, and h is the axial distance from the burner

exit. Table 2 summarizes the characteristics of this flame condition. This image was

captured using a color digital camera.

w

a

i

r

o

b

3

s

f

l

(

I

S

w

f

r

t

u

T

t

e

p

a

w

H

a

b

o

4

p

t

fi

o

b

fl

p

Fig. 2. (a) and (b) show the contour plots of the mean axial velocity and mean radial

velocity when TG-I was utilized for turbulence production. (c) and (d) show the

contour plots of the mean axial velocity and mean radial velocity when TG-II was used

for turbulence production. These experiments were performed under non-reacting

conditions.
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as used for illuminating the seeding particles in the flow field was

double-pulsed Nd:YAG laser (Litron, Nano-L, 200-15) with a max-

mum output energy and wavelength of 200 mJ/pulse and 532 nm,

espectively. The seeding particles were produced by atomizing olive

il to sub-micron droplets using a nebulizer. A similar technique has

een previously used in the literature, see, for example, [24,27,33–

7]. The laser beam was converted into a laser sheet using a LaVi-

ion light sheet optical assembly. It consists of two spherical lenses,

f = +85 and −75 mm, and one cylindrical lens, f = −20 mm, where

is the focal length of the lens. This optical assembly results in a

aser sheet of approximately 300 μm at full-width-at-half-maximum

FWHM). The experimental images were captured using a LaVision

mager pro X camera with a resolution of 2048 × 2048 pixels2. A

igma macro lens with a focal length of 105 mm operating at f/8.0

as mounted on the camera in order to collect the scattered light

rom the seeding particles. The field-of-view captured by the cur-

ent system is approximately 56 × 56 mm2. A 532 nm bandpass fil-

er was located in front of the lens to decrease the interference of

nsought wavelengths from the environment on the camera’s CCD.

he DaVis 7.2 software provided by LaVision was used to calculate

he velocity components in the axial and radial directions. The cam-

ra was calibrated using a three-dimensional calibration plate. This

rocedure ensures that the location of the measurement plane is

ccurately mapped on the camera’s CCD. Five hundred image pairs

ere captured under the non-reacting condition at a frequency of 6

z for each experimental condition. A multi-pass vector estimation

lgorithm was implemented on each image pair with interrogation

ox sizes decreasing from 64 × 64 to 32 × 32 pixels2 with a 50%

verlap. This resulted in a resolution and vector spacing of 880 and

40 μm, respectively. The time delay between consecutive laser

ulses in order to capture an image pair was adjusted to ensure that

he displacement of seeding particles was less than a quarter of the

nal interrogation box size.

Six sets of experiments were performed in this study. Conditions

f these six sets comprising 44 flames are tabulated in Table 2. The

ulk flow velocity, UB, which was determined by the total volumetric

ow rate was equal to 21.0 m/s for all flame conditions. The contour

lots of the mean axial velocity, 〈U〉, and mean radial velocity, 〈V〉, for
he conditions when TG-I and TG-II were utilized for turbulence pro-

uction are shown in Fig. 2(a)–(d), where 〈〉 determines an average of

he investigated property. It is observed that the mean flow spreads

ut with increasing normalized axial distance from the burner exit,

s observed previously, see, for example, Mi et al. [38]. Furthermore,

he profiles of the mean axial velocity and mean radial velocity nor-

alized by the bulk flow velocity with respect to the normalized ra-

ial distance from the centerline of the burner, r/D, at h/D = 0.5 are

hown in Fig. 3(a) and (b), respectively, where r is the radial distance

rom the centerline of the burner, and h is the axial distance from the

urner exit. The mean axial velocity profile is approximately similar

o a top-hat profile when TG-I is mounted at he = 100.1 mm, and it

esembles to a parabolic profile when TG-II is mounted at he = 44.5

m. The latter observation may be attributed to the coalition of tur-

ulent jets produced by the holes of the perforated plate. Chen and

ilger [28] showed a similar trend in their experimental measure-

ents. Results show a relatively low radial velocity with its maxi-

um near the tip of the burner. The turbulence for the first, third, and

fth sets of experiments was generated using TG-I, whereas TG-II was

tilized for other sets of experiments. The equivalence ratio, φ, was

hanged from 0.7 to 1.35 for methane/air flames (Flames M1–M8 and

9–M16), 0.7–1.45 for ethane/air flames (Flames E1–E8 and E9–E16),

nd 0.8–1.35 for propane/air flames (Flames P1–P6 and P7–P12).

The total turbulence intensity, u′, is an important parameter in the

ame/flow interactions. This property is controlled by the geometry

nd upstream location of the turbulence generator from the burner

xit [24,30,31]. The r.m.s. of velocity fluctuations in the radial direc-

ion, 〈v2〉1/2, was assumed to be equal to the r.m.s. of velocity fluc-

uations in the azimuthal direction, 〈w2〉1/2, due to the axisymmetric

ature of the flow for the Bunsen-type burner. Therefore, the r.m.s.

f velocity fluctuations in the axial, 〈u2〉1/2, and radial, 〈v2〉1/2, direc-

ions were utilized to determine the total turbulence intensity using

he following formula:

′ =
( 〈u2〉 + 〈v2〉 + 〈w2〉

3

) 1
2

=
( 〈u2〉 + 2〈v2〉

3

) 1
2

. (1)

The r.m.s. of velocity fluctuations in the axial and radial directions

s well as the total values normalized by the bulk flow velocity with

espect to the normalized radial distance from the centerline of the
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Table 2

Summary of experimental conditions. Symbols: φ = equivalence ratio; UB = bulk flow velocity; u′ = total turbulence intensity; S0
L = unstrained premixed

laminar burning velocity; �L = longitudinal integral length scale; δf = Zel’dovich thickness; Re�L
= turbulent Reynolds number; Ka = turbulent Karlovitz

number; Da = turbulent Damköhler number; Sc = Schmidt number.

Set of exp. Flame φ UB u′ S0
L �L δf UB/S0

L u′/S0
L �L/δf u′/UB Re�L

Ka Da Sc

(–) (m/s) (m/s) (m/s) (mm) (mm) (–) (–) (–) (%) (–) (–) (–) (–)

I M1 0.7 21.0 0.91 0.198 2.39 0.110 105.7 4.6 21.8 4.3 138 3.4 4.8 0.72

M2 0.8 21.0 0.91 0.279 2.39 0.078 75.1 3.3 30.6 4.3 138 1.7 9.4 0.72

M3 0.9 21.0 0.91 0.345 2.39 0.063 60.7 2.6 37.9 4.3 138 1.1 14.4 0.72

M4 1.0 21.0 0.91 0.386 2.39 0.056 54.3 2.4 42.4 4.3 138 0.9 18.0 0.72

M5 1.1 21.0 0.91 0.384 2.39 0.057 54.6 2.4 42.2 4.3 138 0.9 17.8 0.72

M6 1.2 21.0 0.91 0.341 2.39 0.064 61.5 2.7 37.5 4.3 138 1.2 14.1 0.72

M7 1.25 21.0 0.91 0.293 2.39 0.074 71.6 3.1 32.2 4.3 138 1.6 10.4 0.72

M8 1.35 21.0 0.91 0.181 2.39 0.120 115.6 5.0 19.9 4.3 138 4.1 4.0 0.72

II M9 0.7 21.0 1.89 0.198 2.64 0.110 105.7 9.5 24.1 9.0 316 9.7 2.5 0.72

M10 0.8 21.0 1.89 0.279 2.64 0.078 75.1 6.8 33.8 9.0 316 4.9 5.0 0.72

M11 0.9 21.0 1.89 0.345 2.64 0.063 60.7 5.5 41.9 9.0 316 3.2 7.7 0.72

M12 1.0 21.0 1.89 0.386 2.64 0.056 54.3 4.9 46.8 9.0 316 2.6 9.6 0.72

M13 1.1 21.0 1.89 0.384 2.64 0.057 54.6 4.9 46.6 9.0 316 2.6 9.5 0.72

M14 1.2 21.0 1.89 0.341 2.64 0.064 61.5 5.5 41.4 9.0 316 3.3 7.5 0.72

M15 1.25 21.0 1.89 0.293 2.64 0.074 71.6 6.4 35.5 9.0 316 4.4 5.5 0.72

M16 1.35 21.0 1.89 0.181 2.64 0.120 115.6 10.4 22.0 9.0 316 11.6 2.1 0.72

III E1 0.7 21.0 0.91 0.238 2.39 0.060 88.2 3.8 39.5 4.3 144 1.1 10.3 1.05

E2 0.8 21.0 0.91 0.325 2.39 0.044 64.5 2.8 54.1 4.3 144 0.6 19.4 1.05

E3 0.9 21.0 0.91 0.390 2.39 0.037 53.7 2.3 64.8 4.3 144 0.4 27.8 1.05

E4 1.0 21.0 0.91 0.430 2.39 0.033 48.8 2.1 71.5 4.3 144 0.3 33.8 1.05

E5 1.15 21.0 0.91 0.434 2.39 0.033 48.3 2.1 72.2 4.3 144 0.3 34.5 1.05

E6 1.25 21.0 0.91 0.387 2.39 0.037 54.2 2.3 64.3 4.3 144 0.4 27.4 1.05

E7 1.35 21.0 0.91 0.305 2.39 0.047 68.7 3.0 50.8 4.3 144 0.7 17.1 1.05

E8 1.45 21.0 0.91 0.218 2.39 0.066 95.9 4.2 36.3 4.3 144 1.3 8.7 1.05

IV E9 0.7 21.0 1.89 0.238 2.64 0.060 88.2 7.9 43.7 9.0 330 3.2 5.5 1.05

E10 0.8 21.0 1.89 0.325 2.64 0.044 64.5 5.8 59.7 9.0 330 1.7 10.3 1.05

E11 0.9 21.0 1.89 0.390 2.64 0.037 53.7 4.8 71.6 9.0 330 1.2 14.8 1.05

E12 1.0 21.0 1.89 0.430 2.64 0.033 48.8 4.4 78.9 9.0 330 1.0 18.0 1.05

E13 1.15 21.0 1.89 0.434 2.64 0.033 48.3 4.3 79.7 9.0 330 0.9 18.3 1.05

E14 1.25 21.0 1.89 0.387 2.64 0.037 54.2 4.9 71.0 9.0 330 1.2 14.6 1.05

E15 1.35 21.0 1.89 0.305 2.64 0.047 68.7 6.2 56.1 9.0 330 1.9 9.1 1.05

E16 1.45 21.0 1.89 0.218 2.64 0.066 95.9 8.6 40.1 9.0 330 3.7 4.6 1.05

V P1 0.8 21.0 0.91 0.284 2.39 0.040 73.8 3.2 59.1 4.3 149 0.5 18.5 1.26

P2 0.9 21.0 0.91 0.356 2.39 0.032 59.0 2.6 74.0 4.3 149 0.3 28.9 1.26

P3 1.0 21.0 0.91 0.394 2.39 0.029 53.2 2.3 82.0 4.3 149 0.3 35.5 1.26

P4 1.15 21.0 0.91 0.398 2.39 0.029 52.7 2.3 82.8 4.3 149 0.3 36.2 1.26

P5 1.25 21.0 0.91 0.360 2.39 0.032 58.2 2.5 74.9 4.3 149 0.3 29.7 1.26

P6 1.35 21.0 0.91 0.285 2.39 0.040 73.6 3.2 59.3 4.3 149 0.5 18.6 1.26

VI P7 0.8 21.0 1.89 0.284 2.64 0.040 73.8 6.6 65.3 9.0 343 1.5 9.8 1.26

P8 0.9 21.0 1.89 0.356 2.64 0.032 59.0 5.3 81.7 9.0 343 0.9 15.4 1.26

P9 1.0 21.0 1.89 0.394 2.64 0.029 53.2 4.8 90.6 9.0 343 0.8 18.9 1.26

P10 1.15 21.0 1.89 0.398 2.64 0.029 52.7 4.7 91.4 9.0 343 0.8 19.3 1.26

P11 1.25 21.0 1.89 0.360 2.64 0.032 58.2 5.2 82.8 9.0 343 0.9 15.8 1.26

P12 1.35 21.0 1.89 0.285 2.64 0.040 73.6 6.6 65.5 9.0 343 1.5 9.9 1.26

Fig. 3. Normalized mean (a) axial and (b) radial velocity profiles with respect to the normalized radial distance from the centerline of the burner at h/D = 0.5.

o

[

e

t

r

burner are shown in Fig. 4(a)–(c). It is observed that the profiles of

〈u2〉1/2 are comparatively uniform within 30% variations for r/D <

0.25, whereas the variations of 〈v2〉1/2 and u′ are approximately 10%.

