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Abstract

Simultaneous planar-laser induced fluorescence (PLIF) and particle image velocimetry (PIV) provide a compre-
hensive view of the molecular mixing and velocity fields in the stabilization region of turbulent, lifted jet diffusion
flames. The Mie scattering medium for PIV is a glycerol-water fog, which evaporates at elevated temperatures
and allows inference of the location of the high-temperature interface at the flame base. The jet Reynolds numbers
vary from 4400 to 10,700. The mixing and velocity fields upstream of the flame base evolve consistently with non-
reacting jet scaling. Conditional statistics of the fuel mole fraction at the instantaneous high-temperature interface
show that the flame stabilization point does not generally correspond to the most upstream point on the interface
(called here thdeading poin}, because the mixture there is typically too lean to support combustion. Instead,
the flame stabilization point lies toward the jet centerline relative to the leading point. Conditional axial velocity
statistics indicate that the mean axial velocity at the flame frortli8S| , whereS, is the stoichiometric lami-
nar flame speed. The data also permit determination of the scalar dissipatiory ratéth, the results indicating
that x values near the high-temperature interfaces do not typically exceed the quenching value. Thus, the flame
stabilization process is more consistent with theories based on partial fuel-air premixing than with those depen-
dent on diffusion flame quenching. We propose a description of flame stabilization that depends on the large-scale
organization of the mixing field.

0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction issues from a nozzle, at velocity, surrounded by
an air co-flow with velocityus,. Whenug is suffi-
The turbulent, lifted jet diffusion flame is charac- ~ ciently high, the flame stands off from the nozzle exit,
teristic of many practical combustion systems, such and the upstream part of the flame assumes a hollow
as gas burners for power generatiéiig. 1 depicts shape. The base of a turbulent lifted flame experi-

the lifted, co-flowing jet diffusion flame system. Fuel ~ €nces strong, random oscillations, which complicates
analysis of the flow system. Among early efforts to

describe the flame stabilization mechanism, the main
* Corresponding author. point of contention was the degree of fuel-air premix-
E-mail addresslsu@jhu.edyL.K. Su). ing upstream of the flame base. One theory postulated
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Watson et al. used simultaneous planar laser-induced
~ High-temperature fluorescence (PLIF) of the CH combustion radical;
interface Kelman et al. used PLIF of the OH radical. All three
studies show clearly that the fuel-air mixtures up-
stream of the flame are subject to significant turbulent
Leading points fluctuations, and cannot be classified as fully pre-
mixed. Schefer et al. and Watson et al. further contend
that scalar dissipation rates immediately upstream of
the flame are insufficient to quench the combustion,
casting doubt on the model of nonpremixed, flamelet
uwT I U, combustion, though the adequacy of the spatial reso-
Air Air lution of those measurements is not certain.
In light of these and similar results, the notion
f of partially premixed combustion has emerged. The
Fuel canonical partially premixed flame system is the so-
called triple flamg7,8]. Essential to the formation of
a triple flame is a gradient in the cross-stream profile
of the fuel mixture fraction, ranging from fuel-rich to

a two-dimensional section of the interface) is marked by L . . L
: fuel-lean conditions. On either side of the stoichio-
large temperature gradients between the unburned gases and . . .
metric point, a premixed flame branch forms. The ex-

the hot combustion products. This interface may, but does o :
not necessarily, mark the actual flame location. The lead- C€SS fueland oxidizer from the rich and lean branches,

ing points are defined as the most upstream positions on the respectively, then burn_ as a dOWQStream Qiﬁusion
high-temperature interface, on each side of the jet centerline. flame branch. For a uniform incoming velocity pro-
file, the premixed branches present a convex surface

