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Abstract

Simultaneously planar laser-induced fluorescence (PLIF) measurements of OH, CH, CH>O and
toluene are carried out to investigate the structures of turbulent premixed methane/air jet flames
in the flamelet regime and the thin-reaction zones regime. A premixed flame jet burner of an inner
diameter of 1.5 mm is employed. Stoichiometric methane/air mixtures introduced as a jet are ig-
nited and stabilized in a hot co-flow generated by a coaxial porous plug pilot flame surrounding
the jet. The Reynolds number for the studied jet ranges from 960 to 11500 with the characteristic
Karlovitz number ranging from 1 to 60. The focus of this study is on the characterization of the
structures and turbulent burning velocity of premixed flames in the flamelet and the thin-reaction
zones regimes. The preheat zone is analyzed using the CH>O and toluene PLIF fields, whereas
the reaction zone is analyzed using the CH and OH PLIF fields. Laser Doppler Anemometer
(LDA) measurements are performed to characterize the turbulence field and it is noted that when
the Reynolds/Karlovitz number increases a successive thickening of the preheat zone is observed,
whereas the reaction zone, characterized by the CH layer maintains nearly the same thickness.

The heat release zone, characterized by the combination of the OH and CH>O PLIF fields, is



shown to nearly maintain the same thickness under the present experimental conditions. The flame
surface wrinkle ratio is shown to be Reynolds number and Karlovitz number independent when
the Reynolds number is high enough such that the smallest wrinkle scales reach to the length
scales of the thin reaction layers. The global fuel consumption speed of the jet flame is analyzed
using the toluene PLIF field and the OH PLIF field. A discrepancy in the two consumption veloc-
ities is found as the Karlovitz number increases. This is found to be a result of the broadening of
the oxidation zone. These findings provide experimental support to the flamelet and thin-reaction

zone regime hypotheses of turbulent premixed combustion.

Keywords: Multiple species simultaneous PLIF; turbulent premixed flames; Karlovitz number;

flamelet regime; thin-reaction zone regime.

1. Introduction

Depending on the flame and the time and length scales of the turbulence, different regimes of
turbulent premixed flames can be classified, e.g., laminar flamelet, thin-reaction zone, and dis-
tributed reaction zone regimes [1-3]. Flames in the laminar flamelet regime have been studied
comprehensively in the past [4-7]; the reaction zones in the flamelet regime are thinner than the
length scale of Kolmogorov eddies and the structure of the flame is essentially similar to those of
laminar flames. Driscoll presented a comprehensive review of the structures of turbulent premixed
flames in the flamelet regime [4]. Flames in the thin-reaction zone regime and distributed reac-
tions zone regime are not as well investigated. Theory based on asymptotic analysis of laminar
premixed flames predicted that in the thin-reaction zone regime, the structure of the fuel-con-

sumption layer in hydrocarbon/air premixed flames is similar to that in laminar flames [3, 8];



however, the preheat zone and the oxidation layer of the flames (where the combustion interme-

diates such as CO and H; are oxidized) could be thickened by small turbulence eddies.

Several direct numerical simulations (DNS) of premixed flames appear to support the thin
reaction regime theory. The DNS study of Poinsot et al. [9] indicated that the flamelet model
could be valid beyond the flamelet regime, at higher turbulence intensity than the Klimov-Wil-
liams limit (at which the Kolmogorov time is on the order of the flame time). The work of Polud-
nenko and Oran [10], which considered the case of stoichiometric H»-air flame in the thin reaction
regime using a simplified chemistry, showed that the turbulent cascade failed to penetrate the
internal flame structure, and thus the action of small-scale turbulence was suppressed throughout
most of the flame. It was speculated that any substantial flame broadening by the action of turbu-
lence could not be expected in all subsonic regimes. The DNS study of Shim et al. [11], which
considered H-air freely propagating premixed flame in homogeneous isotropic turbulence using
detailed chemistry, showed that in the thin reaction zone coherent fine scale eddies could be fre-
quently observed behind the flame front and the heat release rate was highly fluctuating even at
the low temperature region. In the unburned side HO> fingering can be observed suggesting a
strong eddy transport between the preheat zone and the unburned side of the mixture. DNS study
of Sakaran et al. [12] on lean methane/air premixed flames in a slot burner Bunsen configuration
showed that in the thin reaction zone regime the preheat zone is broadened but the heat release
region remains the same thickness when increasing the turbulence intensity. Aspdan et al. [13]
showed similar results in their recent DNS of premixed methane/air flames in a homogeneous

isotropic turbulence configuration.

So far, experiments on the thin reaction regime have been fairly limited and the results appear
to be controversy. Chen and Bilger [14-17] carried out joint measurements of temperature using
Rayleigh scattering and OH mole fraction using PLIF in turbulent premixed flames of natural-

gas/air and hydrogen/air in pilot-stabilized Bunsen burner in the thin-reaction regime. Multiple
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joint image pairs showed distortion and folding of the preheat zone at high turbulence intensities
and they proposed a new regime of “flame fronts with complex strain”. De Goey et al. [7] per-
formed planar laser-induced fluorescence (PLIF) imaging of OH radicals and Rayleigh scattering
imaging of temperature and one-dimensional numerical study of the structures of turbulent me-
thane/air premixed flames in the thin-reaction zone regime. They found that the preheat zone
(defined as the temperature ranges from the unburned temperature, 298K, to the temperature of
340K) could be broadened; the reaction zone (defined at the maximal temperature gradient) could,
however, become even thinner in the thin-reaction zone regime, depending on the equivalence
ratio. This was found to be an effect of flame stretch. Kortschik et al. [ 18] reported similar findings
of turbulent premixed methane/air flames in the thin-reaction zone regime. Dunn et al. [19, 20]
reported detailed measurement of multiple species and temperature as well as velocity of me-
thane/air premixed flames in a piloted premixed jet burner with a wide range of jet velocities,
covering the thin reaction regime as well as the distributed reaction zone regime. They found that
the thickness of the reaction (marked by the temperature gradient) increases with increasing jet
velocity, which is contrary to the results in reaction zone behavior reported in De Goey et al. [7].
Yuan and Giilder [21] performed particle imaging velocimetry (PIV) of velocity and Rayleigh
scattering measurements of temperature of turbulent methane/air Bunsen flames stabilized in a
hot co-flow and determined the mean thickness of the preheat zone and reaction zone using the
temperature profiles. They found that the thickness of the reaction zone was in the range of 0.7 —
0.8 mm and the preheat zone was in the range of 0.8 — 1 mm for the studied conditions that ranges

from laminar flamelet regime to thin-reaction zone regime.

Most of the above-discussed experimental studies were limited to study only a few scalars,
e.g., OH and temperature, and mostly these scalars were not simultaneously measured. Experi-

mental quantification of the structures of turbulent premixed flames requires simultaneous spa-



tially resolved measurements of key species in the flames, e.g., the OH and CH>O. A multiplica-
tion of these two fields can be used as a measure of the heat release layer in laminar flamelets [22,
23]. Recently, Sjoholm et al. [24] demonstrated simultaneous PLIF imaging of CH, OH, CH>O
and toluene (as fuel tracer) applied to turbulent premixed jet flames [25], which shows the possi-
bility of identifying the structures of turbulent flames, e.g. the unburned region, the preheat zone,
the reaction zone and the post-flame zone. Similar techniques, with pairwise recording of relevant
species, have been used to study turbulent premixed flames in the thin reaction zone and distrib-
uted reaction zones regime [26-29]. Despite the large-scale experimental setup and comprehen-
sive implementation, such as; laser alignment, accurate synchronization, laser sheet overlapping,
pixel-to-pixel correction, interferences suppressions etc., simultaneous PLIF visualization are pre-

ferred as more phenomenological conclusions on the combustion processes can be scrutinized.