All of these profiles have peaks near the rim of the burner. These

peaks may be attributed to the existence of shear layers. Similar
bservations were previously reported in the literature, see Fig. 5 in

28], Figs. 3 and 4 in [30], Fig. 5.8(a) in [39], and Fig. 2 in [24]. Chen

t al. [40] showed that the total turbulence intensity value along

he axial direction on the centerline of the burner does not vary for

eacting conditions. They showed that these values are similar to
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Fig. 4. Normalized r.m.s. of (a) axial, (b) radial, and (c) total velocity fluctuations with

respect to the normalized radial distance from the centerline of the burner at h/D =
0.5.
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Fig. 5. Axial velocity correlation coefficient with respect to the velocity vector spacing

in the axial direction at r0 = 0 mm and h0 = 5.6 mm. The TG-II which was mounted at

he = 44.5 mm was utilized to generate the turbulence for this condition.
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he total turbulence intensity value which was measured near the

urner exit for non-reacting conditions. Therefore, it is reasonable

o assume that the value of the total turbulence intensity which

as measured near the burner exit for non-reacting conditions is

n appropriate choice for characterizing this parameter for reacting

onditions. Therefore, the representative value of the total turbu-

ence intensity was estimated by taking an average over local total

urbulence intensities in a region between −0.25 < r/D < 0.25 and

.2 < h/D < 0.5 for each experimental condition. The representative

alues of total turbulence intensity for all operating conditions are

ummarized in Table 2. It is shown that the total turbulence intensity

ncreased by a factor of 2 by changing the perforated plate and its

pstream position from the burner exit from TG-I at he = 100.1 mm

o TG-II at he = 44.5 mm, see Table 2. Following Benedict and Gould

41], the uncertainty associated with the total turbulence intensity

as calculated to be approximately 6%.

The longitudinal integral length scale at a specific location of r0

nd h0, �L(r0, h0), was acquired from the axial velocity correlation

oefficient, f(r0, h0, �x) [42]. This coefficient was obtained from the

ollowing formula:

f (r0, h0,�x) = 〈u(r0, h0)u(r0, h0 + �x)〉
〈u(r0, h0)2〉 , (2)

here u is the velocity fluctuations in the axial direction, and �x

s the velocity vector spacing in the axial direction. A representative

rofile of the axial velocity correlation coefficient at r0 = 0 mm and

0 = 5.6 mm is shown in Fig. 5. Similar plots were previously pre-

ented in the literature, see Fig. 6 in [28], Fig. 7(a) in [30], Fig. 5.3 in

39], Fig. 3.21 in [26], and Fig. 3 in [24].

The longitudinal integral length scale was then estimated using

he following expression:

L(r0, h0) =
∫ �x∗

L

0

f (r0, h0,�x)d�x, (3)

here �x∗
L is the first location at which the axial velocity corre-

ation coefficient is equal to zero. The representative value of the
ongitudinal integral length, �L, for each experimental condition

as determined by taking an average over local longitudinal integral

ength scales in a region between −0.25 < r/D < 0.25 and 0.2 <

/D < 0.5. The longitudinal integral length scale values for all ex-

erimental conditions are summarized in Table 2. The uncertainty

ssociated with the longitudinal integral length scale was estimated

o be approximately 25%. The longitudinal integral length scale

alues produced by both turbulence generators, that is, TG-I and

G-II, are close to each other (the difference is about 10%). This

akes it possible to evaluate the influence of the total turbulence

ntensity on the flame brush characteristics, instantaneous flame

ront structures, and burning velocities of premixed turbulent flames

hen the longitudinal integral length scale is kept constant.

As stated earlier, the summary of all experimental conditions is

abulated in Table 2. The unstrained premixed laminar burning veloc-

ty, S0
L
, was calculated using the Cantera package [43] with the GRI-

.0 mechanism [44] for methane/– and ethane/air flames, whereas

his mechanism did not provide an accurate results for propane/air

ames. Therefore, experimental data of S0
L

reported in [45] were uti-

ized for propane/air flames. The Zel’dovich thickness, δf, was deter-

ined by calculating the ratio of the reactants mass diffusivity to

he unstrained premixed laminar burning velocity [1]. The mass dif-

usivity for each hydrocarbon/air mixture tested in this study was

etermined using a methodology described in Reid et al. [46]. For

ach set of experiments, the values of the equivalence ratio were

elected in a manner that there exist flame conditions on both the

ean/stoichiometric and rich mixtures with identical unstrained pre-

ixed laminar burning velocities. For example, the values of S0
L

for

lames P7 and P12 are almost similar, whereas the equivalence ra-

ios are different. This results in having two flame conditions on

oth lean/stoichiometric and rich mixtures for each set of experi-

ents with constant unstrained premixed laminar burning veloc-

ty, non-dimensional bulk flow velocity (UB/S0
L
), non-dimensional

urbulence intensity (u′/S0
L
), and non-dimensional longitudinal in-

egral length scale (�L/δf). This permits to isolate the effect of

hermo-diffusive properties on the flame brush characteristics, in-

tantaneous flame front structures, and burning velocities. The tur-

ulent Reynolds, Karlovitz, and Damköhler numbers were estimated

rom Re�L
= u′�L/ν, Ka = (δf/η)2, and Da = �LS0

L
/δfu

′, respectively,

here ν is the reactants kinematic viscosity obtained from [46], and

is the Kolmogorov length scale evaluated from η = �LRe−3/4
�L

[47].

he Schmidt number, Sc, was determined by calculating the ratio of

he reactants kinematic viscosity to the mass diffusivity.
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Fig. 6. Experimental data on a Borghi–Peters regime diagram for premixed turbulent

combustion [13,48].

Fig. 7. Image processing procedure utilized for determining the flame front locations.

(a) Raw Mie scattering image, (b) filtered image, (c) binarized image, and (d) flame

front locations for Flame M4.

Fig. 8. Mean progress variable contour for Flame E13. Solid and dash lines indicate

the iso-contours of 〈c〉 = 0.05 and 0.5, respectively. The definitions of the characteris-

tic flame height, H〈c〉=0.5, centerline mean flame brush thickness, δT, 0, and horizontal

mean flame brush thickness, δT, h , are shown on this contour.
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The experimental data from the current study are superimposed

on a Borghi–Peters regime diagram for premixed turbulent combus-

tion [13,48], as shown in Fig. 6. The locations of the lines that sep-

arate the corrugated flamelets regime from the thin reaction zones

regime and the latter regime from the broken reaction zones regime

changed using different hydrocarbon/air mixtures. These lines were

obtained using a methodology described by Tamadonfar and Gülder

[24]. It is observed that all test conditions are located in the corru-

gated flamelets and thin reaction zones regimes.

2.3. Flame front visualization

The flame front corrugations were visualized using the Mie

scattering technique. This technique has been extensively used for

flame front visualization of Bunsen-type flames [2,3,27,32,49–56],

V-shaped flames [2,36,37,57–59], and swirl-stabilized flames

[60–62]. The laser, light sheet optical assembly, CCD camera, and

bandpass filter used in this technique were similar to the equipments

utilized in the particle image velocimetry technique described in

detail in Section 2.2. The camera was equipped with a Nikon Micro-

Nikkor 60 mm lens operating at f/8.0. The field-of-view imaged by the

current system was approximately 187 × 187 mm2 with a resolution

of 91.2 μm/pixel. Five hundred images were captured at a frequency

of 6 Hz using the DaVis 7.2 software for each flame condition. A raw

Mie scattering image for a representative flame condition, Flame M4,

is shown in Fig. 7(a). A 3 × 3 pixels2 median filter was applied on

each raw image in order to reduce noise, as shown in Fig. 7(b). The

filtered images were then binarized by assigning a threshold value

for the light intensity. For each binarized image, the pixel value of 0

(white zone) indicates the progress variable of 0, that is, unburned

zone, and the pixel value of 1 (black zone) specifies the progress

variable of 1, that is, fully burned zone, as shown in Fig. 7(c). The

instantaneous flame front locations for each binarized image were

determined using a script written in MATLAB, as shown in Fig. 7(d).

3. Results and discussion

3.1. Characteristic flame height

A contour plot of the mean progress variable, 〈c〉, was obtained by

taking an average over 500 instantaneous binarized images for each

flame condition, as shown in Fig. 8. The characteristic flame height,

H〈c〉=0.5, is considered as the distance from the burner exit to the

half-burning surface, that is, the iso-contour of 〈c〉 = 0.5, determined

on the centerline of the burner, as shown in Fig. 8. The characteristic
ame height is usually employed for testing the numerical models for

remixed turbulent Bunsen flames, see, for example, the large-eddy

imulation (LES) results in [63–65], and the direct numerical simula-

ion (DNS) results in [66].

The variations of the normalized characteristic flame height,

〈c〉=0.5/D, with respect to the equivalence ratio, φ, are shown in

ig. 9(a)–(c). The normalized characteristic flame height decreased

ignificantly with increasing equivalence ratio from 0.7 to 1.0 for

ethane/– and ethane/air flames, and 0.8–1.0 for propane/air flames.

his trend could be referred to the augmentation of global reaction

ate due to an increase in flame temperature. Similar observations
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Fig. 9. Normalized characteristic flame height with respect to the equivalence ratio for (a) methane/air, (b) ethane/air, and (c) propane/air flames.

Table 3

Summary of experimental results. Symbols: φ = equivalence ratio; UB = bulk flow velocity; u′ = total turbulence intensity; S0
L = unstrained premixed

laminar burning velocity; �L = longitudinal integral length scale; δf = Zel’dovich thickness; H〈c〉=0.5 = characteristic flame height; δT, 0 = centerline

mean flame brush thickness; 〈Vf〉 = mean volume of the turbulent flame region; 〈Wf〉 = mean fuel consumption rate; 	S,2D,max = maximum two-

dimensional flame surface density; Aw = wrinkled flame surface area; Au = unwrinkled flame surface area. The indexes S and G in the last three

columns refer to the Shepherd’s method and gradient of the progress variable method, respectively.

Set of exp. Flame φ UB/S0
L u′/S0

L �L/δf H〈c〉=0.5 δT, 0 〈Vf〉 〈Wf〉 × 109 	S,2D,max (Aw/Au)S (Aw/Au)G

(–) (–) (–) (–) (mm) (mm) (mm3) (kg/mm3s) (1/mm) (–) (–)