that the upstream fuel—air mixture should be treated as t0 the flow, receding downstream owing to the reduc-
premixed, and that the flame stabilized on the contour tion in flame speed with departure from stoichiom-
of mean stoichiometric mixture at the point where the etry. The three branches motivate the triple flame
local axial flow velocity matched the relevant turbu- nomenclature. In a turbulent lifted flame, the incom-
lent flame speedl]. An alternate theory held that ing velocity profile is likely to be highly nonuniform.
combustion at the flame base took place in thin, lam- Veynante et al[9] computed triple flames with vor-
inar nonpremixed flamelets, and that the flame stabi- tices superimposed on the incoming velocity fields,
lized where the local strain rate along instantaneous which distorted the flame branches significantly from
stoichiometric surfaces fell below the flamelet extinc- the idealized shape; it is also possible that one of
tion value[2]. the premixed branches may be extinguished while
As these theories have been assessed, it has be-the other continues to burn. Because of these depar-
come clear that the true stabilization picture involves tures from the idealized triple flame structure, the
a compromise between fully premixed and non- termleading-edge flameredge flamés preferred for
premixed combustion. Prior progress in this area was the description of flame stabilization by partially pre-
thoroughly reviewed by Pittf3]. Recent experimen- ~ Mixed combustion.
tal work has benefited substantially from the adventof ~ Watson et al[10] sought to identify edge flame
planar imaging methods that allow the flame location Structures in lifted flames explicitly, using CH flu-
to be determined simultaneously with measurements orescence to infer the reaction zone location. The
of the velocity or scalar mixing fields. This allows distortion of the edge flame structure noted by Vey-
the consideration of velocity and scalar values at the Nante et al., however, makes direct identification dif-
instantaneous flame base. (In earlier single-point mea- ficult in turbulent flames. Another approafti—14]
surements, velocity and scalar values were found at IS to assess edge flame theories by comparing mea-
fixed locations, and thus could not be conditioned sured flame inflow velocities with both theoretical

on the instantaneous flame location.) Schefer et al. predictions, and the results of edge flame simulations.
[4], Kelman et al.[5], and Watson et al[6], for Ruetsch et al[15] performed a theoretical and com-
example, made planar measurements of fuel concen- Putational study of triple flames, including heat re-
trations upstream Of the ﬂame zone in methane_air Iease eﬁects. For Sma” Cross-stream gradients in mix-
lifted flames. Schefer et al. and Kelman et al. used ture fraction, the flame propagation speefilis]
combined Rayleigh and Raman scattering to measure Up ~ S_(pu/ )1/2 )

the upstream methane concentrations, while Watson ~F ~ °LPu/£d)
et al. used Rayleigh scattering only. To infer the in- where Ur is the flame speed relative to the flow
stantaneous flame zone location, Schefer et al. and well upstreams) is the stoichiometric laminar flame

Fig. 1. A schematic of the lifted, co-flowing jet diffusion
flame. The high-temperature interface (the figure depicts
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speed, angy and pg are the densities far upstream Table 1
and far downstream of the flame. For an upstream sto- Flow conditions for the lifted jet experiments

ichiometric methane—air mixture at 298 K, where the = set uo Rey 0

downstream mixture consists of combustion products | 108 ms-1 4400 127d
at 2210 K[16], Ur ~ 2.7S_. When mixture frac- I 153 ms! 6200 1824
tion gradients are highet/g decreases. This result 18.3mst 7400 219d
for Ug is interesting in being significantly smaller 1v 26.4ms1 10700 3174

than both typical turbulent premixed burning veloc-  Note The jet exit bulk velocity isig. The jet exit Reynolds
ities [17], and average axial flow velocities measured number is Rg= ued/v, whereug is the jet exit excess ve-
at the fixed, mean flame base location, as measured locity, ue = ug — uxo, the jet exit diameter ig = 4.6 mm,
by Schefer et al[18] using laser-Doppler velocime- and the kinematic viscosity of the 85:15 methane/acetone
try (LDV). Mufiiz and Mungal[11], Schefer and mixture isv = g.llf 2cn*? s1. The jet tgomentlzjr_n radigs is
Goix [12], Maurey et al.[13], and Han and Mun- 0 = LJ/(mpoou3 )2, where = (xd?/4)poug is the jet

' ’ excess momentum flux.
gal[14] measured average axial velocities conditional
on flame location, applying PIV in conjunction with 5 Experimental considerations
measurement of the instantaneous flame base loca-
tion, and found that the flame tended to stabilize in These experiments are performed in a vertical, up-
low-velocity regions of the flow. Flame inflow axial  draft wind tunnel with a 30-cm-square cross section.
velocities measured by Mufiz and Mungal and by A 4:1 area ratio contraction inlet, fitted with fine-
Han and Mungal were typically less thas8S| . Low mesh screens and a honeycomb section, ensures a
inflow velocities are consistent with the edge flame uniform tunnel flow. The fuel issues from a straight
model. It remains to be determined whether the in- Pipe, with outer diameter 6.35 mm, inner diameter
flow fuel—air mixtures, together with the topology of 4.6 mm, and length 1.3 m, located on the tunnel cen-

the reaction rate fields, also agree with the edge flame terline. The jet flow is surr?unded by an air co-flow
model. with speedu~, = 0.36 ms +. The fuel in these ex-

The goal of this work is to obtain a comprehensive periments is methane. For diagnostic purposes (Sec-

picture of lifted flame inflow conditions by measuring tion .2'1)’ acetone vapor is seeded into t.he fuel stream
. - ST to yield an 85:15 methane/acetone mixture (by vol-
simultaneously the velocity and fuel—air mixing fields