In this paper, we employ simultaneous, single shot PLIF of four species (OH, CH, CH20, and
toluene) to study the flame structures of turbulent premixed flames in the flamelet regime and the
thin-reaction zone regime. The unburned fuel zone is characterized using toluene PLIF [24]; the
preheat zone is identified using CH>O PLIF [25] or the overlap of CH>O PLIF field and toluene
PLIF field; the inner layer (fuel consumption zone) is characterized using CH PLIF, and the heat
release zone by the overlap of the CH2O PLIF field and OH PLIF field [22]. The studied flames
are stoichiometric methane/air premixed jet flames stabilized in a hot co-flow generated by a po-
rous plug burner surrounding the jet nozzle. The turbulent flow field along the flame height is
characterized by laser Doppler Anemometer (LDA) applied at different height above the burner
(HAB) and at several radial positions. This work is focused on the thin-reaction zone regime of
turbulent premixed flames, in particular the structures of the preheat zone, the inner layer of the

flame and the heat release layer.



2. Experimental Method

2.1 Burner and experimental conditions

The burner is a McKenna type with a porous plug of 61 mm in diameter and an coaxial central
tube with an inner diameter of 1.5 mm. Figure 1 shows a schematic of the burner (to the right).
Stoichiometric methane/air mixture is supplied through the jet burner at different velocities. The
bulk flow velocity at the jet exit, Uo, ranges from 10 m/s to 120 m/s. The porous plug burner
provides a steady pilot stoichiometric methane/air flame with a velocity 0.4 m/s of the unburned
mixture, which was used to stabilize the jet flame. Table 1 lists the experimental cases and the
corresponding conditions. The Reynolds number based on the inner diameter of the jet and the
bulk flow velocity at the jet exit ranges from 960 to 11500. Flame FO (Uo = 10 m/s) is at a laminar
flow condition, whereas Flame F1 (Uo = 30 m/s) is a quasi-laminar flow (with some unsteady
modes), and flames F2, F3 and F4 are at turbulent flow conditions. Both flames F3 and F4 are
fully developed turbulent flows, which is indicated by the self-similar flow fields to be discussed

in the Results section, where the LDA flow field measurements will be presented in more detail.
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Figure 1. Setup of the multi-species PLIF system (left), and illustration of the burner (right).



Table 1. Experimental conditions and key parameters. Velocity of the co-flow fuel/air mixture:
Ucoflow=0.4 m/s; equivalence ratio of the mixture from the jet and the co-flow: 1.0; initial temper-
ature of mixture from the jet and the co-flow: 298K; pressure: 1 atm; burning velocity (S.) and
thickness (dL) of unstretched adiabatic flame under the fuel/air mixture condition of the experi-
ment: S .=37.5 cm/s; 6.=0.44 mm. The data in Table 1 is taken at the location of peak turbulence

rms velocity, which is about x/d=40.

Flames FO F1 F2 F3 F4

Uo [m/s] 10 30 60 90 120
Rejet 960 2900 5700 8600 11500
u'/S, - - 22 29 38
20/6, - - 19 15 15

Ka - - 25 40 60
Rex - - 400 425 570
€5 [um] - - 91 69 56

2.2 Multi-species PLIF setup

The methane/air flow in the central jet is seeded with ~2 % toluene as a fuel tracer. Sjoholm et al.
[24] presented a numerical simulation of a laminar methane/air planar freely propagating flame
with a 2 % toluene addition to methane. It was shown that with this amount of toluene added to
methane the species (except methane) distributions across the flame are not significantly affected.
A 1.3 % difference in the adiabatic unstretched laminar burning velocity was predicted. The pro-
files of methane and toluene are similar, although a slightly earlier consumption of toluene is
noticeable, due to differences in reaction paths and molecular diffusivity. In this study the numer-

ical simulation reported in Sjoholm et al. [24] is extended to a counter flow (unburned mixture to



unburned gas) configuration to study the structure of the flames under strain rates of 50 s and
1000 s, It is shown that under strained conditions the toluene layer and the methane layer are
still satisfactorily coincident with each other, which confirms the validity of using toluene as a

PLIF tracer for the fuel.

The multi-species PLIF setup has been described in Sjoholm et al. [24]. Here, a brief summary
of the laser systems is given referring to Figure 1. Four separate Nd:YAG lasers in the Multi-YAG
system [30, 31] provided four separate output beams with different wavelength. The first laser
emitted 266 nm to excite the fuel-tracer toluene and the second laser emitted 355 nm to excite
formaldehyde (CH20). These two beams were spatially overlapped before the sheet optics, which
consisted of a -100 mm cylindrical and a +500 mm spherical lens. The sheet created was then

cropped to a height of 40 mm.

The third laser from the Multi-YAG system also emitted 355 nm and pumped a mid-band
optical parametric oscillator (OPO) [32] tuned to 431 nm for CH excitation. Due to low concen-

trations of CH in most combustion processes the fluorescence signal of CH is generally low.

The fourth laser emitted 532 nm and pumped a Sirah Cobra-Stretch dye laser, after frequency
doubling the output beam was set to 309 nm, exciting OH. The selection of 309 nm, instead of
284 nm, is to avoid cross talk with toluene. The sheet-optics for these two beams was made up

with a -40 mm cylindrical and a +300 mm spherical lens.

Four separate intensified CCD detectors were used, three PI-MAX 1l cameras (resolution:
1024 x 1024) and one PI-MAX 1 (resolution 512 x 512). A summary of optical parameters and

filters are shown in Table 2.



Table 2. Key parameters of the PLIF setup.

Species Toluene CH20 CH OH

Camera pixels PI-MAX | PI-MAX II PI-MAX Il PI-MAX Il
512 x 512 1024 x 1024 1024 x 1024 1024 x 1024

Beam splitter R ~99 % T >90 % T~92 % R >99.9 %

efficiency 250 — 290 nm 400 — 750 nm @ 431 nm 287 — 335 nm

Lens UV B. Halle lens Nikkor, fy = 2.5, Nikkor, fy = 1.8, UV B. Halle lens
f,;=2, f=100 mm 105 mm =105 mm f, =2, f=100 mm

Spatial resolution | 7.1 lines/mm 8.0 lines/mm 7.1 lines/mm 8.0 lines/mm

Optical Filter Liquid filter, GG 385 and No filter Interference filter
12 mm thick, ISP 500 (BK7 lens) I, =310nm+5nm
N,N-dimethylformamide [T ~70% Tima = 15%

Imaging delay 300 ns 200 ns 0 ns 100 ns

Laser wavelength | 266 nm 355 nm 431 nm 309 nm

Laser Energy 40 mJ/pulse 90 mJ/pulse 70 mJ/pulse 10 mJ/pulse

Laser line width Tem Lem” 4 em’™ 02cem’

Detected A 275-290 nm 385 — 500 nm 431 £10 nm 309 £5 nm

SNR 22.6 68.2 26.6 15.3

To measure the full length of the flame, the burner height had to be adjusted to two positions
relative to the laser and the detector systems that were kept fixed. The lower part of the flames
was measured first and then the burner was lowered 35 mm and PLIF images of the upper part of

the flames were recorded.