I M1 0.7 105.7 4.6 21.8 149.6 63.5 28,608 3.2 0.52 4.58 4.53

M2 0.8 75.1 3.3 30.6 107.9 42.5 16,759 6.1 0.57 4.24 4.18

M3 0.9 60.7 2.6 37.9 92.2 35.7 12,569 9.1 0.60 4.08 4.01

M4 1.0 54.3 2.4 42.4 80.4 26.9 10,265 12.3 0.61 4.08 4.00

M5 1.1 54.6 2.4 42.2 76.1 25.1 9,411 14.6 0.64 4.03 3.95

M6 1.2 61.5 2.7 37.5 81.7 28.6 9,550 15.6 0.63 3.86 3.78

M7 1.25 71.6 3.1 32.2 83.1 26.1 9,874 15.6 0.63 3.77 3.69

M8 1.35 115.6 5.0 19.9 97.2 27.8 11,497 14.3 0.61 3.63 3.56

II M9 0.7 105.7 9.5 24.1 103.0 49.1 29,697 3.1 0.47 5.81 5.79

M10 0.8 75.1 6.8 33.8 78.6 31.0 18,567 5.5 0.51 4.74 4.74

M11 0.9 60.7 5.5 41.9 67.1 25.4 14,030 8.2 0.53 4.51 4.50

M12 1.0 54.3 4.9 46.8 62.7 23.6 12,057 10.5 0.54 4.30 4.29

M13 1.1 54.6 4.9 46.6 61.0 21.8 11,447 12.0 0.55 4.18 4.16

M14 1.2 61.5 5.5 41.4 62.5 21.8 11,520 12.9 0.54 4.10 4.08

M15 1.25 71.6 6.4 35.5 66.7 24.8 11,852 13.0 0.53 4.02 4.00

M16 1.35 115.6 10.4 22.0 76.9 27.5 14,407 11.4 0.49 3.90 3.87

III E1 0.7 88.2 3.8 39.5 161.8 67.9 25,764 3.9 0.57 4.39 4.30

E2 0.8 64.5 2.8 54.1 126.6 51.0 16,264 7.0 0.64 4.54 4.41

E3 0.9 53.7 2.3 64.8 89.5 34.7 11,493 11.0 0.70 5.21 5.03

E4 1.0 48.8 2.1 71.5 74.9 29.5 8,948 15.7 0.73 5.29 5.10

E5 1.15 48.3 2.1 72.2 64.9 22.0 7,424 21.5 0.74 5.24 5.03

E6 1.25 54.2 2.3 64.3 64.7 23.4 7,290 23.7 0.70 4.32 4.21

E7 1.35 68.7 3.0 50.8 64.2 20.4 7,653 24.2 0.72 4.40 4.28

E8 1.45 95.9 4.2 36.3 69.6 24.1 8,610 23.0 0.67 4.33 4.24

IV E9 0.7 88.2 7.9 43.7 112.2 54.8 26,621 3.8 0.53 6.05 5.97

E10 0.8 64.5 5.8 59.7 85.7 41.0 16,651 6.8 0.55 5.14 5.07

E11 0.9 53.7 4.8 71.6 68.7 29.9 12,341 10.3 0.57 4.84 4.78

E12 1.0 48.8 4.4 78.9 60.5 25.4 10,161 13.8 0.59 4.70 4.63

E13 1.15 48.3 4.3 79.7 53.1 19.0 8,402 19.0 0.60 4.54 4.49

E14 1.25 54.2 4.9 71.0 48.9 18.8 7,687 22.5 0.65 5.04 4.94

E15 1.35 68.7 6.2 56.1 51.3 20.2 8,307 22.3 0.64 4.96 4.86

E16 1.45 95.9 8.6 40.1 52.6 19.0 8,475 23.4 0.64 4.75 4.66

V P1 0.8 73.8 3.2 59.1 154.3 56.8 22,756 5.4 0.55 3.52 3.48

P2 0.9 59.0 2.6 74.0 124.5 46.2 15,857 8.6 0.57 3.57 3.53

P3 1.0 53.2 2.3 82.0 93.5 34.0 11,318 13.3 0.60 3.79 3.72

P4 1.15 52.7 2.3 82.8 77.8 26.6 8,672 19.8 0.66 3.71 3.65

P5 1.25 58.2 2.5 74.9 71.6 23.3 8,346 22.3 0.66 3.89 3.82

P6 1.35 73.6 3.2 59.3 70.0 24.1 8,046 24.8 0.67 4.00 3.93

VI P7 0.8 73.8 6.6 65.3 97.6 49.4 24,074 5.1 0.52 6.04 6.00

P8 0.9 59.0 5.3 81.7 75.6 35.0 14,663 9.3 0.56 5.28 5.22

P9 1.0 53.2 4.8 90.6 66.5 29.2 11,761 12.8 0.59 5.00 4.92

P10 1.15 52.7 4.7 91.4 56.7 24.5 8,804 19.5 0.62 4.96 4.86

P11 1.25 58.2 5.2 82.8 54.2 22.7 8,791 21.1 0.64 4.99 4.89

P12 1.35 73.6 6.6 65.5 59.2 21.3 8,339 23.9 0.64 4.41 4.34
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ere previously reported in [24,31,67,68]. The variations of H〈c〉=0.5/D

ere found to be insignificant with increasing equivalence ratio from

.15 to 1.45 for ethane/air flames and 1.15–1.35 for propane/air flames,

hereas H〈c〉=0.5/D increased slightly by increasing the equivalence

atio from 1.1 to 1.35 for methane/air flames. This trend could be
ttributed to the insignificant variations of the turbulent burning

elocity for rich ethane/– and propane/air flames even though the

ame temperature decreased for these flame conditions, whereas

he burning velocity decreased for rich methane/air flames with in-

reasing equivalence ratio. This issue will be discussed in detail in
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Fig. 10. Product of normalized characteristic flame height and turbulent Karlovitz

number with respect to the turbulent Damköhler number for (a) lean/stoichiometric

methane/–, ethane/–, and propane/air flames and (b) rich methane/–, ethane/–, and

propane/air flames. The solid line in each subfigure refers to the least-squares fit to the

measured data.

Fig. 11. Centerline mean flame brush thickness evaluated with different definitions

normalized by the burner nozzle inner diameter with respect to the equivalence ratio

for Flames E9–E16.
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Section 3.9. Results show that by a two-fold increase in the total

turbulence intensity, H〈c〉=0.5/D decreased by approximately 20–31%

for methane/– and ethane/air flames, and 15–39% for propane/air

flames when the equivalence ratio, non-dimensional bulk flow ve-

locity, and non-dimensional longitudinal integral length scale were

kept constant. For example, H〈c〉=0.5/D for Flame M12 is 22% shorter

than H〈c〉=0.5/D for Flame M4. This could be due to an increase in the

turbulent burning velocity which will be explained in Section 3.9.

A similar trend was previously reported for lean to stoichiometric

methane/air flames in [24]. It is observed that the normalized charac-

teristic flame height for lean/stoichiometric conditions is higher than

the corresponding value for rich mixtures under constant unstrained

premixed laminar burning velocity, non-dimensional bulk flow ve-

locity, non-dimensional turbulence intensity, and non-dimensional

longitudinal integral length scale. For example, H〈c〉=0.5/D for Flame

E2 is two-times higher than H〈c〉=0.5/D for Flame E7. This differ-

ence could be due to the different thermo-diffusive characteristics

of lean/stoichiometric and rich mixtures. The characteristic flame

height values for all operating conditions are summarized in Table 3.

Further investigation showed that the product of normalized char-

acteristic flame height and turbulent Karlovitz number has a power-

law relation with the turbulent Damköhler number using the follow-

ing expression:

(H〈c〉=0.5/D)Ka = γ1Daγ2 , (4)

where γ 1 and γ 2 are the coefficient and power constants. The

product of normalized characteristic flame height and turbulent

Karlovitz number with respect to the turbulent Damköhler num-

ber for lean/stoichiometric methane/–, ethane/–, and propane/air

flames is shown in Fig. 10(a), and for rich methane/–, ethane/–, and

propane/air flames is shown in Fig. 10(b). It is observed that the value

of γ 1 varies between lean/stoichiometric and rich mixtures, whereas

the value of γ 2 does not change significantly. The above formula-

tion suggests that the characteristic flame height can be estimated

by knowing the turbulent Karlovitz and Damköhler numbers.

3.2. Mean flame brush thickness

The mean flame brush thickness, δT, is the region in space where

the reaction layers are positioned [7]. It is essential to investigate the

behavior of the mean flame brush thickness experimentally. This in-

vestigation helps to assess the accuracy of numerical models [7,22].

Lipatnikov and Chomiak [22] believed that the mean flame brush

thickness is a significant combustion characteristic, and it should not

be utilized exclusively for ranking numerical models. In this study,

the mean flame brush thickness is divided into two parts: (1) the cen-

terline mean flame brush thickness, δT, 0, and (2) the horizontal mean

flame brush thickness, δT, h. The locations of these thicknesses on the

mean progress variable contour are demonstrated in Fig. 8.

There exist different definitions in the literature for the evaluation

of the mean flame brush thickness. For example, Namazian et al. [69]

and Kheirkhah and Gülder [36,37] determined the mean flame brush

thickness using the maximum gradient method, whereas Gouldin

and Miles [70], Lee et al. [71], Griebel et al. [31], Venkateswaran [72],

and Tamadonfar and Gülder [24] evaluated the mean flame brush

thickness by finding the distance between two specific mean progress

variable surfaces. It should be stated that using different definitions

for the estimation of the mean flame brush thickness result in dif-

ferent quantitative values, whereas the qualitative trends remain un-

altered, as shown in Fig. 11. Experimental results of Venkateswaran

[72] displayed a similar observation. In this study, the mean flame

brush thickness was determined by finding the distance between the

leading edge of the flame, that is, the iso-contour of 〈c〉 = 0.05, and

the half-burning surface, that is, the iso-contour of 〈c〉 = 0.5.
.2.1. Centerline mean flame brush thickness

The variations of the normalized centerline mean flame brush

hickness, δT, 0/D, with respect to the equivalence ratio for all ex-

erimental conditions are shown in Fig. 12(a)–(c). Results show

hat δT, 0/D decreased significantly with increasing equivalence ra-

io from 0.7 to 1.0 for methane/– and ethane/air flames, and 0.8–

.0 for propane/air flames, whereas it remained relatively unchanged
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Fig. 12. Normalized centerline mean flame brush thickness with respect to the equivalence ratio for (a) methane/air, (b) ethane/air, and (c) propane/air flames.
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Fig. 13. Product of normalized centerline mean flame brush thickness and tur-

bulent Karlovitz number with respect to the turbulent Damköhler number for

(a) lean/stoichiometric methane/–, ethane/–, and propane/air flames and (b) rich

methane/–, ethane/–, and propane/air flames. The solid line in each subfigure refers

to the least-squares fit to the measured data.
ith increasing equivalence ratio from 1.1 to 1.35 for methane/air,

.15–1.45 for ethane/air, and 1.15–1.35 for propane/air flames. Ex-

erimental results of Griebel et al. [31] and Tamadonfar and Gülder

24] showed a similar decreasing trend for premixed turbulent

ethane/air flames. Results show that δT, 0/D decreased by increasing

he total turbulence intensity from 0.91 to 1.89 m/s when the equiva-

ence ratio, non-dimensional bulk flow velocity, and non-dimensional

ongitudinal integral length scale were kept constant. For example,

T, 0/D is equal to 5.1 for Flame P1, and it decreases to 4.4 for Flame P7

y a two-fold increase in the total turbulence intensity. This observa-

ion is in agreement with previous measurements of Tamadonfar and

ülder [24] for premixed turbulent methane/air flames. Furthermore,

T, 0/D for lean/stoichiometric mixtures is observed to be higher than

he corresponding value for rich mixtures with identical unstrained

remixed laminar burning velocity, non-dimensional bulk flow ve-

ocity, non-dimensional turbulence intensity, and non-dimensional

ongitudinal integral length scale. The centerline mean flame brush

hickness values for all operating conditions are tabulated in Table 3.

The product of normalized centerline mean flame brush thickness

nd turbulent Karlovitz number has a power-law relation with the

urbulent Damköhler number using the following expression:

δT,0/D)Ka = γ3Daγ4 , (5)

here γ 3 and γ 4 are the coefficient and power constants. The prod-

ct of normalized centerline mean flame brush thickness with re-

pect to the turbulent Damköhler number for lean/stoichiometric test

onditions is shown in Fig. 13(a), and for rich test conditions is shown

n Fig. 13(b). The value of γ 3 changed between lean/stoichiometric

nd rich mixtures, whereas the value of γ 4 stayed relatively constant.

The mean progress variable profiles on the centerline of the

urner mimicked the behavior of a complementary error func-

ion, Fig. 14(a)–(d). Experimental measurements of Halter et al. [73]

howed a similar observation. Results show that these profiles col-

apsed to a universal curve for all experimental conditions when the

enterline distance across the flame brush, ζ 0, was normalized by the

enterline mean flame brush thickness, δT, 0. The centerline distance

cross the flame brush was determined using the following expres-

ion:

0 = hr=0 − hr=0,〈c〉=0.5. (6)

It is observed that these profiles are not sensitive to the equiv-

lence ratio (for example, Flames M9–M16), total turbulence in-

ensity (for example, Flames E1 and E9), different thermo-diffusive

haracteristics (for example, Flames P1 and P6), and the fuel type

Fig. 14(d)).

.2.2. Horizontal mean flame brush thickness

The variations of the normalized horizontal mean flame brush

hickness, δT, h/D, with respect to the normalized axial distance from

he burner exit, h/D, are shown in Fig. 15 for methane/air, Fig. 16

or ethane/air, and Fig. 17 for propane/air flames. It is observed that

T, h/D increases with increasing h/D for each flame condition. This
bservation is usually described in the literature by the Taylor the-

ry of turbulent diffusion [22]. Similar observations were previously

eported, see, for example, [3,24,37,67,69,72]. Results show that for

ethane/air flames, δT, h/D was independent of the equivalence ra-

io for h/D < 2. This indicates that the flame front wrinkling is re-

tricted due to the existence of anchoring boundary condition near

he burner exit [72]. However, at larger h/D, the normalized hori-

ontal mean flame brush thickness increased with increasing equiv-

lence ratio from 0.7 to 1.0 (Fig. 15(a) and (c)), whereas it decreased

ith increasing equivalence ratio from 1.1 to 1.35 (Fig. 15(b) and (d)).

his observation suggests that increasing the unstrained premixed
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Fig. 14. Mean progress variable profiles on the centerline of the burner with respect to the normalized centerline distance across the flame brush for (a) methane/air, (b) ethane/air,

(c) propane/air flames, and (d) three representative flame conditions.