) diatel ‘ ¢ the instant f | ume). This mixture has molecular weight 22.35, den-
|mme 1ately upstream of the instan apeous ame 0 sity pg = 0.918 kg n3, and dynamic viscosity =
cation. The measurements have spatial resolution ad- 1.04 x 10-5 Nsm2. The flow conditions for these

equate to measure velocity and scalar field gradients. experiments are given ifable 1

This study will address various outstanding issues, in- The large-scale properties of the co-flowing jet,
cluding the relationship between the inflow velocity  for example the flow width and the mean centerline
and scalar fields, the significance of scalar dissipa- values of velocity and scalar concentration, observe
tion and the quenching mechanism at the flame base, different scaling regimes, depending on downstream
and the role of the underlying jet flow field in stabi- position. In the near field, the flow is expected to
lizing the flame. The mixing is quantified by PLIF of  scale like a pure jet in a quiescent medium, while
acetone seeded into the fuel stream, while the veloc- in the far field, the flow should follow wake scaling.
ity field measurement uses PIV, with glycerol-water The appropriate parameter for determining the rele-
fog particles seeded into the co-flowing air as the Mie  vant flow regime is the momentum radidgs,defined
scattering medium. The high-temperature regions at &S0 = [ /7 pocude1M/2, v;hereé is the jet excess mo-
the flame base are marked by fog evaporation and MeNUM flux,J = po(d®/4)ug, andue = ug — uoo

a drop in the Mie scattering signél1,19] Fig. 1 is the jet excess velocity. The imaging regions in these

shows the outline of the high-temperature region in measurement§ extgnd no .further thanfﬂ down-
. . - stream of the jet exit (Sectio.1), which should be
a two-dimensional section through the flow center-

Il within th j li i f this fl
line. We will use theleading points defined as the \[’;%] within the pure jet scaling region of this flow

most upstream points on the high-temperature inter-

face on either side of the centerline, to infer the flame 5 1 | 4qer imaging methods

stabilization location. In this work we will also use

the fuel—air mixing information to investigate how the Simultaneous PIV and PLIF measure the veloc-
true flame stabilization point, i.e., the most upstream ity and scalar concentration fields in the region up-
point of the reaction zone, may relate to these leading stream of the lifted flame. To provide the Mie scat-
points. tering medium for the PIV, the tunnel flow is seeded
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with glycerol/water fog droplets using a commer-
cial fog machine (Rosco 1500). Seeding the tunnel
air alone is sufficient to determine the flow veloc-
ities in the region just upstream of the flame, be-
cause ample coflow air is entrained into the jet as
it moves downstream. The fog evaporates at tem-
peratures as low as 10C [11], so regions with
no Mie scattering signal are interpreted as having
been heated by the flame (Sect®g). A dual-cavity
Nd:YAG laser (Spectra-Physics PIV-400), capable of
~350 mJpulse at 532 nm, provides pulse pairs with a
temporal spacing of 30 us, and with a minimum sheet
thickness in the measurement area~#00 pm. The
scattering signal is collected by an interline transfer
CCD camera (Kodak Megaplus ES 1.0, 10646008
pixel resolution), fitted with a Nikon 60-mnf/2.8
macro lens, typically stopped down tf/11. Each
laser pulse is captured in a separate image, allowing
the use of a cross-correlation PIV algorithm, which
uses iterative interrogation window offset and distor-
tion for enhanced accuracy and vector yield. The final
velocity vector results are determined from 6.6
pixel subwindows with 50% window overlap.

For the PLIF, acetone vapor is seeded into the
methane fuel stream, to approximately 15% by vol-
ume. A XeCl excimer laser at 308 nm (Lambda-
Physik EMG 203MSC) excites the fluorescence sig-
nal. The 308-nm sheet has a minimum thickness of
~500 um, and the centers of the 308- and 532-nm
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374 K, and 0.806 at 424 R1]. The glycerol-water
fog droplets evaporate at as low as 2@) so the
acetone fluorescence yield is well within 20% of the
296 K value in those areas where Mie scattering from
the fog is simultaneously observed, and we can en-
sure smaller deviations from the 296 K value sim-
ply by maintaining a reasonable distance from the
high-temperature interface. Finally, differential diffu-
sion effects may arise in using acetone to mark the
methane fuel. The acetone—air and methane—air dif-
fusivities are 0.10 and 0.22 &)‘s respectively22].
In combustion, differential diffusion is thought to be-
come significant because of the widely varying diffu-
sivities of different combustion radicals, and because
of local laminarization by heat relea§23]. As we
are concerned primarily with the nonburning region
of the lifted flame, and because the relevant diffusivi-
ties differ by only a factor of two, we assume that the
effect of differential diffusion can be neglected here.
The PLIF measurements directly yield informa-
tion on the local jet fluid mole fractiorkX . From these
measurements, we can also determine the jet mixture
fraction, Z, defined as the local mass fraction of fluid
that originated in the jet. The jet mixture fraction and
fuel mole fraction relate as