2.3 LDA setup
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A two channel LDA system (Flow Explorer DPSS & BSA F80 processor unit; Dantec) was used
for the measurements of the axial and radial velocity components and its fluctuations. Diode
Pumped Solid State (DPSS) lasers were used to generate beams at 532 nm and 561 nm with av-
erage power of 300 mW each. Each beam was split into two beams, of which one beam for each
wavelength was optically shifted with a fixed frequency of 80 MHz. This setup allows detection
of velocities up to 380 m/s. The two pairs of beams, the shifted and the unshifted beam for each
wavelength, were focused to intersect by a 310 mm lens. The two measurement volumes, created
at the beam intersection point, were overlapping with the interference fringes of each color ori-
ented perpendicular to each other. The Gaussian intensity distribution of the laser beams generates
an ellipsoidal effective measurement volume, one for each color, about 80 (width) x 80 (height)
x 700 (length) um? in size. The bursts of Mie scattered light generated by seeding particles cross-
ing the fringes (i.e. the signal), was collected in a back-scatter mode with the signal receiving

optics incorporated in the LDA probe.

The main jet flow was seeded with 0.5 um Al2O3 particles mixed with the main fuel stream
before entering the burner. The co-flow emanating from the porous plug burner could not be
seeded in the present setup. The influence of a non-uniform seeding, under similar flow condi-
tions, was investigated by Dibble et al. [33] in both non-reacting (propane jet, bulk velocity 53
m/s) and in an non-premixed jet (Hz2-Ar flame, bulk velocity 150 m/s) both in co-flowing air (of
9.2 m/s). From experiments where either only the jet was seeded or only the co-flow was seeded
they found only minor influence of the non-uniform seeding on the axial velocity statistics (mean
and rms). Radial profiles of the mean axial velocity and its fluctuations (rms) (at x/D > 30)
showed, for both seeding approaches, very small difference on the centerline and a slightly larger

difference with increasing radius. Based on these results obtained in a similar configuration as in
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this study the centerline statistics presented here are believed to be unbiased whereas a bias to-
wards the higher velocities and fluctuations in the jet is expected with increasing distance from

the centerline.

At different points along the center axis of the jet, from 4 mm up to 120 mm HAB and with
3 mm interval, velocities were measured along with radial profiles at selected heights. The repro-
ducibility of mean (U) and rms (u") velocities at the same spatial positions was, on average, 5 %,
mainly accounting for the mismatch of spatial relocation. The fixed errors were expected to be
significant near the jet exit where the velocity gradient was large. The total error near the jet exit
was estimated to be about 20 % for the mean axial velocity and 15 % for the rms of the axial

velocity fluctuations.

2.4. Data post-processing

Image registration, i.e. pixel-to-pixel correspondence, between the four detectors was conducted
using grid images, providing final images with the size of 985 x 270 pixels (lower images) and
950 x 270 pixels (upper images). This represented a 10.6 mm wide imaged area extending from
2.6 mm to 41.4 mm above the jet nozzle for the lower part, and from 35.0 mm to 72.4 mm above

the jet nozzle for the upper part. The ~10 % overlap of the imaged areas is illustrated in Figure 1.

Each image was background-subtracted where the background image was recorded with la-
sers active and a burning co-flow but the jet flow turned off. Hence, the OH images would repre-
sent OH contribution from the jet flow to the total OH distribution. Finally, to reduce noise, a
Gaussian filter (FWHM = 3.5 pixels) was convoluted to the images [24], where FWHM denotes

full-width at half maximum.
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The following quantities were computed from the PLIF data: the thickness of the CH layer,
the thickness of the CH>O layer, the thickness of the overlap layer of CH>O and OH, the thickness
of the overlap layer of CH>O and toluene, the mean reaction progress variable based on the OH
and toluene fields, the flame surface density, the flame surface wrinkle ratio, and the overall fuel
consumption velocity. In addition, to characterize the regime of the flames a characteristic non-
dimensional number, the Karlovitz number, along the flame height was determined based on the
LDA data and laminar flame data given in Table 1. The Karlovitz number was calculated based

on Peters definition [3],

where #rand # and are respectively the time scale of the corresponding adiabatic unstretched lam-
inar flame and the time scales of the Kolmogorov eddies. S; and §;, are the corresponding adia-
batic unstretched laminar flame speed and the thickness of the laminar flame, respectively; ¢, is
the length scale of the energy-containing eddies (known as the integral length-scale); u' is the
velocity scale of the large energy-containing eddies, taken here as the rms of the axial velocity
fluctuation. Furthermore, the turbulent Reynolds number, Re;, and the Damkéhler number, Da,

were defined as,

_ u’{)()
Re. =5+ (2)
_to _ %oSL
Da = s, (3)

Re; was based on the large scale energy-containing eddies. LDA data provided the information

of u' and 4, which were used to determine non-dimensional numbers Ka, Re;, and Da.
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Since only two-dimensional cross-section of the flames was captured in PLIF measurements
the surface area of a given layer was reduced to the length of the edge of the layer. The flame

surface density X at a position (x, y) was computed as Shepherd proposed [34],

T Lix,
Z(x,y) = S @)

where L;(x, y) is the length of the layer edge in the i-th PLIF sample at the position (x, y) within

the interval of [x — %x, x + Az—x] and [y — %y, y+ %y] N is the number of samples used in compu-

tation.

Direct numerical simulation (DNS) study of statistically two-dimensional V-flame from a
slot-burner showed that for a given flame the two-dimensional flame surface density was propor-
tional to the three-dimensional flame surface density area, with the 2D surface density 35 % lower
than the 3D one [35]. Several authors have proposed different ways of estimating the 3D flame
surface density from the 2D experimental data, cf. Ref. [36] and references therein. For a Bunsen
flame at three different turbulence intensities Zhang et al. [36] compared the results from these
various estimations and found that the proportionality of 3D flame surface density to the 2D one
varies with flame height. The difference between 2D and 3D flame surface is higher at high tur-
bulence intensities. In the present study we show only the 2D results, which could be extended to

3D flame surface density used by the methods discussed in Ref. [36].

In addition to the flame surface density the flame surface wrinkle ratio a(x) is also a useful
parameter to characterize the structure of premixed flames. The flame surface wrinkle ratio at a

given flame height (x) was computed as follows,

z:Iiv=1 2?’1:1 Lij(x)

a(x) = T NAx (5)
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where L;;(x) is the length of the edge of the layer in the i-th PLIF sample at the flame height (x)

within the interval of [x — Az—x, x + ATx], where Ax = 5 mm corresponds to 130 pixels. In case the

flame was highly wrinkled there could be multiple flame edges detected in the interval; thus the
total length of all edges was used to compute a(x). In Eq. (5), M is the total number of edges
detected in the interval and index j denotes the j-th edge. The mean flame surface position can be
determined using ensemble average of the flame edges. Denote the mean flame surface position

as

y—f(x)=0 (6)

From which the total flame surface area can be determined,

A=2m [ fOOVT+ (F (0)2dx (7)

where Ly is the height of the mean flame, f(Ly) = 0. The area averaged overall fuel consumption

velocity was calculated using
1 42
Se = an Up/A (8)
where d is the inner diameter of the jet.