Fig. 15. Normalized horizontal mean flame brush thickness with respect to the normalized axial distance from the burner exit for (a) Flames M1–M4, (b) Flames M5–M8, (c)

Flames M9–M12, and (d) Flames M13–M16.
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e

laminar burning velocity for methane/air flames (increasing equiv-

alence ratio from 0.7 to 1.0, and decreasing equivalence ratio from

1.35 to 1.1) results in enlarging the zone occupied by the wrinkled

flamelets. Similar observations were previously reported in [24] for

lean to stoichiometric methane/air Bunsen flames and in [69] for lean

methane/– and ethylene/air V-shaped flames. In addition, δT, h/D in-

creased by increasing the total turbulence intensity from 0.91 to 1.89

m/s under constant equivalence ratio, non-dimensional bulk flow ve-

locity, and non-dimensional longitudinal integral length scale, see,
or example, Flames M3 and M11. This trend implies that increas-

ng the total turbulence intensity results in an increase in the flame

ront wrinkling which enlarges the region occupied by the wrinkled

amelets. Similar trends were previously observed in the literature,

ee Fig. 107 in [72] for lean syngas/air Bunsen flames, and Fig. 11 in

24] for lean to stoichiometric methane/air Bunsen flames. The nor-

alized horizontal mean flame brush thicknesses at different nor-

alized axial distances from the burner exit were approximately

qual for lean/stoichiometric and rich methane/air flames when
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Fig. 16. Normalized horizontal mean flame brush thickness with respect to the normalized axial distance from the burner exit for (a) Flames E1–E4, (b) Flames E5–E8, (c) Flames

E9–E12, and (d) Flames E13–E16.

Fig. 17. Normalized horizontal mean flame brush thickness with respect to the normalized axial distance from the burner exit for (a) Flames P1–P3, (b) Flames P4–P6, (c) Flames

P7–P9, and (d) Flames P10–P12.
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he unstrained premixed laminar burning velocity, non-dimensional

ulk flow velocity, non-dimensional turbulence intensity, and non-

imensional longitudinal integral length scale were kept constant,

ee, for example, Flames M9 and M16. This trend shows that the hor-

zontal mean flame brush thickness is not sensitive to the different

hermo-diffusive characteristics of methane/air flames.

The normalized horizontal mean flame brush thickness was inde-

endent of the equivalence ratio near the burner exit for ethane/air

ames, similar to methane/air flames. By increasing the normalized

xial distance from the burner exit, δT, h/D increased with increasing

quivalence ratio from 0.7 to 1.0 (Fig. 16(a) and (c)). Results show that

T, h/D remained relatively constant with increasing equivalence ra-

io from 1.15 to 1.45 (Fig. 16(b) and (d)). The observed trend suggests
hat for lean to stoichiometric ethane/air flames, increasing the un-

trained premixed laminar burning velocity enlarges the wrinkled

amelets region, whereas it remains unaltered for rich ethane/air

ames. Increasing the total turbulence intensity results in enlarging

he horizontal mean flame brush thickness, see, for example, Flames

1 and E9. Results show that δT, h/D for very rich ethane/air flames,

hat is, φ = 1.35 and 1.45, was larger than the corresponding value

or very lean mixtures, that is, φ = 0.7 and 0.8, at an identical h/D

nder constant unstrained premixed laminar burning velocity, non-

imensional bulk flow velocity, non-dimensional turbulence inten-

ity, and non-dimensional longitudinal integral length scale, whereas

t remained unaltered for near stoichiometric conditions, see, for ex-

mple, flames with φ = 0.9 and 1.25 and/or φ = 1.0 and 1.15.



4428 P. Tamadonfar, Ö.L. Gülder / Combustion and Flame 162 (2015) 4417–4441

Fig. 18. Mean progress variable profiles normal to the centerline of the burner with respect to the normalized horizontal distance across the flame brush for (a) Flames M9–M16

at h = 30 mm, (b) Flame E3 at different axial distances from the burner exit, (c) Flames P2 and P8 at h = 30 mm, and (d) Flames E1 and E8 at h = 30 mm.
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For propane/air flames, the variations of δT, h/D with respect to h/D

were nearly similar to the behavior of ethane/air flames except that

there exists one discrepancy. This difference occurs for the sixth set of

experiments. In this set, the normalized horizontal mean flame brush

thicknesses at different normalized axial distances from the burner

exit were identical when S0
L
, UB/S0

L
, u′/S0

L
, and �L/δf were kept con-

stant, see, for example, Flames P8 and P11.

The mean progress variable profiles normal to the centerline of

the burner are well approximated by the complementary error func-

tion, as shown in Fig. 18(a)–(d). These profiles collapsed to a univer-

sal curve when the spatial coordinate normalized properly. In order

to normalize the spatial coordinate, the horizontal distance across the

flame brush, ξ (h), was normalized by the local horizontal mean flame

brush thickness. The horizontal distance across the flame brush was

evaluated using the following expression:

ξ(h) = r(h) − r(h)〈c〉=0.5, (7)

where r(h) is the radial distance from the centerline of the burner

at a specific axial distance from the burner exit. It is observed that

the influences of the equivalence ratio (Fig. 18(a)), different axial dis-

tances from the burner exit (Fig. 18(b)), total turbulence intensity

(Fig. 18(c)), and different thermo-diffusive characteristics (Fig. 18(d))

on the mean progress variable profiles are insignificant when the spa-

tial coordinate was normalized using the above methodology. Simi-

lar observations were previously reported by Lipatnikov and Chomiak

[22,23] and Tamadonfar and Gülder [24].

3.3. Mean volume of the turbulent flame region

The mean volume of the turbulent flame region, 〈Vf〉, is quantified

in this section for all operating conditions. It is a region where the

averaged heat release rate occurs [74,75]. In order to evaluate 〈Vf〉, the

iso-contour of 〈c〉 = 0.05 was selected. This iso-contour was then di-

vided into two parts at the centerline of the burner. Each iso-contour

was rotated around the centerline of the burner, and the volume was

then estimated by integrating the obtained region. The representative
alue of the volume for this iso-contour was evaluated by taking an

verage of these two magnitudes. The same method was conducted

or the iso-contour of 〈c〉 = 0.95. The mean volume of the turbulent

ame region was obtained by subtracting the volume for 〈c〉 = 0.05

rom the corresponding value for 〈c〉 = 0.95. Kobayashi et al. [74] and

hang et al. [75,76] performed a similar method for evaluating 〈Vf〉
sing the iso-contours of 〈c〉 = 0.1 and 0.9 in their analysis. The mean

olume of the turbulent flame region values for all experimental con-

itions are tabulated in Table 3.

The variations of the mean volume of the turbulent flame re-

ion with respect to the equivalence ratio for all operating condi-

ions are shown in Fig. 19(a)–(c). Results show that 〈Vf〉 decreased

onsiderably with increasing equivalence ratio from 0.7 to 1.0 for

ethane/– and ethane/air flames, and 0.8–1.0 for propane/air flames.

ncreasing the equivalence ratio from lean to stoichiometric mixtures

esults in a decrease in the characteristic flame height (see Fig. 9),

nd an increase in the horizontal mean flame brush thickness (see

igs. 15–17). Results indicate that a decrease in the flame height de-

reases 〈Vf〉 more than an increase in 〈Vf〉 due to the horizontal mean

ame brush thickness enlargement with increasing equivalence ra-

io from lean to stoichiometric mixtures. The variations of 〈Vf〉 were

nsignificant with increasing equivalence ratio from 1.15 to 1.45 for

thane/air flames and 1.15–1.35 for propane/air flames, whereas 〈Vf〉
ncreased slightly with increasing equivalence ratio from 1.1 to 1.35

or methane/air flames. For ethane/– and propane/air flames, these

rends were expected to be observed because both the characteristic

ame height and horizontal mean flame brush thickness remained

elatively unchanged for their rich mixtures. For methane/air flames,

he variations of 〈Vf〉 were controlled by the alteration in the charac-

eristic flame height, and the horizontal mean flame brush thickness

eduction does not decrease 〈Vf〉 with increasing equivalence ratio

rom 1.1 to 1.35. Increasing the total turbulence intensity results in an

ncrease of 〈Vf〉 under constant equivalence ratio, non-dimensional

ulk flow velocity, and non-dimensional longitudinal integral length

cale. For example, the mean volume of the turbulent flame region

or Flame M4 is equal to 10,265 mm3, and it increases to 12,057 mm3
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Fig. 19. Mean volume of the turbulent flame region with respect to the equivalence ratio for (a) methane/air, (b) ethane/air, and (c) propane/air flames.
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or Flame M12 by increasing the total turbulence intensity from 0.91

o 1.89 m/s. This observation indicates that increasing the horizon-

al mean flame brush thickness due to the total turbulence intensity

nhancement results in an increase of 〈Vf〉, whereas the characteris-

ic flame height reduction due to an increase of the total turbulence

ntensity does not decrease 〈Vf〉. It is observed that 〈Vf〉 for rich mix-

ures is smaller than the corresponding value for lean/stoichiometric

ixtures when the unstrained premixed laminar burning velocity,

on-dimensional bulk flow velocity, non-dimensional turbulence in-

ensity, and non-dimensional longitudinal integral length scale were

xed, see, for example, Flames E11 and E14 in Table 3. This difference

ay be attributed to the different thermo-diffusive characteristics of

ean/stoichiometric and rich mixtures for premixed turbulent hydro-

arbon/air flames.

.4. Mean fuel consumption rate

The mean fuel consumption rate, 〈Wf〉, is proportional to the av-

raged heat release rate of premixed turbulent flames [74,75]. The

ean fuel consumption rate was estimated using the following ex-

ression:

Wf〉 = ρrYfUBA0

〈Vf〉 , (8)

here ρr is the density of the reactants, Yf is the mass fraction of

he fuel, and A0 is the cross-sectional area of the burner exit. The

ariations of the mean fuel consumption rate with respect to the

quivalence ratio are shown in Fig. 20(a)–(c). The mean fuel con-

umption rate increased significantly with increasing equivalence ra-

io from 0.7 to 1.0 for methane/– and ethane/air flames, and 0.8–1.0

or propane/air flames. This observation is due to an increase in Yf and

decrease in 〈Vf〉 with increasing equivalence ratio from lean to sto-

chiometric mixtures. For rich methane/– and ethane/air flames, the

agnitudes of 〈Wf〉 are relatively uniform within 13–27% variations

ith increasing equivalence ratio under constant bulk flow veloc-

ty, total turbulence intensity, and longitudinal integral length scale.

espite the observed trend for rich methane/– and ethane/air flames,

he mean fuel consumption rate increased significantly with increas-

ng equivalence ratio from 1.15 to 1.35 for propane/air flames. The ob-

erved trend for rich mixtures may be due to an increase in the mass
Fig. 20. Mean fuel consumption rate with respect to the equivalence ra
raction of the fuel with increasing equivalence ratio, whereas the in-

ignificant variations of the mean volume of the turbulent flame re-

ion for rich ethane/– and propane/air flames and a slight increase of

his parameter for rich methane/air flames seem to have a minimal

ffect on the mean fuel consumption rate. Results show that 〈Wf〉 de-

reased by increasing the total turbulence intensity under constant

, UB/S0
L
, and �L/δf. For example, the mean fuel consumption rate

s equal to 14.3 × 10−9 kg/mm3s for Flame M8, and it decreases to

1.4 × 10−9 kg/mm3s for Flame M16. This trend is attributed to an

ncrease in 〈Vf〉 with increasing total turbulence intensity when the

ass fraction of the fuel, non-dimensional bulk flow velocity, and

on-dimensional longitudinal integral length scale were kept con-

tant. Results show that 〈Wf〉 for rich mixtures was larger than the

orresponding value for lean/stoichiometric mixtures under constant
0
L
, UB/S0

L
, u′/S0

L
, and �L/δf, see, for example, Flames P3 and P4. This

rend may be attributed to an increase in Yf and a decrease in 〈Vf〉 by

hanging the flame condition from lean/stoichiometric to rich mix-

ures. The mean fuel consumption rate values for all operating condi-

ions are tabulated in Table 3.