7 X Ms
T XMs+ (1— X)Majr
where Mz and Mg, are the respective molecular

@)

sheets are separated by no more than 50 pum, in the masses of the fuel mixture and air. The mixture frac-
sheet-normal direction, throughout the measurement tion, which is a conserved scalar, is commonly used
area. The PLIF signal is captured by a thermoelectri- in diffusion flame simulations to represent the mole-
cally cooled, interline transfer CCD camera (Prince- cular mixing, and plays a central role in descriptions
ton Instruments Micromax, 51% 650 pixel resolu- of diffusion flame extinction (SectioB.1).
tion), fitted with a Pentax 50-mm lens set at its full
f/1.2 aperture. With 12-bit signal digitization, the  2.2. Flow mapping and high-temperature zone
signal-to-noise ratio based on maximum signal level identification
is roughly 100. A bandpass filter (BG 25, 3 mm thick-
ness) isolates the fluorescence signal, which peaks in ~ We are also interested here in the gradients of the
the range 400-500 nm, from ambient light and flame scalar fields. Achieving the high spatial resolution re-
luminosity. The collection time of the imaging array  quired for determining gradients accurately is partic-
is setto 1 us, so the PLIF laser pulse can be placed be- ularly challenging for the scalar field measurements,
tween the two PIV pulses without the Mie scattering because it is necessary to include the jet potential core
being captured by the PLIF collection camera. Post- in the images as an absolute reference for determin-
processing of the PLIF data corrects for background ing the jet fluid concentration. The PLIF images must
illumination, nonuniformity in laser sheet intensity, then extend from the jet exit to the location of the
and local laser intensity attenuation caused by pas- flame base, limiting spatial resolution for higher flame
sage of the sheet through the fluorescent medium. lift-off heights. In contrast, the velocity magnitudes
The use of acetone PLIF as a concentration di- in PIV can be determined from the known image di-
agnostic in combustion experiments is feasible with mensions and laser pulse temporal spacing, so the PIV
some caveats. Acetone decomposes at approximately windows can be sized to include only the area around
1000 K [21], and its fluorescence yield varies with  the flame base. Limits on the velocity field resolution
temperature. For constant pressure and constant 308-will instead come primarily from the resolution capa-
nm laser excitation energy, the fluorescence per unit bilities of the PIV algorithm.
acetone mole fraction at 330 K is 0.938 (normal- Table 2gives the imaging window geometric pa-
ized by the value at 296 K), dropping to 0.875 at rameters. The PLIF window spans from the jet exit,



498

L.K. Su et al. / Combustion and Flame 144 (2006) 494-512

Table 2

Imaging parameters for the experiments

Set N Xs xs/0 (rs1, 7s2) (rv1, rv2) (xy1, Xv2)

| 88 1814 1.43 (7.1d,7.3d) (4.2d,4.5d) (6.2d,15.1d)
Il 103 1824 1.00 (7.2d,7.2d) (3.6d,4.1d) (9.5d,17.3d)
1] 95 23.3d 1.06 (9.0d, 9.6d) (4.3d,4.7d) (12.14,21.2d)
\Y 90 26.5d 0.836 (10.64, 10.7d) (4.4d,5.2d) (14.2d,23.8d)

Note For each set, the number of PLIF/PIV data plane pai¥ isThe PLIF imaging window for each case has maximum
downstream extents, and spansgj andrgp on either side of the jet centerline. The PIV imaging windows span frgmo x,»

downstream and,1 andr» off of the centerline.

(a)

x/d

Fig. 2. (a) A sample Mie scattering image, used for PIV, from data set Il. (b) The scalar field image, obtained via PLIF, cor-
responding to the scattering image in (a). The solid window outlines the imaging region for the Mie scattering, and shows the
outline of the high-temperature interface determined from (a).