The mean reaction progress variables, <coy> and <cg>, were calculated based on the OH and
toluene fields to characterize the oxidation layer of combustion intermediates such as CO and H»,
and the fuel consumption layer. To get <c> a binary mask, with the threshold value of 5 % of the
peak PLIF intensity for OH and 35 % of the peak intensity for toluene, were applied to all images
and then averaged. The threshold values for OH and Toluene were carefully chosen to circumvent
the noise in order to get monotonic images. This threshold method was compared with the maxi-
mum gradient method applied to calculate the flame surface wrinkle ratio (Eq.5). As the gradient

of going from unburned gas to burned gas is steep, no considerable difference was found when

15



using a threshold value or maximum gradient. The difference in flame positions between using
the maximum gradient and using a threshold value at 5 % for the OH PLIF images was in mean
2.2 pixels with a standard deviation at 1.1 pixels for the turbulent flames (F2-F4). For the quasi-
laminar flame (F1) the mean difference was 1.7 pixels with a standard deviation of 0.7 pixels. A
larger value of the OH threshold has a smaller difference since the isolines with larger threshold
values move closer to the maximal OH gradient. The sensitivity of the flame position to the chosen
threshold value was also evaluated. The difference in position between different threshold values
was investigated whereas the difference between a threshold value of 5 % and 15 % is at most at
5 pixels for the turbulent flames and three pixels for the quasi-laminar flame. The same holds for
the Toluene PLIF images when comparing the threshold values of 35 % and 45 %. Threshold

values lower than the chosen ones were not preferred due to higher signal-to-noise ratio.

The ensemble averaged mean thicknesses of the overlapping region of CH20 and toluene
(marker of the preheat zone), the overlapping layer of OH and CH>O (marker of the heat release
layer), and the CH layer (marker of the inner layer) were determined as follows. First, the PLIF
images were divided at the centerline (CL) into one left and one right part. A signal intensity
profile for every pixel row, i.e. x/d, for each part was then investigated. A Gaussian function was
fitted to the profiles and the full width at half maximum, FWHM, was used to define the thick-
nesses. For each flow speed a probability distribution function (PDF) over all the FWHMs, left
and right, was investigated. The PDF has a beta-function shape profile, where the tail was consid-
ered to contain the FWHMSs biased from 3D effects of the flame. Hence, a cut-off strategy was
selected where the mean (X;,;) and the standard deviation (o,) for each PDF were calculated.
The cut-off was then determined to discard all values > X;,;+ 0¢o¢, Which was ~15 % of the largest
values. The thicknesses and its standard deviations represented in Figure 7 to 9 were then deter-
mined using the remaining samples after the cut-off. To validate the accuracy of the thicknesses,

results with a cut-off at x;,+ 20, Wwere compared with those at X;,;+ 0;,¢. Since larger values

16



now was included the standard deviation and the mean thicknesses along the flame height in-
creased. For flame F4 (which has the highest 3D bias error) the thicknesses increased with 8 %
for the preheat zone, 11 % for the heat release layer and 15 % for the inner layer. Another source
of 3D bias error worth of commenting is the laser sheet position over the jet nozzle. An offset
from the center of the jet nozzle will affect the calculated thicknesses. A great care has been taken
of the laser sheet position when setting up the experiment by iteration on a laminar flame for

maximum flame waist.

3. Results and Discussion

3.1. Turbulence field and global flame characteristics

Figure 2 shows the mean axial velocity along the centerline of the burner under different center
jet velocity conditions. In the measurements the flow of the pilot flame was kept constant, i.e.,
with a velocity of 0.4 m/s of the unburned stoichiometric methane/air mixture. The velocity and
equivalence ratio of the center jet flow were varied to investigate the sensitivity of flow field to
heat release from the flame. It is seen that the normalized velocity U /U, falls into one profile
fairly well when the jet velocity is sufficiently high (Uy = 90 m/s). The change of equivalence
ratio has rather minor influence on the axial velocity field when the equivalence ratio is varied
from 0.74 to 1, due to the minor change of flame temperature — the flame temperature varies by
16 % when the equivalence ratio is changed from 0.74 to 1. If the change of flame temperature is
significantly larger, e.g. the mixture at the center jet is replaced by pure air, the velocity profile is
significantly different from those presented in Figure 2. Furthermore, it is noted that the axial
profile of the cases with U, = 60 m/s and 66 m/s are significantly different from those of higher
jet velocities. The fact that the normalized axial velocity profiles of the high Reynolds number

flows are nearly Reynolds number independent indicates that the flows with high jet velocity
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(Up = 90 m/s) is fully developed turbulent flows, whereas the flows with Uy = 60 m/s and 66

m/s are not.
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Figure 2. Mean axial velocity along the centerline of the burner.
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Figure 3. RMS of axial velocity fluctuations along the centerline of the burner.

Figure 3 shows the root-mean-square (rms) of the axial velocity fluctuations (u') along the
centerline of the burner. The normalized rms axial velocity fluctuation (u'/U,) is nearly Reynolds

number independent when the jet velocity is high (U, = 90 m/s), which is consistent with the
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behavior of the mean axial velocity field. u’ is rather low near the burner exit (x/d < 10); further
downstream, u’ increases rapidly along the flame height, owing to the production of turbulence
in the shear-layer of the jet flow. This process is continued until x/d~35 for the high jet velocity
cases, where u' /U, reaches its peak, around 0.12; thereafter, u’ decreases along the flame height
due to dissipation of turbulence and relatively lower rate of turbulence production as a result of
the lower mean velocity gradient downstream of the jet. For the lower Reynolds number flow
cases (U, = 60 m/s and 66 m/s) u'/U, reaches its peak, around 0.14, at a further downstream
position, x /d~45, which is a result of slower decay of the mean velocity field in these low Reyn-

olds number flows, cf. Figure 2.

The mean axial velocity and its rms fluctuation along radial positions at different flame
heights are measured. The mean axial velocity follows a nearly Gaussian distribution along the
radial direction, from which one can calculate the width of the shear layer, namely the FWHM of
the axial velocity profile. This length is used to represent the length scale of the large energy-
containing eddies [37,38]. Figure 4 shows the trend of this large eddy length scale (¢) along the
flame height for various flow speeds and equivalence ratios, including the cases of F2-F4 at two
flame heights (x/D of 23 and 33). It appears that nearly all data falls into one profile, indicating

that the width of the shear layers is rather Reynolds number independent.
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Figure 4. Integral length along the flame height.

Based on u’ and ¢, presented in Figs. 3 and 4 one can compute the characteristic non-dimen-
sional parameters discussed earlier, e.g. the Karlovitz number. Figure 5 shows the Karlovitz num-
ber along the flame height. Near the burner exit the Karlovitz number is first decreasing along the
flame height due to the increase of the large eddy length £, and then it increases along the flame
height due to the rapid increase of u’, reaching a peak around the position where u’ reaches its
peak. Finally, the Karlovitz number decreases rapidly along the flame height due to the increase
of €, and the decrease of u'. For flame F2 the peak Karlovitz number is about 25; for flame F3 it
is about 40, and for flame F4 the peak Karlovitz number is about 60. In the calculation of Karlovitz
number the laminar flame speed and laminar flame thickness are based on a numerical calculation
using the GRI 3.0 mechanisms [39], which gives that S.=37.5 cm/s; 6.=0.44 mm [40]. At the
peak Karlovitz number position the Reynolds numbers based on the large energy containing ed-
dies are 400, 424, and 570 for flames F2, F3 and F4, respectively. The corresponding turbulence
intensities are u’ /S, = 22, 29, and 38 for flames F2, F3 and F4, respectively. A summary of these
key parameters is given in Table 1. Flames FO and F1 are laminar and quasi-laminar flames, re-

spectively, in which the above-discussed non-dimensional parameters are not relevant. According
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to the regime classification of Peters [3] flames F2, F3 and F4 are in the thin-reaction zone regime.
Flame FO and F1 can be used as a reference to represent the flame of flamelet case with Karlovitz

number of 1.