.5. Two-dimensional local flame front curvature

The flame front curvature, κ , discloses the effect of turbulent flow

eld on the flame shape and highlights the influence of the flame

hape on flamelet burning [77]. Theoretical predictions indicate that

he flame front curvature has a strong effect on flame propagation

or flames within the thin reaction zones regime [13], whereas its in-

uence is weak for flames within the corrugated flamelets [1]. For

hese reasons, it is important to reveal the behavior of the local flame

ront curvature of premixed turbulent flames under various condi-

ions. To evaluate the local flame front curvature, the instantaneous

ame front was filtered using a zero-phase digital filter which is a

uilt-in script in MATLAB. This type of filter was previously utilized

n the literature for the same purpose, see, for example, [33–35,78].

he length of the filter was selected to be five points, which provided

filter order of four. As a representative plot, the filtered data of an

nstantaneous flame front were overlaid on the raw data, as shown

n Fig. 21(a). The local flame front curvature for each pixel was then
tio for (a) methane/air, (b) ethane/air, and (c) propane/air flames.
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Fig. 21. (a) Instantaneous flame front for Flame E4. Triangles—raw data; solid line—

filtered data. (b) The positive and negative curvature regions for the filtered instanta-

neous flame front for Flame E4.
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evaluated using the following expression [79]:

κ(r, h) =
dr
ds

d2h
ds2 − dh

ds
dr2

ds2[(
dr
ds

)2 +
(

dh
ds

)2
] 3

2

, (9)

where s is the parametrized arc length. The flame front curvature is

defined to be positive (negative) when the flame front is convex (con-

cave) toward the unburned zone, as shown in Fig. 21(b). The mini-

mum radius of flame front that can be resolved was equal to the laser

sheet thickness of approximately 300 μm. Therefore, the bounds of

the resolvable flame front curvature were limited to ±3.3 mm−1.

The probability density functions of the flame front curvature for

all experimental conditions are shown in Fig. 22(a)–(f). These distri-

butions are observed to be Gaussian, and they are symmetrical about

zero flame front curvature. Similar observations were previously

reported in the literature for premixed turbulent Bunsen flames,

see, for example, [34,53–55,73,80,81], premixed turbulent low-swirl

stabilized flames, see, for example, [62,82,83], partially premixed

turbulent low-swirl stabilized flames, see, for example, [84], pre-
Fig. 22. Probability density functions of the flame front curvature for (a) Flames M1–M8, (

Flames P7–P12.
ixed turbulent propagating flame kernels, see, for example, [77,85],

remixed turbulent V-shaped flames, see, for example, [36], and

remixed turbulent opposed streams, see, for example, [86]. It

s observed that the standard deviation of the distributions does

ot change with increasing equivalence ratio, see, for example,

lames E1–E8. Experimental measurements of Yuen and Gülder [87]

isplayed a similar trend. Results show that increasing the total

urbulence intensity did not change the standard deviation of the

istributions under constant equivalence ratio, non-dimensional

ulk flow velocity, and non-dimensional longitudinal integral length

cale, see, for example, Flames M1 and M9. This observation in-

icates that the flame front curvature distributions are dominant

y the large-scale structures and the effect of Kolmogorov-scale

ddies are minimal. This observation is in agreement with previous

easurements of Yuen and Gülder [87], whereas Kostiuk et al. [86],

aq et al. [77], Gashi et al. [85], and Bayley et al. [84] observed that

he flame front curvature distribution becomes wider by increasing

he turbulence intensity. It is observed that the flame front cur-

ature distributions for lean/stoichiometric and rich mixtures are

dentical when the unstrained premixed laminar burning velocity,

on-dimensional bulk flow velocity, non-dimensional turbulence

ntensity, and non-dimensional longitudinal integral length scale

ere kept constant, see, for example, Flames M9 and M16. This

bservation indicates that different thermo-diffusive characteristics

o not have any effect on the flame front curvature distributions.

he flame front curvature results in the current study are limited

o two-dimensional measurements. In addition, the flame front

urvature normal to the measurement plane is not identified, and

he measured curvature will be scarcely the case of the principle

ame front curvature [84]. Gashi et al. [85] compared the two-

and three-dimensional probability density functions of the flame

front curvature for premixed turbulent propagating flame kernels

using direct numerical simulation. They reported that the width of

the three-dimensional flame front curvature distribution is wider

than the corresponding value of the two-dimensional flame front

curvature distribution. Chen et al. [88] showed that the two- and

three-dimensional flame front curvature distributions for premixed

turbulent stagnation-point flames are similar. On the other hand,

Kerl et al. [89] reported that the probability density function of

the two-dimensional flame front curvature is broader than the

three-dimensional distribution for the flame stabilized on a diffuser

burner. As discussed, there is no consensus regarding the effect of

three-dimensionality on the flame front curvature. However, the
b) Flames M9–M16, (c) Flames E1–E8, (d) Flames E9–E16, (e) Flames P1–P6, and (f)
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Fig. 23. Definition of the local flame front angle. The dash line is tangent to the instan-

taneous flame front.
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Fig. 25. (a) Instantaneous flame front length as a function of the mean progress vari-

able for Flame M4. The solid line in (a) was obtained by taking an average over 500 in-

stantaneous flame front lengths. (b) Flame zone area as a function of the mean progress

variable for Flame M4.
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nformation obtained from the two-dimensional flame front cur-

ature is still beneficial to understand the behavior of flame front

tructures.

.6. Local flame front angle

The local flame front angle, θ , is an essential property in premixed

urbulent combustion modeling. In this study, θ is evaluated by mea-

uring the angle between the normal vector to the flame front toward

he unburned zone and the axial axis, as shown in Fig. 23. A similar

efinition was previously utilized by Wang et al. [90] for premixed

urbulent Bunsen flames. The local flame front angle was defined to

e positive (negative), that is, 0° < θ < 180° (−180◦ < θ < 0◦), when

t is in the counter-clockwise (clockwise) direction.

The probability density functions of the local flame front angle

or all flame conditions are shown in Fig. 24(a)–(f). Results show

hat the shape of these profiles was bimodal with their peak values

ocated at ±90°. This indicates that the probability of flames which

ropagate normal to the axial axis is more frequent. On the other

and, Wang et al. [90] showed that the peak value of the local flame

ront angle is occurred at 120°. They showed that this value does

ot change by varying the fuel type. It should be stated that the

ffects of the equivalence ratio, total turbulence intensity, different
ig. 24. Probability density functions of the local flame front angle for (a) Flames M1–M8,

lames P7–P12.
hermo-diffusive characteristics, and the fuel type are observed to be

nsignificant on the probability density functions of the local flame

ront angle in the current study.

.7. Two-dimensional flame surface density

The flame surface density, 	, determines how much the flame sur-

ace area is increased by wrinkling the laminar flamelets in the tur-

ulent flow field. It is estimated by calculating the flame surface area

er unit volume [91]. Two different methods for estimating the flame

urface density were utilized in this study. The first method was pro-

osed by Shepherd [59], and the second method was formulated by

ope [92]. The former method was utilized to characterize the flame

urface density with respect to the mean progress variable as well as

he space coordinates, whereas the latter method was only used to

valuate the flame surface density in the space coordinates.

The flame surface density is a three-dimensional quantity, and it

s extremely challenging to measure it experimentally. To overcome

his difficulty, Shepherd [59] proposed a two-dimensional estimation

f the flame surface density by a direct measurement of the flame

ront length and flame zone area as a function of the mean progress

ariable. The instantaneous flame front length as a function of the

ean progress variable, Li(〈c〉), was determined by dividing each

nstantaneous flame front into segments of one pixel length (0.0912

m), and superimposing each flame front segment onto the contour

f 〈c〉. Each flame front segment was then assigned a 〈c〉 value. The

requency distribution of the obtained values was used to determine

(〈c〉), as shown in Fig. 25(a). The flame zone area as a function
i

(b) Flames M9–M16, (c) Flames E1–E8, (d) Flames E9–E16, (e) Flames P1–P6, and (f)
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Fig. 26. Two-dimensional flame surface density profiles evaluated by the Shepherd’s method with respect the mean progress variable for (a) Flames M1–M4, (b) Flames M5–M8,

(c) Flames M9–M12, and (d) Flames M13–M16.
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of the mean progress variable, A(〈c〉), was determined from the

frequency distribution of 〈c〉 values obtained from 〈c〉 contour, and

the area of each pixel (0.0083 mm2) [91], as shown in Fig. 25(b).

The two-dimensional flame surface density evaluated by the Shep-

herd’s method was then obtained using the following expression

[59,82,91]:

	S,2D(〈c〉) = 1

nf

∑nf

p=1
Li,p(〈c〉)

A(〈c〉) , (10)

where the index S refers to the Shepherd’s method, nf is the number

of flame images analyzed for each flame condition, and Li, p(〈c〉) is

the instantaneous flame front length of a flame realization p with

respect to the mean progress variable.

The two-dimensional flame surface density profiles evaluated by

the Shepherd’s method, 	S,2D, with respect to the mean progress

variable for methane/air flames, as a representative fuel type, are

shown in Fig. 26(a)–(d). The shape of these profiles is similar to the

previous measurements of Lachaux et al. [53], Halter et al. [73], Yuen

and Gülder [33], Cohé et al. [55], and Zhang et al. [75,76] for Bunsen-

type flames, Shepherd [59] for V-shaped and stagnation-point flames,

and Shepherd et al. [82] for low-swirl stabilized flames. Results show

that 	S,2D increased with increasing equivalence ratio from 0.7 to

1.0, and it decreased slightly with increasing equivalence ratio from

1.1 to 1.35. This observation indicates that the flame surface density

increases by increasing the unstrained premixed laminar burning

velocity. The two-dimensional flame surface density evaluated by the

Shepherd’s method decreased by increasing the total turbulence in-

tensity under constant equivalence ratio, non-dimensional bulk flow

velocity, and non-dimensional longitudinal integral length scale, see,

for example, Flames M8 and M16. The turbulent structures become

smaller by increasing the total turbulence intensity which results

in smaller flame surface elements, and hence an increase in the

flame front wrinkling [75]. Increasing the total turbulence intensity

results in an increase in the mean volume of the turbulent flame

region (see Fig. 19(a)–(c)). The two-dimensional analog to the former
tatement refers to an increase in the flame front length as a function

f 〈c〉, and the two-dimensional analog to the latter observation

epresents an increase in the flame zone area as a function of 〈c〉. It

eems that an increase in A(〈c〉) is more pronounced than an increase

n L(〈c〉) which results in a decrease of 	S,2D with increasing total

urbulence intensity. Results show that 	S,2D for rich mixtures was

igher than the corresponding value for lean/stoichiometric mixtures

nder constant unstrained premixed laminar burning velocity, non-

imensional bulk flow velocity, non-dimensional turbulence inten-

ity, and non-dimensional longitudinal integral length scale, see, for

xample, Flames M2 and M7. This observation may be attributed to

he different thermo-diffusive characteristics of lean/stoichiometric

nd rich mixtures. The location of the maximum two-dimensional

ame surface density evaluated by the Shepherd’s method, 	S,2D,max,

emained in the region between 〈c〉 = 0.40 to 0.55. Experimen-

al measurements of Yuen and Gülder [33] reported a similar

bservation.

It should be mentioned that the profiles of 	S,2D with respect

o the mean progress variable for ethane/– and propane/air flames

re similar to methane/air flames. However, there exists one dis-

repancy in the trend of 	S,2D profiles for rich mixtures. In or-

er to demonstrate this difference, the variations of the maximum

wo-dimensional flame surface density evaluated by the Shepherd’s

ethod, 	S,2D,max, with respect to the equivalence ratio for all operat-

ng conditions are shown in Fig. 27(a)–(c). It is observed that 	S,2D,max

re relatively invariant with increasing equivalence ratio from 1.15 to

.45 for ethane/air flames at high turbulence intensity, that is, Flames

13–E16, and 1.15–1.35 for propane/air flames, that is, Flames P4–P6

nd Flames P10–P12. The summary of 	S,2D,max results is tabulated

n Table 3.

The two-dimensional flame surface density evaluated by

he Shepherd’s method normalized by its maximum value,

S,2D/	S,2D,max, with respect to the mean progress variable for

ll sets of experiments are shown in Fig. 28(a)–(f). It is observed that

hese profiles collapse, and they are not sensitive to the equivalence
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Fig. 27. Maximum two-dimensional flame surface density evaluated by the Shepherd’s method with respect to the equivalence ratio for (a) methane/air, (b) ethane/air, and (c)

propane/air flames.

Fig. 28. Normalized two-dimensional flame surface density evaluated by the Shepherd’s method for (a) Flames M1–M8, (b) Flames M9–M16, (c) Flames E1–E8, (d) Flames E9–E16,

(e) Flames P1–P6, and (f) Flames P7–P12. All the profiles in this figure collapse. However, these profiles are plotted for each set of experiments in a separate subfigure for the sake

of clarity.
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Fig. 29. (a) Contour plot of the two-dimensional flame surface density evaluated by

the mean flame front length per unit area method for Flame M3 and (b) the two-

dimensional flame surface density profiles using the same method with respect to the

normalized radial distance from the centerline of the burner.

T

v

t

F

atio (for example, Flames M1–M8), total turbulence intensity (for

xample, Flames E1 and E9), different thermo-diffusive characteris-

ics (for example, Flames P3 and P4), and the fuel type.