x = 0, to an axial locations, and straddles the jet axis
in the radial direction, extending a distaneg from

the jet centerline to one side, ang from the center-
line to the other side of the window. The PIV windows
span fromxyq to xy2 downstream, andy1 andryo

to either side of the centerlin€ig. 2a shows a sam-
ple Mie scattering image, one of a pair used for PIV,
from data set lIFig. 2b shows the scalar field image,
obtained using PLIF, corresponding to the scattering
image in (a). The solid window superimposed on the
PLIF image is the imaging window used for PIV. The
PLIF imaging region extends from the jet nozzle exit
to 1824 downstream of the exit, and 24 to either
side of the jet centerline. The Mie scattering image
shows a clear distinction between regions of dense
light scattering, where temperatures are relatively low
and the density of fog particles is high, and regions
with no scattering, where the absence of scattering
is attributed to fog particle evaporation at elevated
combustion temperatures. The interface between the
low- and high-temperature regions is determined au-
tomatically by filtering the Mie scattering image, and
then defining the high-temperature interface as the
zone of large brightness gradients. The resulting high-

temperature interface for the Mie scattering image of
Fig. 2a is superimposed on the corresponding PLIF
image inFig. 2b.

2.3. Leading point positions

No explicit measurement is made here of com-
bustion quantities such as radical concentrations, so
we infer the reaction zone location from the high-
temperature interfacg41,19] The reaction zone is
known to be thin (Watson et a[24] reported CH
zones with average thicknessl mm), so we expect
the reaction zone to follow these interfaces closely.
The leading point, the most upstream point on the
measured high-temperature interface on either side
of the centerline, will serve as a proxy for the flame
stabilization points, which are strictly defined as the
most upstream points on the flame zones and are not
directly measured. Previous researchers have often as-
sumed that the stabilization points correspond to the
leading points. Tacke et gR5] cast doubt on this as-
sumption, using OH PLIF measurements to infer the
instantaneous flame stabilization point, and single-
point Raman/Rayleigh/LIPF (laser-induced predisso-
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Table 3
Means and standard deviations of the leading point coordi-

nates(x/d, r/d) for the four data sets

Set Re x/d ox/a  T/d or/d  8(X)/d
| 4400 862 096 196 028 176

Il 6200 1135 090 225 037 216
1l 7400 1431 126 266 050 258
IV 10700 1922 154 331 060 329

Note The quantitys(x) is an empirical estimate of the jet
boundary (SectioB).

ciative fluorescence) to measure temperature, and re-
porting elevated temperatures upstream of the stabi-
lization points. Watson et gl24] performed simulta-
neous CH and OH PLIF measurements at the flame
base. The CH radical is short-lived and is thought to
mark the instantaneous reaction zone, while OH is
removed by slower three-body reactions and marks
regions containing hot combustion products. Watson
et al. observed that the broad OH zones tend to lie ra-
dially outward, and upstream, of the thin CH zones.
Using quantitative imaging of OH PLIF gradients,
Maurey et al[13] also observed high-temperature re-
gions outside and upstream of the reaction zones. The
leading points can thus not be unambiguously inter-
preted as the flame stabilization points, though it is
safe to assume that the radial and axial motions of the
leading points and stabilization points are correlated.

Table 3gives the means and standard deviations of
the leading point coordinateés /d, r/d) for the four
data sets. The table also sho#(), the radial posi-
tion of the jet boundary at the mean leading point ax-
ial coordinate, wheré is given empirically by Eq(3)
(Section3). The flame recedes downstream, and the
flame position fluctuates more widely, with increas-
ing jet flow rate. Also, it appears that the leading point
position tends strongly toward the outer boundary of
the jet. The relation of the leading points to the inflow
velocity and mixing fields will be explored further in
Sectiond.

3. Scalar and velocity field evolution

One goal of this work is to relate the stabiliza-
tion of lifted jet flames to the dynamics and mixing
of the underlying turbulent jets. We are interested in
whether such quantities as radial profiles of scalar
concentration and velocity, or statistics of the scalar
and velocity fields, differ when conditioned on prox-
imity of the flame. First we will characterize the scalar
and velocity field evolution upstream of the flame. For
axisymmetric turbulent jets, it is well established that
the scalar and velocity field flow widths scale linearly
with downstream distance, and that the centerline
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Fig. 3. (a) The scalar field flow widtl$g 1, defined as the
half-width of the mean radial scalar profile where the local
scalar value is 10% of the centerline value, as a function of
downstream coordinate, for the four data sets. The dashed
line is the least-squares fit to the data. (b) Decay of the
centerline mean scalar concentraticfi,, as a function of

x for the four data sets. The dashed line is the power law
55(x/d)~ L.

mean scalar and velocity values decay-as. How-
ever, as has been pointed out by Ged2, Mi et
al.[27], and others, the specific growth and centerline
decay rates may depend on the flow initial conditions
at the jet nozzle, and may not be universal among dif-
ferent jets. The data compilation of Chen and Rodi
[28] also shows considerable scatter in different mea-
surements of growth and decay rates. For this reason,
these scalar and velocity field growth and centerline
decay rates upstream of the flame must be determined
in our particular jet apparatus.