It should be pointed out that £, determined using the FWHM of the axial velocity profile is
only a rough estimation of the integral length scale. More accurate methods exist, for example,
based on the two-point velocity correlations [41] or based on the Taylor’s frozen flow hypothesis
with single-point velocity data [28,29]. However, these methods could not be applied here due to
the limited temporal resolution in the present LDV measurements. The value of £, reported in

Fig. 4 is considered to be relevant only on the order of magnitude sense.
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Figure 5. Karlovitz number along the flame height.

3.2. Overall flame structures

Figure 6 shows snap-shots of simultaneous PLIF imaging of four species, OH, CH, CH>O and
fuel tracer toluene (CsHsCH3) above the burner at various jet velocities. Two PLIF signals are
plotted in each of the images, i.e., OH/CH, CH/CH20O, and CH20/C¢HsCHs3. The laminar flame

F1 shows rather thin CH layer throughout the entire flame. The fuel region is enclosed by a thin
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layer of CH>O, which is then enclosed by a thin layer of CH, and then outside the CH layer a thick
OH layer can be found. The Reynolds number of flame F1 defined at the burner exit is 2900.
Under this Reynolds number condition the flame is shown to be laminar; the low part of the flame
is steady whereas at the upper part the flame (x>35 mm) is slightly unsteady likely due to the
Rayleigh-Taylor instabilities [2]. With the jet velocity increased to 60 m/s the flame becomes
highly unsteady. An increase in wrinkling of the CH layer at small scales is noticed; furthermore,
formation of flame pockets enclosed by the CH layer, which are disconnected from the main
flame, can be observed at the upper part of the flame of F2 (U, = 60 m/s). Within the pockets a
mixture of toluene and CH20 can be found. The pockets are surrounded by the thick OH region,
indicating that the pockets are being oxidized. The formation of separated flame pockets appears
to be more frequent with increasing U,. The overlap regions of OH/CH, CH/CH-0O, and
CH:0/C¢HsCHs are indicated using the white color in Figure 6. It is shown that rather significant
overlap of CH20O and CsHsCH3 can be observed in the inner part of the flame for the three turbu-
lent flames, whereas for the laminar flame F1 the overlap is not as significant. CH>O could not be
oxidized in the lower temperature preheat zone [25]; thus, the overlap of CH20 and C¢HsCH3 can
be used as a marker of the preheat zone. The overlap of OH/CH and CH/CH;O is in rather thin
zones for all flames studied, and for the turbulent flames it is significantly thinner than the overlap

region of CH20 and C¢HsCHs. The overlapping layer will be quantified in further detail below.

22



F3 90 m/s

F2 60 m/s

x/d

x/d

40 440 440 440 440440440 4404404-40 440440 4
Radial distance [mm] Radial distance [mm] Radial distance [mm] Radial distance [mm]

Figure 6. Snap-shots of the OH, CH, CH>0 and toluene PLIF images for the four flames. (F1)
30 m/s, (F2) 60 m/s, (F3) 90 m/s, and (F4) 120 m/s. Each set contains the following three im-
ages: left: OH (red) and CH (green), middle: CH20 (red) and CH (green), right: CH20 (red) and

toluene (green) with the overlap between the two images highlighted with white.
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Figure 7. Ensemble averages of the thickness of the CH2O/toluene overlapping layer along the
flame height. Each flow speed is normalized by the thickness of the corresponding layer of the

laminar flame case of Up=10 m/s at x/d=7, which is about 0.42 mm.

Figure 7 shows the ensemble averaged mean thickness of the overlapping region of CH>0
and toluene (to indicate the preheat zone of the flame) along the flame height for the four flames.
The thickness shown in Figure 7 has been normalized with the thickness of the corresponding
overlapping layer in the laminar flame FO at x/d=7, which is 0.42 mm. The laminar flame F1
shows a nearly constant thickness of the overlap region of toluene and CH>O (~0.4 mm), which

is consistent with the fact that in this flame the preheat zone is governed by molecular mixing and
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thus the local flame structure remains similar along the flame height. The evaluated thickness
scatters when approaching the flame tip, x/d > 20, due to the lower CH>O and toluene intensity,
which results in a lower signal-to-noise ratio. At the burner exit the flame is very thin owing to
the jet flame configuration. The flow at the jet exit is at low turbulence intensity and the shear
layer is thin; thus the preheat zone of all flames remains thin (about 0.4 mm — 0.5 mm). Along the
flame height of the turbulent flames the thickness of the CH2O and CsHsCH3 overlapping region
increases until x/d~12, which corresponds to the increase of the turbulent large eddy length
scales and the turbulent kinetic energy (Figures 3 and 4). Comparing the three turbulent flame
cases one notes that from flame F2 to flame F3 the thickness of the overlapping region increases
with the jet Reynolds number (hence the intensity of turbulence). However, from flame F3 to
flame F4 the thickness of the overlapping region does not change with the jet Reynolds number.
The preheat zone of the flame appears to be self-similar at high Reynolds numbers, which is con-
sistent with the self-similar behavior of the flow shown in Figures 2 and 3. For all turbulent flames
the thickness of the overlapping region becomes nearly the same along the flame height when
x/d > 12 due to the configuration of the jet flame. From Figure 6 it can be seen that the farthest
downstream region of the toluene distribution is found at x/d ~28 (x~42 mm); the flame starts
to shrink in the radial direction before reaching the tip (resulting in a conical flame shape). This
confines the development of the preheat zone of all turbulent flames to a smaller region around

the burner axis.

In a recent experimental study of pilot flame stabilized methane/air jet flames, Wabel et al.
[29] showed a continuous development of the preheat zone thickness (defined using the CH>O
PLIF profile) with the jet Reynolds number. The studied jet has a relatively large diameter
(d~21.6 mm), which allows for the development of thick preheat layers at high Reynolds num-

bers. For very large jet Reynolds numbers the data of Wabel showed also weak increase of the
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preheat zone thickness with u'/S; (viz. the jet Reynolds number), which is consistent with the

present results.

The validity, consistency and accuracy in the quantification of the overlapping layers have to
be considered. The major uncertainty in the length scale of the overlapping layers (Iur and lpn) is
estimated to emerge from the finite spatial resolution in the binarized PLIF images and the detec-
tion limit of the measurement technique. Besides, and independent from this, there is also the
temperature-dependent quenching rates impinging the results. Another factor to have in consider-
ation, from both CH>O and CsHsCH3, is the inherent temperature dependence originating from
the temperature dependence of the Boltzmann factor, which broadens the signal detected. Zhou et
al [42] estimates the influence of the inherent temperature dependence for CH>O. Its effect in
relation to the spatial detection limit is negligible. To the authors knowledge no similar estimation
of the inherent temperature dependence of the Boltzmann factor have been done for C¢HsCHa.
However, toluene is known for its strong temperature dependence prompting a decrease in the
quantum yield with increasing temperature due to enhanced quenching [43]. This will always be
present; however, we believe that the general trends of the overlap are preserved, and its influence
on the length scale to be considered as minor, the trends in the overlapping thickness are deliber-

ated as consistent and valid.
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Figure 8. Ensemble averages of the thickness of the CH20O/OH overlapping layer at different
height above the burner. Each flow speed is normalized by the thickness of the corresponding

layer of the laminar flame case of Up=10 m/s at x/d=7, which is about 0.49 mm.