The flame surface density can also be characterized in the phys-

cal space. As discussed before, two methods were used to evaluate

he flame surface density in the space coordinates. The first method

as obtained from the mean flame front length per unit area. Fol-

owing Filatyev et al. [3], the instantaneous flame front images were

ivided into interrogation boxes with dimensions of 2.92 × 1.46 mm2.

he instantaneous flame front length for each interrogation box was

btained by multiplying the number of flame front pixels into the

esolution of the image. For each interrogation box, the mean value

f all these lengths, which was obtained by taking an average over

00 flame front lengths, divided by the area of the interrogation box

s then equal to the flame surface density of the desired region.

A contour plot of the two-dimensional flame surface density eval-

ated by the aforementioned method for a representative flame

ondition, Flame M3, is shown in Fig. 29(a). The two-dimensional

ame surface density profiles at different normalized axial distances

rom the burner exit are shown in Fig. 29(b). As can be observed in

ig. 29(b), the two-dimensional flame surface density profile is tall

nd narrow near the rim of the burner at h/D = 2, whereas these pro-

les become shorter and are distributed over a larger volume farther

ownstream of the burner exit. Similar observations were previously

eported in the literature, see, for example, Filatyev et al. [3], Bell et al.

66], Steinberg et al. [93], and Zhang et al. [75,76].

The second method which was used to evaluate the flame sur-

ace density in the space coordinates was developed by Pope [92].
his method is based on calculating the gradient of the progress

ariable in the flame zone. In addition, Halter et al. [56] rewrote

he equation proposed by Pope [92] for a Bunsen-type burner.

ollowing Halter et al. [56], the two-dimensional flame surface
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(a) (b)

Fig. 30. (a) Contour plot of the two-dimensional flame surface density evaluated

by the gradient of the progress variable method for Flame M3 and (b) the two-

dimensional flame surface density profiles using the same method with respect to the

normalized radial distance from the centerline of the burner.
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density in the space coordinates was evaluated using the following

expression:

	G,2D(r, h) =
〈(

∂c

∂r

)2

+
(

∂c

∂h

)2
〉 1

2

, (11)

where the index G refers to the gradient of the progress variable

method. The instantaneous flame surface density was evaluated by

calculating ∂c/∂r and ∂c/∂h for each pixel with the central differenc-

ing scheme and determining its norm. The next step was to take an

average of all these values for each interrogation box. These boxes

were introduced earlier in the previous method which was utilized

to evaluate the flame surface density in the space coordinates. This

will help to compare the flame surface density values using both

methods at the same physical locations. The flame surface density

for each interrogation box was then determined by taking an average

over 500 data.

A contour plot of the two-dimensional flame surface density eval-

uated by the gradient of the progress variable method is shown in

Fig. 30(a). By comparing the two-dimensional flame surface density

values at different axial distances from the burner exit using both

methods (see Figs. 29(b) and 30(b)), it is observed that the values are

relatively similar. This observation implies that the flame surface den-

sity values in the space coordinates are identical using both methods,

that is, the mean flame front length per unit area method and the

gradient of the progress variable method.

3.8. Wrinkled flame surface area

Damköhler [94] hypothesized that the main effect of turbulence

on the flames located in the flamelet regime is to wrinkle the reac-

tion layers, and the flamelet consumption velocity is equal to the un-

strained premixed laminar burning velocity. He stated that the ratio

of the turbulent burning velocity to the unstrained premixed laminar

burning velocity, ST/S0
L
, is equal to the ratio of the wrinkled flame

surface area to the unwrinkled flame surface area, Aw/Au. The un-

wrinkled flame surface area, Au, is equal to AT,〈c〉=0.5, where the lat-

ter is the mean turbulent flame surface area conditioned at 〈c〉 = 0.5

[7]. Following Griebel et al. [31], the mean turbulent flame surface

conditioned at 〈c〉 = 0.5 was constructed by rotating the iso-contour

of 〈c〉 = 0.5 around the h-axis in a virtual environment. To examine
hether the Damköhler’s hypothesis is valid for the flames tested in

his study, it is necessary to investigate the wrinkled flame surface

rea, Aw, along with the ratio of the wrinkled to the unwrinkled flame

urface area, Aw/Au. This examination will be discussed in detail in

ection 3.10.

Following Driscoll [7], the wrinkled flame surface area can be ob-

ained using the following expression:

w =
∫

V

	dV, (12)

here V is the volume of the flame. As discussed in Section 3.7, the

ame surface density is a three-dimensional quantity, whereas the

urrent experimental arrangements were able to measure the two-

imensional flame surface density. In order to evaluate the three-

imensional flame surface density from the two-dimensional mea-

urements, the information of the angle between the normal to

he instantaneous flame surface and the mean flame surface, that

s, crossing angle, is necessary [95]. Due to the axisymmetric na-

ure of the flow field in a Bunsen-type burner, it is assumed that

he flame front has a symmetric mean orientation with respect

o its axis, and the crossing angle can be determined from im-

ges in one plane [96]. The mean direction cosine, cosine of the

ean crossing angle, was reported to be 0.69 by Deschamps et al.

96], 0.55–0.65 by Chen and Bilger [97], 0.7 by Lee et al. [71], and

.65 by Yuen and Gülder [33] for premixed turbulent Bunsen-type

ames, and 0.65 by Shepherd and Ashurst [98] for premixed turbu-

ent stagnation-point flames. Trouvé and Poinsot [99] showed that

he mean direction cosine is approximately 0.7 across the turbu-

ent flame brush using direct numerical simulation. In this study, the

alue of 0.65, measured by Yuen and Gülder [33] for Bunsen-type

ames, was used to evaluate the three-dimensional flame surface

ensity from the two-dimensional measurements using the following

xpression:

= 1

|〈αDC〉|	∗,2D, (13)

here |〈αDC〉| is the mean direction cosine, and the index ∗ can be

eplaced by either the Shepherd’s method or the gradient of the

rogress variable method.

A mean direction cosine value of 0.65 suggests that the ratio

f the three-dimensional to the two-dimensional wrinkled flame

urface area is a constant value of 1.54. This is a promising ap-

roach for the current test conditions with the turbulent Reynolds

umbers of about 140 and 340 since Chen [100] showed that the

forementioned ratio varies from 1.2 to 1.6 when the turbulent

eynolds number is less than 1000 by applying a data processing

cheme on the two-sheet imaging technique. The variations of the

atio of the wrinkled to the unwrinkled flame surface area with

espect to the equivalence ratio for all operating conditions are

hown in Fig. 31(a)–(c). The values of Aw/Au for each flame condition

re almost similar using the Shepherd’s method or the gradient of

he progress variable method. This observation is expected due to

he fact that the two-dimensional flame surface densities in the

pace coordinates evaluated with both methods are equal. The ratio

f the wrinkled to the unwrinkled flame surface area decreased

ith increasing equivalence ratio for the first, second, and sixth

ets of experiments. It is observed that this ratio shows no overall

rend with increasing equivalence ratio for the third, fourth, and

fth sets of experiments. Results show that Aw/Au increased by

ncreasing the total turbulence intensity under constant equivalence

atio, non-dimensional bulk flow velocity, and non-dimensional

ongitudinal integral length scale except for Flames E3 and E11, E4

nd E12, and E5 and E13. This observation indicates that increasing

he total turbulence intensity results in an increase in the ratio of the

rinkled to the unwrinkled flame surface area. Results show that

w/Au for rich mixtures was lower than the corresponding value for
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Fig. 31. Ratio of the wrinkled to the unwrinkled flame surface area with respect to the equivalence ratio for (a) methane/air, (b) ethane/air, and (c) propane/air flames. The

Shepherd’s method and gradient of the progress variable method were utilized to evaluate the wrinkled flame surface area.

Fig. 32. Ratio of Aw/Au to u′/S0
L with respect to Da for (a) methane/air (b) ethane/air,

and (c) propane/air flames. It should be mentioned that the flame surface density that

was utilized to evaluate Aw was estimated from the mean flame front length per unit

area method. The solid line in each subfigure refers to the least-squares fit to the mea-

sured data.
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ean/stoichiometric mixtures under constant S0
L
, UB/S0

L
, u′/S0

L
, and

L/δf except for Flames E11 and E14, P1 and P6, and P2 and P5. This

rend may be attributed to the different thermo-diffusive charac-

eristics of lean/stoichiometric and rich mixtures. The summary of

w/Au values for all flame conditions evaluated by the Shepherd’s

ethod and gradient of the progress variable method is tabulated in

able 3.

Fig. 32 shows that the ratio of Aw/Au to u′/S0
L

has a power-law re-

ation with the turbulent Damköhler number using the following ex-

ression:

Aw/Au

u′/S0
L

=

⎧⎨
⎩

0.24Da0.67 methane/air flames,

0.13Da0.82 ethane/air flames,

0.20Da0.59 propane/air flames.

(14)
The above equation is then converted into the following expres-

ion:

Aw

Au
=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0.24

(
u′
S0

L

)0.33(
�L

δf

)0.67
methane/air flames,

0.13

(
u′
S0

L

)0.18(
�L

δf

)0.82
ethane/air flames,

0.20

(
u′
S0

L

)0.41(
�L

δf

)0.59
propane/air flames.

(15)

The above expression which relates the ratio of Aw/Au to u′/S0
L

to

he turbulent Damköhler number was previously reported by Chen

100]. The formulas presented in Eqs. (14) and (15) are not valid

n general since Eq. (15) does not equal to unity at u′/S0
L

= 0. Chen

100] argued that the flame front wrinkling is dominated by thermo-

iffusive effects for the flames operating at u′/S0
L

< 1, and this kind

f flames should be treated differently.

.9. Turbulent burning velocity

As mentioned earlier, the knowledge of the turbulent burning ve-

ocity, ST, is essential for the design of premixed turbulent combus-

ion devices and numerical model testing [22]. The turbulent burning

elocity conditioned at a specific mean progress variable, ST,〈c〉, was

valuated using the following expression [7]:

T,〈c〉 = UB
A0

AT,〈c〉
, (16)

here AT,〈c〉 is the mean turbulent flame surface area conditioned at

c〉. Eq. (16) indicates that ST,〈c〉 is a function of the mean progress

ariable. Results show that for a representative flame condition,

lame M12, ST,〈c〉/S0
L

decreased with increasing mean progress vari-

ble, as shown in Fig. 33. This trend was expected because of the fact

hat AT, 〈c〉 increased with increasing mean progress variable which

esults in a decrease in the turbulent burning velocity, see Eq. (16).

xperimental measurements of Venkateswaran et al. [101] showed

similar trend. It is observed that ST,〈c〉 is larger than S0
L

for all 〈c〉
alues.

The choice of different 〈c〉 values for determining AT, 〈c〉, which re-

ults in different ST,〈c〉 values, is an arbitrary decision [7]. For exam-

le, Griebel et al. [31] used the iso-contour of 〈c〉 = 0.05, Kobayashi

t al. [74], Cohé et al. [54,55], and Zhang et al. [75,76] utilized the

so-contour of 〈c〉 = 0.1, and Venkateswaran et al. [101,102] used the

so-contour of 〈c〉 = 0.5 for determining the mean turbulent flame

urface area. Tamadonfar and Gülder [24] utilized the iso-contours

f 〈c〉 = 0.05 and 0.5 for evaluating AT, 〈c〉. All of these choices make

t difficult if not impractical to compare the quantitative values of

he turbulent burning velocity available in the literature. In this

tudy, two different iso-contours of 〈c〉 = 0.05 and 0.5, similar to [24],

ere utilized to evaluate the burning velocity of premixed turbulent
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Fig. 33. Non-dimensional turbulent burning velocity with respect to the mean

progress variable for Flame M12.

Fig. 34. Leading edge turbulent burning velocity for (a) methane/air, (b) ethane/air,

and (c) propane/air flames, and half-burning surface turbulent burning velocity for (d)

methane/air, (e) ethane/air, and (f) propane/air flames with respect to the equivalence

ratio.
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flames. The burning velocity which used the iso-contour of 〈c〉 = 0.05

represents the leading edge turbulent burning velocity, and the one

which utilized the iso-contour of 〈c〉 = 0.5 refers to the half-burning

surface turbulent burning velocity.

The variations of the leading edge and half-burning surface tur-

bulent burning velocities for all operating conditions with respect to

the equivalence ratio are shown in Fig. 34(a)–(c) and (d)–(f), respec-

tively. The qualitative trends of the leading edge and half-burning

surface turbulent burning velocities with respect to the equivalence

ratio are found to be similar. Results show that the leading edge

and half-burning surface turbulent burning velocities increased with

increasing equivalence ratio from lean to stoichiometric mixtures

for methane/–, ethane/–, and propane/air flames, whereas they de-

creased with increasing equivalence ratio for rich mixtures except for

Flames E13–E16 and P4–P6. Experimental measurements of Shy et al.