The PLIF measurements allow the characteriza-
tion of the scalar field evolution throughout the re-
gion upstream of the flame. To determine the mean
scalar field flow width, the scalar fields for each of the
data sets are first conditionally averaged, using only
those regions in each image that lie upstream of the
lower of the two leading points. The averages thus
reflect the nonreacting portion of the jet only. Fur-
ther, to ensure reasonable statistical convergence, we
consider only those spatial locations where the aver-
ages include a minimum of 75% of the available data
planes. We define the scalar field flow wid#ix),
as the half-width, atc, of the mean scalar concen-
tration profile between the radial locations at which
the concentration is 10% of the centerline value (so
8 =30p.1). Fig. 3a shows the results fdp 1 (x) for the
four data sets, as determined from the conditionally
averaged scalar fields. The growth rates are consistent
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Fig. 4. Radial profiles of normalized mean scalar concen-
tration, X/ Xm, atx = 5d for data sets |, Il, and Ill, and at

x =5d, 10d, and 1% for set IV. The radial position is scaled
by 80.1 (EQ. (3)). The dashed line is the Gaussian whose
half-width at 10% of maximum is/8p 1 = 1.

for the four cases, anty 1 clearly exhibits a linear de-
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data sets are again conditionally averaged, but now
including the region in each image below the higher
of the two leading points. The resultingm(x) for

the four data sets are shown kig. 3. The end of
the potential core, in whiclkm,/Xg =1, lies at ap-
proximatelyx/d = 3 for each of the curves. By self-
similarity and the conservation of the fuel mole frac-
tion in the nonburning region, we expekt, to ap-
proach asymptotically an—! dependence on down-
stream distance. The figure shows that this depen-
dence is observed beyond approximately/ = 8,
and is described well for the four data sets by the func-
tion

Xm=55(x/d)"L. (4)

Fig. 5shows the PIV results corresponding to the
scalar field and Mie scattering image pair represented
in Fig. 2 Fig. 5a shows the velocity vector field, sub-
sampled by a factor of 2 in each dimensiig. 5
shows a color map of the axial component results

pendence on downstream distance. The least-squaresfor this velocity field. Superimposed on this are two-

linear fit to the data is

80.1/d = 0.144(x /d) 4 0.522

=0.144(x/d + 3.63), (3)
so the virtual origin for the scalar field evolution is
x/d =—-3.63.

The linearity of §(x) results from similarity in
the mean radial scalar concentration profilesy. 4
shows the mean radial concentration profiles at
5d for data sets |, Il, and Ill, and from data set IV
at axial locationst = 54, 104 and 1%. The X val-
ues are normalized by, the centerline values, and
the radial positions are normalized &y . The figure
demonstrates that the scalar profiles are self-similar
for a given flow and are similar between the different
flows, and that the profiles have a Gaussian form.

To determine the decay of the centerline mean
scalar concentration, the scalar fields for each of the

dimensional streamtraces, determined by fourth-order
Runge—Kutta integration on the in-plane PIV veloc-
ity component results. While the limited axial ex-
tent of the present velocity fields precludes detailed
study of the self-similarity of the velocity profiles, we
can compare velocity profiles for the different sets in
those parts of the PIV windows that are upstream of
the typical flame locations. Here, for each data set,
we compile the average axial velocity only for those
axial locations that are upstream of the lower of the
two leading points for 75% of the data planes in that
set. Fig. 6 shows radial profiles found from the re-
sulting averaged axial velocity fields. The profiles are
of the mean axial excess velocity,— u~,, and are
normalized by the individual profile maxima. The ra-
dial positions are scaled by the scalar field half-width,
80.1 (EQ. (3)). For set |, the profile is fox = 7d, for

set Il, x = 10d, for set lll, x = 12.7d, and for set IV,

x = 15d4. The profiles are in good agreement despite

(a) (h)

xid

10

u (m/s)

Fig. 5. (a) The PIV velocity vector field determined from the Mie scattering image pair represerited Ba. (b) The axial

componenty, for the PIV results in (a), together with two-dimensional streamtraces determined by a fourth-order Runge—Kutta

integration on the in-plane velocity components.
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Fig. 6. Radial profiles of normalized mean excess axial ve-
locity, (# — uxo)/(um — uso), for the four data sets. The
dashed line is the Gaussian whose half-width at 10% of max-
imum isr/8g1 = 0.79.