The ensemble averaged mean thickness of the overlapping layer of OH and CH>,O may be
used to indicate the thickness of the heat release zone [22]. Figure 8 shows that the thickness of
the overlapping layer of OH and CH>O in all turbulent flames appears to be the same as that of
the laminar flame. The thickness of overlapping region of OH and CH2O increases from 0.4 mm
to 0.55 mm in the near burner region (x/d < 10), due to the expansion of the jet flame. Thereafter,

the thickness of the overlapping region of OH and CH>O remains about 0.55 mm. This result is
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consistent with the experimental results of Wabel et al. [29], where it was shown that the thickness
of the overlapping region of OH and CH20O remains nearly the same for the entire range of turbu-

lent intensities studied, i.e., u'/S; < 243.

Figure 9 shows the ensemble averaged mean thickness of the CH layer. The mean thickness
of this layer for all turbulent flames is the same as that of the laminar one, and the thickness is
also nearly a constant one (about 0.40 mm) along the flame height. As shown in Figure 6 the
overlapping regions of CH/OH and CH/CH:O are very thin, and the CH layer is in between the

OH and the CH:O layers. It is evident that the CH layer coincides rather well with the overlapping

region of OH and CH>O.
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Figure 9. Ensemble averages of the thickness of the CH layer at different height above the
burner. Each flow speed is normalized by the thickness of the corresponding layer of the laminar

flame case of Up=10 m/s at x/d=7, which is about 0.40 mm.

It should be pointed out that the present thicknesses are determined from 2D PLIF data, which
is different from those of 3D flames. De Goey et al. [ 7] showed that the 3D thickness of a turbulent
premixed methane/air flame was about 20 % smaller than the 2D thickness, while both the 2D
and 3D thicknesses showed the same dependence on the turbulence intensity. The thickness of the
reaction zone decreased with the turbulence intensity for lean premixed methane/air flames while
it increased with the turbulence intensity for rich premixed methane/air flames. This is believed
to be an effect of flame stretch. For stoichiometric flames the effect of flame stretch was shown
to be rather minor; the thickness of the reaction zone of the strained flame remained similar to
that of unstrained flames [7]. The present results are consistent with that of De Goey et al. [7] and
the DNS results discussed in the Introduction section [12, 13]. Since the present flames are at
stoichiometric conditions the effect of flame stretch on the thinning/thickening of the reaction

layers is expected to be minor.

3.3. Statistics of the flames

The time averaged mean distributions of OH, CH, CH>O and toluene PLIF signals are examined
for various jet velocities. Since CH can be used as a reaction zone marker [4, 44] the mean CH
layer depicts the time averaged mean flame brush. As seen in Figure 10, the laminar flame F1 (U,
=30 m/s) shows a typical conical flame structure where the CH layer remains thin throughout the

entire flame. The turbulent flames F2, F3 and F4 show a broadening of the mean flame brush of
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the mean reaction zone, owing to the highly unsteady motion of the reaction zone and the highly
wrinkled reaction zone as shown in the instantaneous CH distribution in Figure 6. The thickness
of the flame brush of the mean reaction zone (mean CH layer) increases along the flame height
until about x~30 mm (x/d~20), thereafter the conical shaped flame becomes narrower in the
radial direction due to the flame configuration. The CH>O layer shows a tendency of broadening
in the turbulent flames similar to that of the CH layers. Compared with the turbulent flames, the
laminar flame F1 shows an OH field with a sharper edge, indicating a higher gradient. The mean

toluene fields in the turbulent flames bear similarity and they are also broadened by turbulence.

F1 30 m/s F2 60 m/s F3 90 m/s
OH CH CH,OToluene OH CH CHOToluene OH CH CH,OToluene OH CH CH,OToluene
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Figure 10. Time averaged OH, CH, CH-0O and toluene images. (F1) 30 m/s, (F2) 60 m/s, (F3) 90
m/s, and (F4) 120 m/s. Each set contains the following four mean fields, from left to right: OH,
CH, CH0 and toluene. The bright line artifact in the upper OH PLIF images is a reflection from

the toluene/CH beam splitter.

The height of the flame may be defined as the length from the tip of the mean CH layer to the

jet nozzle exit. It is seen that from flame F1 to flame F2 the height of the flame increases by about
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10 mm, whereas further increase of the jet velocity does not result in further significant change of
the flame height, cf. Figure 10. This indicates that the fuel consumption velocity increases with
increasing turbulence intensity. Note that the tip of the reaction zone (indicated by the mean CH
layer) is at x~55 mm or x/d~36, which coincides with the peak turbulence rms velocity in
flames F3 and F4, cf. Figure 3. Thereafter, turbulence starts to decay rapidly. Comparing with the
turbulence field of isothermal turbulent jet flows [45] it appears that the heat release has delayed
the decay of turbulence to positions further downstream. The radial distribution of the axial ve-
locity indicates that heat release in the reaction zone contributes to the production of turbulence

by increasing the radial gradient of axial velocity in the shear layer.

Figure 11 shows the mean positions of OH layer, i.e. the <con>=0.5, which indicates the
oxidation layer of CO and H», and the toluene layer, i.e. the <c/>=0.5, which indicates the fuel-
consumption layer, where <con> and <cg> are the mean reaction progress variables based on the
OH PLIF and toluene PLIF fields explained in section 2.4 Data post-processing. Both the OH
front and the toluene front show noise fluctuations. This is due to the use of limited number of
samples (100 samples) in the ensemble average of the binary OH and toluene fields. These are
random noises that will disappear when the number of samples increases. To remove the noises,
we have applied a 4M-order polynomial fitting function to represent the mean fronts. It is expected

that the polynomial fitted profiles are closer to the converged mean OH and toluene front.

The region in-between the two layers may be used to represent the width of the entire mean
reaction zone. For the laminar flame F1 the two layers are close to each other in the main part of
the flame, except the region around the flame tip where the toluene layer ends at x /d~26, whereas
the OH layer ends at x/d~30. The broadening of the reaction zone in the flame tip is likely owing
to several effects. First, the curvature effect of the conical flame where the reaction zones on the
cone surface merges at the flame tip. Second, one can notice from Figure 6 that at the flame tip

unburned fuel pockets are occasionally formed and separated from that of the main flame, which
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will also give rise to a broader mean reaction zone. The OH layer and the toluene layer in the
turbulent flames differ more significantly than that in the laminar flame. The OH layer expands
more in the radial direction than that in the laminar flame whereas the toluene layer is less ex-
panding in the radial direction. Flame dilatation effect gives rise to radial expansion of the OH

layer more than that to the toluene layer since the heat release is mainly at the OH layer.
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Figure 11. Mean flame position defined using (a) OH layer, (b) toluene layer. The thin lines are
computed from the PLIF data; the thicker lines are 4"-order polynomial curve fittings of the

data.