[14] displayed a similar trend for downward propagating premixed

turbulent methane/air flames. This trend indicates that, in general,

increasing the unstrained premixed laminar burning velocity results

in an increase in the turbulent burning velocity when the turbulence

statistics were kept constant. Results show that the leading edge

and half-burning surface turbulent burning velocities increased
ith increasing total turbulence intensity when the equivalence

atio, non-dimensional bulk flow velocity, and non-dimensional

ongitudinal integral length scale were kept constant. For example,

he leading edge turbulent burning velocity is equal to 1.08 m/s for

lame E1, and it increases to 1.83 m/s for Flame E9 by a two-fold

ncrease in the total turbulence intensity. Similar observations were

reviously reported for premixed turbulent Bunsen flames, see, for

xample, [24,103], propagating flame kernels, see, for example, [17],

nd downward propagating premixed turbulent flames, see, for

xample, [14]. This observation may be attributed to an increase in

he local flame surface area with turbulent structures [94]. Results

how that the leading edge and half-burning surface turbulent burn-

ng velocities for rich mixtures were larger than the corresponding

alues for lean/stoichiometric mixtures under constant unstrained

remixed laminar burning velocity, non-dimensional bulk flow ve-

ocity, non-dimensional turbulence intensity, and non-dimensional

ongitudinal integral length scale. For example, the leading edge and

alf-burning surface turbulent burning velocities for Flame E11 are

qual to 2.51 and 1.07 m/s, respectively, and they increase to 3.14

nd 1.49 m/s for Flame E14. This difference may be attributed to

he different thermo-diffusive characteristics of lean/stoichiometric

nd rich mixtures. On the other hand, Shy et al. [14] showed that

he burning velocity of downward propagating premixed turbu-

ent flames for lean/stoichiometric mixtures is higher than the

orresponding value for rich mixtures under constant unstrained

remixed laminar burning velocity, non-dimensional turbulence

ntensity, and non-dimensional longitudinal integral length scale.

The values of the leading edge and half-burning surface turbulent

urning velocities for all flame conditions are tabulated in Table 4.

he ratio of the leading edge to the half-burning surface turbu-

ent burning velocity, ST,〈c〉=0.05/ST,〈c〉=0.5, changed from 1.84 to 2.84,

ee Table 4. A similar observation was previously reported in [24],

hereas Smallwood et al. [52] proposed that this ratio varies from

.2 to 1.5 for premixed turbulent Bunsen flames. As discussed in [24],

his difference may be attributed to the different methods utilized

or evaluating the mean turbulent flame surface area and different

anges of non-dimensional turbulence intensity tested. A compari-

on between the characteristic flame height values in Table 3 and

he turbulent burning velocity data in Table 4 demonstrated that the

haracteristic flame height is inversely proportional to the turbulent

urning velocity. This dependence was previously reported in [24].

There has been a discussion in the combustion community about

he largest value of non-dimensional burning velocity of premixed

urbulent flames, ST/S0
L
, that can be achieved [7]. The maximum val-

es of the non-dimensional leading edge turbulent burning veloc-

ty, ST,〈c〉=0.05/S0
L
, and non-dimensional half-burning surface turbu-

ent burning velocity, ST,〈c〉=0.5/S0
L
, in this study belong to Flame E16,

nd they are equal to 13.1 and 6.3, respectively. A similar observation

as previously reported by Yuen and Gülder [87] for premixed tur-

ulent methane/air Bunsen flames. Venkateswaran et al. [101] and

aniele et al. [25] showed that the maximum values of the non-

imensional half-burning surface turbulent burning velocity for lean

yngas/air flames were about 42.5 at atmospheric condition and 46

t 5 atmospheres, respectively.

.10. Mean turbulent flame stretch factor

As discussed in Section 3.8, Damköhler [94] hypothesized that

he non-dimensional turbulent burning velocity is equal to the

atio of the wrinkled to the unwrinkled flame surface area. The

alf-burning surface turbulent burning velocity was utilized in

nvestigating the Damköhler’s hypothesis [7]. The non-dimensional

alf-burning surface turbulent burning velocity with respect to the

atio of the wrinkled to the unwrinkled flame surface area for all

xperimental conditions is shown in Fig. 35. It is observed that Aw/Au

s significantly larger than ST,〈c〉=0.5/S0
L

for the majority of flame
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Table 4

Summary of experimental results. Symbols: φ = equivalence ratio; UB = bulk flow velocity; u′ = total turbulence intensity;

S0
L = unstrained premixed laminar burning velocity; �L = longitudinal integral length scale; δf = Zel’dovich thickness; ST,〈c〉=0.05

= leading edge turbulent burning velocity; ST,〈c〉=0.5 = half-burning surface turbulent burning velocity; 〈SL〉 = mean flamelet

consumption velocity; 〈I0〉 = mean turbulent flame stretch factor.

Set of exp. Flame φ UB/S0
L u′/S0

L �L/δf ST,〈c〉=0.05 ST,〈c〉=0.5 ST,〈c〉=0.05/ST,〈c〉=0.5 〈SL〉 〈I0〉
(–) (–) (–) (–) (m/s) (m/s) (–) (m/s) (–)

I M1 0.7 105.7 4.6 21.8 1.16 0.48 2.40 0.11 0.53

M2 0.8 75.1 3.3 30.6 1.51 0.68 2.22 0.16 0.57

M3 0.9 60.7 2.6 37.9 1.70 0.82 2.08 0.20 0.58

M4 1.0 54.3 2.4 42.4 1.82 0.93 1.94 0.23 0.59

M5 1.1 54.6 2.4 42.2 1.86 0.98 1.91 0.24 0.63

M6 1.2 61.5 2.7 37.5 1.76 0.92 1.90 0.24 0.70

M7 1.25 71.6 3.1 32.2 1.64 0.89 1.85 0.24 0.80

M8 1.35 115.6 5.0 19.9 1.40 0.76 1.85 0.21 1.15

II M9 0.7 105.7 9.5 24.1 1.71 0.63 2.72 0.11 0.55

M10 0.8 75.1 6.8 33.8 1.95 0.83 2.35 0.18 0.63

M11 0.9 60.7 5.5 41.9 2.14 0.98 2.18 0.22 0.63

M12 1.0 54.3 4.9 46.8 2.32 1.08 2.16 0.25 0.65

M13 1.1 54.6 4.9 46.6 2.28 1.10 2.07 0.26 0.69

M14 1.2 61.5 5.5 41.4 2.19 1.07 2.04 0.26 0.77

M15 1.25 71.6 6.4 35.5 2.12 1.02 2.07 0.25 0.87

M16 1.35 115.6 10.4 22.0 1.85 0.87 2.11 0.22 1.23

III E1 0.7 88.2 3.8 39.5 1.08 0.47 2.28 0.11 0.45

E2 0.8 64.5 2.8 54.1 1.33 0.62 2.14 0.14 0.42

E3 0.9 53.7 2.3 64.8 1.92 0.88 2.17 0.17 0.43

E4 1.0 48.8 2.1 71.5 2.20 1.06 2.07 0.20 0.47

E5 1.15 48.3 2.1 72.2 2.37 1.21 1.96 0.23 0.53

E6 1.25 54.2 2.3 64.3 2.21 1.18 1.87 0.27 0.71

E7 1.35 68.7 3.0 50.8 2.13 1.16 1.85 0.26 0.86

E8 1.45 95.9 4.2 36.3 1.99 1.06 1.89 0.24 1.11

IV E9 0.7 88.2 7.9 43.7 1.83 0.64 2.84 0.11 0.45

E10 0.8 64.5 5.8 59.7 2.23 0.88 2.54 0.17 0.52

E11 0.9 53.7 4.8 71.6 2.51 1.07 2.34 0.22 0.57

E12 1.0 48.8 4.4 78.9 2.69 1.20 2.23 0.26 0.59

E13 1.15 48.3 4.3 79.7 2.84 1.37 2.08 0.30 0.69

E14 1.25 54.2 4.9 71.0 3.14 1.49 2.10 0.30 0.77

E15 1.35 68.7 6.2 56.1 2.88 1.40 2.06 0.28 0.92

E16 1.45 95.9 8.6 40.1 2.86 1.37 2.08 0.29 1.32

V P1 0.8 73.8 3.2 59.1 0.96 0.47 2.04 0.13 0.47

P2 0.9 59.0 2.6 74.0 1.26 0.61 2.04 0.17 0.48

P3 1.0 53.2 2.3 82.0 1.60 0.81 1.98 0.21 0.54

P4 1.15 52.7 2.3 82.8 1.81 0.97 1.86 0.26 0.66

P5 1.25 58.2 2.5 74.9 1.89 1.03 1.84 0.26 0.73

P6 1.35 73.6 3.2 59.3 1.98 1.08 1.84 0.27 0.94

VI P7 0.8 73.8 6.6 65.3 2.04 0.73 2.81 0.12 0.42

P8 0.9 59.0 5.3 81.7 2.38 0.98 2.43 0.19 0.52

P9 1.0 53.2 4.8 90.6 2.58 1.12 2.31 0.22 0.57

P10 1.15 52.7 4.7 91.4 2.95 1.34 2.19 0.27 0.68

P11 1.25 58.2 5.2 82.8 2.88 1.35 2.14 0.27 0.75

P12 1.35 73.6 6.6 65.5 2.56 1.27 2.01 0.29 1.01
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onditions. On the other hand, the measurements of Chen and Bilger

97] displayed that the ratio of the wrinkled to the unwrinkled flame

urface area is smaller than the non-dimensional turbulent burning

elocity. It can be concluded that the Damköhler’s hypothesis is not

alid for the flames tested in this and previous studies [97]. This

eans that the flamelet consumption velocity is not equal to the

nstrained premixed laminar burning velocity. However, Haworth

nd Poinsot [104], Bell et al. [105], and Hawkes and Chen [106]

alidated the Damköhler’s hypothesis by investigating the premixed

urbulent flames using DNS.

In order to evaluate the mean flamelet consumption velocity,

riscoll [7] showed that the ratio of the half-burning surface turbu-

ent burning velocity to the unstrained premixed laminar burning ve-

ocity can be formulated using the following expression:

ST,〈c〉=0.5

S0
L

= 〈SL〉
S0

L

Aw

Au
= 〈I0〉Aw

Au
, (17)

here 〈SL〉 is the mean flamelet consumption velocity, and 〈I0〉 is the

ean turbulent flame stretch factor (averaged in time and space).
 t
he contour of the mean progress variable, iso-contour of 〈c〉 = 0.5,

nd instantaneous flame front locations are shown in Fig. 36(a) and

b). To clarify the definition of mean flamelet consumption veloc-

ty, Fig. 36(b) shows the latter parameter along with the defini-

ion of half-burning surface turbulent burning velocity. According to

q. (17), 〈I0〉 is the ratio of the mean flamelet consumption veloc-

ty to the unstrained premixed laminar burning velocity. The vari-

tions of the mean turbulent flame stretch factor with respect to

he equivalence ratio for all experimental conditions are shown in

ig. 37(a)–(c). Results show that 〈I0〉 increased significantly with in-

reasing equivalence ratio for each set of experiments. It is observed

hat the values of 〈I0〉 are smaller than 1.0 for all flame conditions

xcept for Flames M8, M16, E8, E16, and P12. This observation indi-

ates that the mean flamelet consumption velocity is smaller than the

nstrained premixed laminar burning velocity except for the afore-

entioned test conditions. Halter et al. [56] did not report the mean

urbulent flame stretch factor directly, and they reported the inverse

f this quantity. Their results showed that the inverse of the mean

urbulent flame stretch factors are higher than 1.0 for lean premixed

urbulent Bunsen flames at atmospheric condition using the same
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Fig. 35. Non-dimensional half-burning surface turbulent burning velocity with re-

spect to the ratio of the wrinkled to the unwrinkled flame surface area. The solid line

indicates the Damköhler’s hypothesis.

Fig. 36. (a) and (b) show the mean progress variable contour, iso-contour of 〈c〉 = 0.5

(black line), and instantaneous flame front locations (gray line) for Flame M12. The

definitions of ST,〈c〉=0.5 and 〈SL〉 are shown in (b).
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method utilized in this study. This means that 〈I0〉 values are less

than 1.0 for these flame conditions. On the other hand, Troiani et al.