the different Reynolds numbers and axial positions.
The agreement between the curves using this radial
coordinate normalization confirms that the velocity
field flow width grows linearly with axial position.
A Gaussian curve, with half-width at the 10% points
of r/8p.1 = 0.79, is a good fit to these velocity pro-
files. Thus the ratio of the velocity and scalar field
flow widths is 0.79, where Chen and Rd@8] rec-
ommend a value of 0.78. Defining the velocity field
flow half-width at the 10% points a4, 0.1, we can
write

8u.01/d =0.7%01/d =0.114(x/d +3.63).  (5)

The data also allow the determination of the mean
centerline excess axial velocitym, as a function

of x. The nonreacting turbulent jet scaling that ac-
counts for the density difference between the jet and
ambient fluid, and for different jet exit Reynolds num-
bers, isum o ue(po/poo) Y/ 2(x/d)~L. Fig. 7 shows
the normalizedum(x) for the individual data sets.
The resultingum(x) curves do not extend from the
jet exit, since the velocities are measured only in the
subwindows specified ifable 2 The figure shows
the expected:—1 power law for the nonreacting jet,
accounting for the virtual origin, given by

_ 1/2
Um = Moo _ s.g(ﬂ) (x/d+3637L (6

Ue Poo

3.1. Scalar dissipation rate field

Important to theories of lifted turbulent jet diffu-
sion flames is the scalar dissipation rage,usually
defined using the mixture fractio#, (Eq. (2)), as

X=2DVZ-VZ, 7

whereD is the scalar diffusivity. If the flame stabiliza-
tion mechanism is controlled by local diffusion flame
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Fig. 7. Decay of the centerline mean excess axial velocity,
um(x), for the four data sets. The dashed line is et
power law.

structures, then such structures can be extinguished
if the local scalar dissipation rate exceeds a critical
threshold determined by the fuel composition. Accu-
rate determination of requires that the scalar field
measurements have high spatial resolution. To assess
the resolution, we will follow the analysis of Su and
Clemeng[29]. The characteristic length scale of the
molecular mixing is defined asp, which can be de-
termined as

ap=AsRe /A scV/2, ®)

where s is a measure of the flow width, Reés the
outer-scale Reynolds number defined uginigpe cen-
terline mean axial excess velocityy — 1o, and the
kinematic viscosity of air, Sc is the Schmidt number,
and A is a proportionality constant. Whéris defined
asdo.os, thefull width at the 5% points of the profile,
avariety of studief30,31]suggestA ~ 10 in axisym-
metric jets. Thiskp, which varies with axial location

in the jet, is then to be compared to the grid spacing
of the scalar field measurementsyy .

A crude resolution requirement is simply for the
grid spacing to be smaller than the characteristic
scalar mixing length scale, i.eAxx < Ap. More rig-
orously, one can apply the Nyquist criterion, which
requires two grid points per characteristic length
scale, orAxy < (Ap/2). Table 4summarizes the res-
olution characteristics of the present data sets. To
determinerp, we apply Eq.(8), using a value of
Ap = 10. Foré§g g5, We use the result for the half-
width §g 1 in Eq. (3), and assume a Gaussian profile
shape Fig. 4); for um, we useum = 7(0p/ poo) /2 x
ue(x/d)_l, which is a reasonable fit to the data in
Fig. 7.

The present PLIF results are two dimensional,
so only a two-dimensional representation of the
scalar dissipation ratgpp, can be measured directly,
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Table 4

Resolution parameters for the scalar field measurements

Set Axy (um) Rg x/d : Axx = Ap(x) x/d: Axx =Ap(x)/2 (x/d)ip (Axx/AD)Ip
| 129 8000 24 84 862 049

1l 129 11400 42 120 1135 052

1] 166 13700 79 231 1431 064

v 190 20000 140 352 1922 Q77

Note The measurement grid spacingAscx. The outer-scale Reynolds number for each jet is.Rée next two columns
give the value ofv/d at which the conditiomAxy < Ap is first satisfied, and the value ®fd where the Nyquist condition,
Axx < (Ap/2), is satisfied. The mean leading point axial locatioxigd)p, and(Axx /Ap)p is the relative resolution at the

mean leading point axial location.

x/d

X,p(1/8)

Fig. 8. The measured two-dimensional scalar dissipation
rate, xop, for the same sample scalar field showrFig. 2,
shown in the imaging region of the Mie scattering field to-
gether with the outline of the high-temperature interface.

namely
(R E)
X2b = ar ax
=cosb -y, )

whered is the angle between the true, three-dimen-
sional scalar gradient vectoY,Z, and the measure-
ment planeFig. 8 gives theyop result for the scalar
field shown inFig. 2 At these axial positiongable 4
indicates that the spatial resolution should easily sat-
isfy Ap < Ax. The xyp field in Fig. 8 is consistent
with prior planar measurements in having a high level
of intermittency, with large areas of low dissipation
rates, and with high dissipation values concentrated
in thin, lamellar structuref29,30] that cover a small
volume fraction of the total field. It also appears that
high xop values are concentrated toward the center
of the jet. In particular, at the radial positions of the
leading points, and further from the jet centerline, the
local xop values are much lower than the peaks found
within the jet. The relevance of this to stabilization
mechanisms is explored in SectidrB.