The toluene layers of the turbulent flames coincide with each other rather well, which is con-
sistent with the Damkdhler wrinkled flamelet theory. In the flamelet regime, the ratio of wrinkled
flame surface area (4) to that of the mean flame surface area (A) is proportional to the velocity of
the large energy-containing eddies, c~A/A~u’'/S, . From Figure 3 it appears that u'~cU,, where

c =u'/U, is approximately independent of Uy, in particular for the high Reynolds number
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flames. From mass conservation law, the mass flow rate of fuel supplied from the burner is equal
to the fuel consumption rate at the flamelet, i.e., ms~AS,. It follows that, A~A/ o~y /
(S,0)~Uy/(cUy)~1/c, which is approximately independent of U,. The results shown in Figure
11 are consistent with the above scaling, which provides an experimental support to the Damkoh-
ler wrinkled flamelet theory for the fuel-consumption layer, despite that the present turbulent

flames have rather high Karlovitz numbers and they are in the thin-reaction zone regime.

The area of the mean OH layer in the turbulent flames differs between each other more no-
ticeably than that of the toluene layer. From flame F2 to flame F3 the area increases by 50 %, and
from F3 to F4 the area increases by another 30 %. The increase of the area of the mean OH layer
with the jet velocity indicates that the oxidation of the intermediate fuels (e.g., CO and Hb») re-
quires larger mean area to finish, which is not consistent with the Damkohler wrinkled flamelet

theory discussed above.
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Figure 12. Flame surface wrinkle ratio at different height above burner.

It is likely that the wrinkled area of the OH layer does not increase with increasing jet velocity

(Uy) and thus with increasing turbulent kinetic energy (~u’2), so that the layer has to expand
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either radially or along axial direction. To examine this, the flame surface wrinkle ratio o(x),
based on the layer with the maximal gradient of OH (using Eq. 5), is computed. As discussed in
section 2.4 the use of OH maximal gradient and a threshold value of 5 % of maximal OH intensity
to define the instantaneous OH front gives a difference about 2.2 pixels, which is significantly
smaller than the smallest wrinkle scales (about 10 pixels). No noticeable difference in the profile

of a(x) could be observed when using the two different methods.

Figure 12 shows that o(x) in the laminar flame F1 is nearly constant and equals to 1, which
is consistent with the fact that flame F1 is not wrinkled (cf. Figure 6). The turbulent flames F2 —
F4 show an increase of o (x) along the flame height, which is consistent with the increase of tur-
bulent rms velocity (u') along the flame height. At further downstream o (x) decreases with x,
due to the formation of flame holes, which gives rise to a lower flame surface area when part of
the holes locates within the sampling window. Compared with flames F3 and F4, flame F2 has a
lower flame surface wrinkle ratio due to the lower turbulence intensity. From Figures 2 and 3 it is
noted that flame F2 is not a fully developed turbulent flame, which is contributing to the low

degree of flame wrinkling as indicated in Figure 12.

It is interesting to note that the flame surface wrinkle ratio becomes Reynolds number inde-
pendent when the jet velocity is high, e.g. flames F3 and F4. In the lower part of the flame o (x)
of flame F3 is nearly identical to that of F4; it does not increase with increasing u’. Since the
length scale of the large energy-containing eddies for all three turbulent flames are approximately
the same, the increase of u’ would imply a decrease of the length scale of Kolmogorov eddies. In
the Damkdhler flamelet model the decrease of the length scale of Kolmogorov eddies would give
rise to the formation of the smaller wrinkle scales by the Kolmogorov eddies. The fact that the
wrinkling scales stop decreasing indicates that when the turbulence eddies are small enough they

are not effective in wrinkling the flame. This result is consistent with the DNS results of Doan et
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al. [46], in which the authors applied a multi-scale analysis of five DNS datasets for premixed
flames in the laminar flamelet and the thin reaction zone regimes. Doan et al. showed that eddies
smaller than 26, contribute less than 10% of the total tangential strain rate, indicating that small

scale structures have a reduced influence on the flame.

The minimal wrinkle scale measured in the present experiments may be compared with the
Gibson scale in the flamelet regime [3], below which further wrinkling of the flame is not effec-
tive. The Gibson length is larger than the Kolmogorov length. Based on heuristic argument that
the smallest winkle scale is when eddy velocity of that scale is on the same order of the laminar

burning velocity it was shown that the Gibson length decreases with the increase of u’ [47],
£~ S /e ~£o(Sy/u’ )® ~ 6, Ka™? )

where € ~ u'/#, is the dissipation rate of turbulent kinetic energy and use of Eq. (1) is made.
Gulder and Smallwood [48] reviewed various empirical expressions of the Gibson length in the
literature and they found that a large body of experiments fit to the expression of £; ~ 8, KaP,

where f =~ —1/2, for Ka numbers up to 5.

The present experimental results show that the smallest wrinkle scale is consistent with the
literature for small Ka flames (from F2 to F3) while at higher Ka the small wrinkle scale is inde-
pendent of Ka. Investigation of the spectrum of the wrinkle scale shows that when Ka is large
enough (flames F3 and F4) the smallest wrinkle scales are on the order of the thickness of the heat
release layer (ca. 0.4 mm). Further decrease of the wrinkle scales is therefore not possible. This
cutoff wrinkle scale is much larger than the Kolmogorov length in these flames (cf. Table 1) and
it is also well above the spatial resolution of the current PLIF setup. The present results are con-
sistent with the DNS results of Poludnenko and Oran [10]. Their DNS data suggest that the esti-
mation from Eq. (9) in the thin-reaction regime is four orders of magnitude smaller than §;. How-
ever, smaller scales than §; could not survive the rapid temperature increase across the flame.
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Figure 13. Turbulent consumption speed defined using the OH layer (a) and the toluene layer
(b). For each layer two datasets are shown in the figure, since calculation of the mean area A us-
ing Eq. (7) requires only one. At Uo=30 m/s the flame is unsteady and quasi-laminar; thus,

u'/S;~0. Note that u’ is not linearly scaling with U,, cf. Fig.3 and Table 1.

An important parameter characterizing the turbulent flames is the turbulent burning velocity.
Three different turbulent burning velocities can be defined for a flame, the local turbulent dis-
placement speed of a layer in the flame, the local turbulent fuel consumption velocity, and the

global turbulent fuel consumption velocity [4]. The first two burning velocities require spatially
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resolved simultaneous PIV and PLIF data. The global turbulent fuel consumption velocity (S¢ r)
can be estimated based on the mean flame surface area, i.e., Eq.(8), rewritten in terms of the

volume flow rate of the fuel/air mixture, 1,

Scr =mg/A, 9)

where A is determined using Eq.(7). Some authors use the mean flame surface area defined in the
position of the OH <c> iso-contour [4]. Alternatively, one may use the flame surface based on the
toluene (fuel-consumption) layer to compute S¢ 7. The value of S¢ 7 is sensitive to iso-contour of
<c>. Kobayashi et al. [49] compared the values of surface area of <c>=0.05, 0.1, and 0.5. They
showed that the surface area of <c>=0.5 is significantly larger than those of <c>=0.1 and 0.05.

The flame surface area defined at <c>=0.1 and 0.05 are very similar.