[81] showed that the mean turbulent flame stretch factor varies from

1.10 to 1.94 for premixed turbulent methane/air Bunsen flames. Ex-

perimental measurements of Daniele et al. [25] showed that the ra-

tio of the mean flamelet consumption velocity to the unstained pre-

mixed laminar burning velocity varies between approximately 1.0

and 8.5 for premixed turbulent flames at high pressure and temper-

ature. Lin et al. [107] reported that the aforementioned ratio changes
Fig. 37. Mean turbulent flame stretch factor with respect to the equivalenc
etween approximately 2.0 and 23.0 for premixed turbulent flames

t high pressure and temperature. Results show that 〈I0〉 increased

ith increasing total turbulence intensity when the equivalence ra-

io, non-dimensional bulk flow velocity, and non-dimensional lon-

itudinal integral length scale were kept constant. For example, 〈I0〉
valuated by the Shepherd’s method is equal to 0.47 for Flame E4, and

t increases to 0.59 for Flame E12. This observation indicates that the

ean flamelet consumption velocity increased with increasing total

urbulence intensity under constant φ, UB/S0
L
, and �L/δf. Therefore,

t can be concluded that increasing the total turbulence intensity re-

ults in an increase of both mean flamelet consumption velocity and

he ratio of the wrinkled to the unwrinkled flame surface area (see

igs. 31 and 37). It is observed that 〈I0〉 for rich mixtures is higher

han the corresponding value for lean/stoichiometric mixtures when

he unstrained premixed laminar burning velocity, non-dimensional

ulk flow velocity, non-dimensional turbulence intensity, and non-

imensional longitudinal integral length scale were kept constant.

or example, 〈I0〉 evaluated by the gradient of c method is equal to

.49 for Flame P2, and it increases to 0.75 for Flame P5. This difference

ay be attributed to the different thermo-diffusive characteristics of

ean/stoichiometric and rich mixtures. This observation suggests that

he mean flamelet consumption velocity for rich mixtures is larger

han the corresponding value for lean/stoichiometric mixtures when
0
L
, UB/S0

L
, u′/S0

L
, and �L/δf were kept constant. It should be men-

ioned that both the Shepherd’s method and gradient of c method

esult in equal values for 〈SL〉 and 〈I0〉. As a result, only the values of

SL〉 and 〈I0〉 evaluated by the Shepherd’s method are summarized in

able 4. It can be concluded from the data reported in Table 4 that the

ame condition with a higher value of the mean flamelet consump-

ion velocity has a larger value of the turbulent burning velocity for

ach set of experiments.

. Concluding remarks

The effects of the equivalence ratio, turbulence intensity, and dif-

erent thermo-diffusive characteristics on the flame brush character-

stics, instantaneous flame front structures, and burning velocities

f premixed turbulent methane/–, ethane/–, and propane/air Bunsen

ames were investigated experimentally. The turbulence statistics

nd flame front corrugations were measured using the particle image

elocimetry and Mie scattering techniques, respectively. Experiments

ere performed under a constant bulk flow velocity of 21.0 m/s. The

quivalence ratio was varied from 0.7 to 1.35 for methane/air flames,

.7–1.45 for ethane/air flames, and 0.8–1.35 for propane/air flames.

he total turbulence intensity was controlled by two different perfo-

ated plates mounted upstream of the burner exit. In this study, a se-

ies of comprehensive parameters including the characteristic flame

eight, mean flame brush thickness, mean volume of the turbulent

ame region, mean fuel consumption rate, two-dimensional flame

ront curvature, local flame front angle, two-dimensional flame sur-

ace density, wrinkled flame surface area, turbulent burning veloc-

ty, mean flamelet consumption velocity, and mean turbulent flame
e ratio for (a) methane/air, (b) ethane/air, and (c) propane/air flames.
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tretch factor were obtained from the Mie scattering images. The key

ndings are summarized as follows:

1. The normalized characteristic flame height decreased with in-

creasing equivalence ratio from lean to stoichiometric mixtures

for all hydrocarbon/air flames tested in this study. It remained

relatively constant with increasing equivalence ratio from 1.15 to

1.45 for ethane/air flames and 1.15–1.35 for propane/air flames,

whereas it increased slightly with increasing equivalence ratio

from 1.1 to 1.35 for methane/air flames. The normalized charac-

teristic flame height decreased with increasing total turbulence

intensity when the equivalence ratio, non-dimensional bulk flow

velocity, and non-dimensional longitudinal integral length scale

were kept constant. The normalized characteristic flame height

for lean/stoichiometric mixture was higher than the correspond-

ing value for rich mixtures under identical unstrained premixed

laminar burning velocity, non-dimensional bulk flow velocity,

non-dimensional turbulence intensity, and non-dimensional

longitudinal integral length scale. Results show that the product

of normalized characteristic flame height and turbulent Karlovitz

number has a power-law relation with the turbulent Damköhler

number.

2. The normalized centerline mean flame brush thickness de-

creased with increasing equivalence ratio from lean to stoi-

chiometric mixtures, whereas it remained relatively constant

with increasing equivalence ratio for rich mixtures. The normal-

ized centerline mean flame brush thickness decreased with in-

creasing total turbulence intensity when the equivalence ratio,

non-dimensional bulk flow velocity, and non-dimensional longi-

tudinal integral length scale were kept constant. The normalized

centerline mean flame brush thickness for lean/stoichiometric

mixtures was higher than the corresponding value for rich mix-

tures with identical unstrained premixed laminar burning veloc-

ity, non-dimensional bulk flow velocity, non-dimensional turbu-

lence intensity, and non-dimensional longitudinal integral length

scale. The product of normalized centerline mean flame brush

thickness and turbulent Karlovitz number follows a power-law re-

lation with the turbulent Damköhler number.

3. The normalized horizontal mean flame brush thickness increased

with increasing normalized axial distance from the burner exit.

It increased with increasing equivalence ratio from 0.7 to 1.0 for

methane/– and ethane/air flames, and 0.8–1.0 for propane/air

flames. It decreased with increasing equivalence ratio from 1.1

to 1.35 for methane/air flames, whereas it remained relatively

constant with increasing equivalence ratio from 1.15 to 1.45

and 1.15–1.35 for ethane/– and propane/air flames, respectively.

For all hydrocarbon/air flames, increasing the total turbulence

intensity results in an increase in the normalized horizontal mean

flame brush thickness under constant equivalence ratio, non-

dimensional bulk flow velocity, and non-dimensional longitudi-

nal integral length scale. The normalized horizontal mean flame

brush thicknesses at different normalized axial distances from

the burner exit were relatively similar for lean/stoichiometric and

rich methane/air flames. The normalized horizontal mean flame

brush thickness for very rich ethane/air flames was larger than

the corresponding value for very lean ethane/air flames at an

identical normalized axial distance from the burner exit, whereas

these thicknesses were approximately equal for near stoichio-

metric ethane/air flames under constant unstrained premixed

laminar burning velocity, non-dimensional bulk flow velocity,

non-dimensional turbulence intensity, and non-dimensional

longitudinal integral length scale. For propane/air flames, the

behavior of these thicknesses for lean/stoichiometric and rich

mixtures at low turbulence intensity was the same as ethane/air

flames, whereas these thicknesses were relatively similar for

lean/stoichiometric and rich mixtures at high turbulence intensity
under constant unstrained premixed laminar burning velocity,

non-dimensional bulk flow velocity, non-dimensional turbulence

intensity, and non-dimensional longitudinal integral length scale.

4. The mean progress variable profiles on the centerline and nor-

mal to the centerline of the burner mimicked the behavior of the

complementary error function. These profiles collapsed to a uni-

versal curve when the centerline (horizontal) distance across the

flame brush was normalized by the centerline (local horizontal)

mean flame brush thickness.

5. The mean volume of the turbulent flame region decreased with

increasing equivalence ratio from lean to stoichiometric mixtures

for all hydrocarbon/air flames tested in this study. It stayed

constant with increasing equivalence ratio from 1.15 to 1.45 for

ethane/air flames and 1.15–1.35 for propane/air flames, whereas

it increased moderately with increasing equivalence ratio from

1.1 to 1.35 for methane/air flames. The mean volume of the

turbulent flame region increased with increasing total turbulence

intensity under constant equivalence ratio, non-dimensional

bulk flow velocity, and non-dimensional longitudinal integral

length scale. The mean volume of the turbulent flame region

for lean/stoichiometric mixtures was higher than the corre-

sponding value for rich mixtures when the unstrained premixed

laminar burning velocity, non-dimensional bulk flow velocity,

non-dimensional turbulence intensity, and non-dimensional

longitudinal integral length scale were kept constant.

6. The mean fuel consumption rate increased with increasing equiv-

alence ratio from lean to stoichiometric mixtures for all hydro-

carbon/air flames tested in the current study. It increased with

increasing equivalence ratio for rich propane/air flames, whereas

it remained relatively constant with increasing equivalence ra-

tio for rich methane/– and ethane/air flames. The mean fuel con-

sumption rate decreased with increasing total turbulence inten-

sity under constant equivalence ratio, non-dimensional bulk flow

velocity, and non-dimensional longitudinal integral length scale.

The mean fuel consumption rate for rich mixtures was larger

than the corresponding value for lean/stoichiometric mixtures

when the unstrained premixed laminar burning velocity, non-

dimensional bulk flow velocity, non-dimensional turbulence in-

tensity, and non-dimensional longitudinal integral length scale

were kept constant.

7. The flame front curvature distribution was Gaussian, and it was

symmetrical about the zero flame front curvature. The flame front

curvature distributions were not sensitive to the equivalence ra-

tio, total turbulence intensity, different thermo-diffusive charac-

teristics, and the fuel type.

8. The local flame front angle distribution was bimodal with its peak

values located at ±90°. The local flame front angle distributions

were not sensitive to the equivalence ratio, total turbulence inten-

sity, different thermo-diffusive characteristics, and the fuel type.

9. The maximum two-dimensional flame surface density evaluated

by the Shepherd’s method increased with increasing equivalence

ratio from lean to stoichiometric mixtures for all hydrocarbon/air

flames tested in this study. It decreased slightly with increasing

equivalence ratio for rich ethane/air flames at low turbulence in-

tensity and rich methane/air flames, whereas it remained unal-

tered for rich ethane/air flames at high turbulence intensity and

rich propane/air flames. The maximum two-dimensional flame

surface density decreased with increasing total turbulence in-

tensity under constant equivalence ratio, non-dimensional bulk

flow velocity, and non-dimensional longitudinal integral length

scale. The maximum two-dimensional flame surface density

for rich mixtures was higher than the corresponding value for

lean/stoichiometric mixtures when the unstrained premixed lam-

inar burning velocity, non-dimensional bulk flow velocity, non-

dimensional turbulence intensity, and non-dimensional longitu-

dinal integral length scale were kept constant.
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0. The ratio of the wrinkled to the unwrinkled flame surface

area decreased with increasing equivalence ratio for propane/air

flames at high turbulence intensity and methane/air flames,

whereas it did not show any trend with increasing equivalence

ratio for propane/air flames at low turbulence intensity and

ethane/air flames. In general, this ratio increased with increasing

total turbulence intensity under constant equivalence ratio, non-

dimensional bulk flow velocity, and non-dimensional longitudinal

integral length scale. The ratio of the wrinkled to the unwrinkled

flame surface area for lean/stoichiometric mixtures was higher

than the corresponding value for rich mixtures. It is observed that

the ratio of the wrinkled to the unwrinkled flame surface area di-

vided by the non-dimensional turbulence intensity has a power-

law relation with the turbulent Damköhler number.

1. In general, the leading edge and half-burning surface turbulent

burning velocities increased with increasing equivalence ratio

from lean to stoichiometric mixtures, whereas they decreased

with increasing equivalence ratio for rich mixtures. These veloc-

ities were enhanced with increasing total turbulence intensity

when the equivalence ratio, non-dimensional bulk flow velocity,

and non-dimensional longitudinal integral length scale were kept

constant. The leading edge and half-burning surface turbulent

burning velocities for lean/stoichiometric mixtures were smaller

than the corresponding values for rich mixtures under constant

unstrained premixed laminar burning velocity, non-dimensional

bulk flow velocity, non-dimensional turbulence intensity, and

non-dimensional longitudinal integral length scale.

2. The mean flamelet consumption velocity and mean turbulent

flame stretch factor were derived for all experimental condi-

tions. The mean turbulent flame stretch factor increased with

increasing equivalence ratio. It also increased by increasing the

total turbulence intensity under constant equivalence ratio,

non-dimensional bulk flow velocity, and non-dimensional lon-

gitudinal integral length scale. Results show that this parameter

for rich mixtures was larger than the corresponding value for

lean/stoichiometric mixtures when the unstrained premixed

laminar burning velocity, non-dimensional bulk flow velocity,

non-dimensional turbulence intensity, and non-dimensional

longitudinal integral length scale were kept constant.
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