Figure 13 shows S¢ r computed using the <c>=0.1, 0.5 and 0.9 surfaces of OH and toluene.
Scr 1n the figure is normalized with the corresponding global fuel consumption velocity of the
laminar flame FO. Since the flame is not perfectly axisymmetric the calculation of the mean area
A using Eq. (7) would give slightly different results if different sides of the mean layer with re-
spect to the jet axis were used. To show the data scatter due to the slight asymmetry of the jet, two
datasets are shown in the figure, with each dataset computed using different side of the mean layer
profile. From Fig. 13 it is shown that the value of S 1 scatters within £0.42S,, which indicates
the uncertainty of S¢ /S, due to the asymmetry of the jet is about 5% for flame F4 determined
using <c£>=0.1. Furthermore, in calculation of the mean flame front area used in Eq. (9) the mean
flame fronts with polynomial de-noised profile is used since these profiles smoothened away ran-
dom noises in the mean flame front caused by the lack of experimental samples in the ensemble
average of the mean flame front. With random noise included in the mean flame front the area is
about 10 % higher than the de-noised ones. The overall trend of the turbulent burning velocity
with respect to change of the turbulence intensity is however the same with or without the de-
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noise operation. The uncertainty of S¢ + due to the uncertainty of the volume flow rate i is rather

low, about 1%.

From Fig. 13 it is clear that the value of S¢ 7 1s sensitive to the values of <c> selected. If the
iso-surfaces of <c>=0.1 is used, the values of Sc /St varies from 1 to 5.4 (from flame FO to flame
F4 based on the OH field) and 10.2 (based on toluene). The two turbulent burning velocities differ
by a factor of 2. The turbulent burning velocity defined on the toluene layer is nearly a linear
function of the turbulence intensity u'/S; . This is owing to the nearly Reynolds number independ-
ent mean flame surface area at the toluene (fuel-consumption) layer, which implies that the fuel-
consumption layer behaves like a wrinkled laminar flamelet. The global turbulent fuel consump-
tion speed based on the OH layer increases with u'/S;, initially linearly, and then slower than the
initial increase rate at high turbulence intensities, e.g. from flame F3 to F4. The slower increase
of the fuel consumption speed is owing to the fact that the mean position of the OH layer expands
continuously in the radial and axial direction, cf. Figure 11. This phenomenon is known as fall-
off from the linear dependence of u'/S;, which has been reported in the literature, e.g., by Peters
[3]. The fall-off of S; from linear dependence of u'/S; is an indication that the oxidation layer is

of a non-flamelet type flame structure.
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Figure 13. Turbulent fuel consumption velocity as a function of u’/S,, with results from
Tamadonfar and Giilder (TG) [41], Wabel et al. (WSD) [28], and the present experiments defined

on the iso-surface of toluene PLIF. The solid lines are trend lines of the experimental data.

It is noted that the global turbulent fuel consumption velocities from different experimental
rigs differ greatly [4, 50-52]. In Fig. 14 the present results are compared with the recent results
of Wabel et al. [28] and the data from Tamadonfar and Giilder [41]. The data from Wabel et al.
was defined on <cop>=0.2 and 0.5. The data from Tamadonfar and Giilder [41] was defined on
<cr>=0.05 and 0.5, where cr is the reaction progress variable defined using the temperature field,
which is equivalent to the present cr defined using the toluene PLIF. It is seen that S¢ 1 of
Tamadonfar and Gulder [41] defined at <ct>=0.5 is about 3-4 times smaller than the correspond-
ing one at <cr>=0.05, whereas S¢ r of Wabel et al. defined at <con>=0.5 is about 2 times smaller
than those at <ct>=0.2. Our data defined at <c/>=0.5 are in reasonable agreement with that of

Tamadonfar and Gulder [41] defined at <ct>=0.5.

The difference between the present data and data from Wabel et al. is likely due to the fol-
lowing differences in the experimental rig. First, in the present experiments the burner diameter
(d=1.5 mm) is much smaller than that of Wabel et al. (d=21.6 mm). With a larger burner diameter
the flame can allow for more wrinkle scales to develop, which results in higher S¢ r. Second, in
the burner of Wabel et al. a slotted plate turbulence generator is employed upstream of the con-
verging nozzle, which can give a very high turbulent intensity (u’'/U,~0.47) at the burner exit.
This allows for intensive flame/turbulence interaction already in the proximity of the burner exit.
As a result, the flame height is much shorter (1d — 4d), thereby a much higher S¢ 7. Our burner
does not employ a turbulence generator inside the burner. Turbulence is generated in the shear

layer of the flow with the highest turbulent intensity u’/U,~0.14 achieved at x/d~30 — 40. In
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the proximity of the burner exit the turbulent intensity is low and the flame surface is not highly
wrinkled, cf. Fig.6, and the DNS results of Wang et al. [53] for the present burner at Uy, = 110
m/s (cf. Fig.2 of Ref. [53]). As a result of the low turbulence intensity in the proximity of the
burner the flame height of the present burner is much longer than those of Wabel et al. [28], which

results in a lower S¢ 7, according to Egs. (7-9).

4. Conclusions

The structures of turbulent methane/air premixed jet flames in the flamelet and thin-reaction re-
gimes are studied using simultaneous Planar Laser-Induced Fluorescence (PLIF) imaging of CH,
OH, CH2O and toluene, and Laser Doppler Anemometry (LDA). The jet Reynolds number ranges
from 960 to 11500, and the Karlovitz number ranges from 1 to 60. The goals are to quantify the
thickness and wrinkling of different sub-layers in the flames under different levels of turbulence,

and to reconcile several model hypotheses. The main findings are summarized as follows.

e The preheat zone of the flames characterized using the overlapping layer of CH,O and
toluene is progressively thickened by turbulence along the flame height due to the in-
creased thickness of the mixing layer and the increased turbulence intensity. The thickness
of the preheat zone is sensitive to the intensity of turbulence; for low and moderate Reyn-
olds number flames the thickness of the preheat zone increases with Reynolds number,
while at high Reynolds numbers the thickness of the preheat zone becomes Reynolds num-
ber independent. This is likely due to the present flame configuration; at high Reynolds
numbers the present jet turbulent flow becomes self-similar and the thickness of the mix-
ing layer (thus the integral length scale of turbulence) is Reynolds number independent.

e The overlapping layer of CH>0O and OH, which is often used to characterize the heat re-

lease layer, remains thin in all flames. The CH layer, which may be used to denote the
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fuel-consumption layer, also remains thin in all flames studied. The mean position of the
fuel consumption layer (defined using the reaction progress variable based on the toluene
PLIF field) is rather insensitive to the variations of Reynolds number, while the mean
position of the oxidization layer of CO and H» (defined using the reaction progress variable
based on the OH PLIF field) is rather sensitive to the variations of Reynolds number. The
distance between the mean position of the fuel-consumption layer and the mean position
of the oxidization layer, which may be used to define the mean thickness of the reaction
layer, increases with the Reynolds number. This finding provides the experimental support
of Peters’ thin-reaction zone theory, which is based on the assumption that in the thin-
reaction zone regime the thickness of the fuel-consumption zone remains thin while the
oxidization zone is broadened by turbulence.

e For low and moderately high Karlovitz numbers (< 40) the flame surface wrinkle ratio de-
fined at the OH layer is shown to increase with flame height (due to the increase in both
the turbulence intensity and length scale), and also with the jet Reynolds number (and
Karlovitz number). This indicates that the smallest wrinkle scales decrease with Karlovitz
number. This is consistent with the literature empirical expressions of the Gibson scale,
which is the smallest wrinkle scale of the flame.

e For high Karlovitz number flames (Ka>40) the flame surface wrinkle ratio becomes Reyn-
olds number (and Karlovitz number) independent. Since the Kolmogorov scale decreases
with the jet Reynolds number it appears that the small eddies at high Reynolds numbers
do not effectively wrinkle the flame. It is shown that when the theoretical Gibson length
developed for the laminar flamelet regime is smaller than the thickness of the heat release

zone it becomes irrelevant in the wrinkling of the flames.
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