Consideration of the axial evolution gbp gives
a sense of the quantitative accuracy of 3¢ mea-
surements. Unlike the mean scalar and velocity fields,

0.01 1
l leading point positions

0.001

qu,m/ (u/d)

0.0001 |

x/d+3.63

Fig. 9. Axial evolution of the maximum two-dimensional
scalar dissipation rateyop m, normalized by the global
strain rate defined by the jet exit excess velogity,and the
jet exit diameterd. The dashed line is the 4 power law.

radial profiles of the mean scalar dissipation do not
necessarily peak on the jet centerlineFsg. 9shows
x2D,m, the maximum values of meaypp along ra-
dial profiles, for the four data sets. The downstream
limit of each curve is the maximum that is below
the downstream leading point in at least 50% of the
images in the particular data set, while the upstream
limitis the smallesk where the spatial resolution sat-
isfies the criteriomAxyx < Ap(x) (Table 4. The dis-
sipation rates are normalized using the global strain
rate,ue/d.

The axial evolution of the maximum meanp
should become asymptotically similar, with increas-
ing downstream distance, for the four data sets, in
light of the agreement in the axial evolution of the
fuel mole fraction and axial velocity component be-
yond x/d ~ 8 (Figs. 3b and ¥. (It is not clear that
the set | and Il curves ifrig. 9 should be similar, be-
cause their overlap range is predominantly upstream
of x/d = 8.) We are mainly interested here in the
quantitative accuracy of the measurggh near the
high-temperature interfaces. The set Il curve shows
a bend atx/d + 3.63 ~ 13, downstream of which
x2p seems to follow thex — xp)~4 power law ex-
pected from classical argumefi2]. The mean lead-
ing point position for set Il (also shown in the fig-
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ure) falls within this scaling range. The set Il curve
appears to approach the — xg)~4 power law fit

to the set Il data, underestimating the power law by
a factor of~1.1 at its mean leading point position,
x/d + 3.63~ 18. Set IV also shows evidence of ap-
proaching the set Il power law dependence, though
it underestimates the power law by a factor~ofl.5

at its mean leading point position/d + 3.63~ 23.
The quantitative differences in the curves can be ex-
plained by the relative resolution of each sEilgle 4.

At its mean leading point position, set Il is just out-
side Nyquist resolutionfxx /Ap = 0.52), so it is not
surprising that the set Il curve reflects the expected
asymptotic decay ofop m(x) near the mean lead-
ing point position. For sets Ill and M xx /Ap at the
mean leading point has values 0.64 and 0.77, respec-
tively. Both sets fall short of Nyquist resolution, more
noticeably for set IV, which explains its higher degree
of underestimation ofop.

4. Flameinflow conditions

These measurements allow analyses of the scalar
and velocity fields relative to the instantaneous high-
temperature interfaces determined as in Sec?i@n
These conditional analyses take the form of radial
profiles upstream of the leading points, and statistics
compiled in regions upstream of the high-temperature
interface Fig. 10illustrates the parameters used in the
analysis.

4.1. Scalar inflow conditions

Fig. 11shows conditional mean radial profiles of
the fuel mole fraction X, immediately upstream of
the high-temperature regions. In each measurement
plane, we begin by identifying the leading point on
either side of the centerline (Secti@rB). The profile
of X is then compiled along the radial line tangent
to the leading point. The curves Fig. 11represent
the averaged profiles for each of the data sets. The
figure shows that the mean fuel fraction at the radial
position of the leading point for each set is near or be-
low the lean flammability limit. To the outside of the
jet, the mean scalar concentration is below the lean
limit. The fuel—air mixture on the outside of the high-
temperature regions is thus on average not flammable,
so the actual reaction zone must typically lie to the in-
side of the high-temperature regions. The figure also
compares each profile with the Gaussian curve with
peak valueXm = 5.5/(x/d) (Eq. (4)) and half-width
atthe 10% point given b§g 1/d = 0.144(x /d 4 3.63)

(Eqg. (3)), wherex is the mean leading point axial
position for each sefT@ble 3. The Gaussian curves
are representative of the unconditional mean radial
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Fig. 10. Schematic of the parameters used in the analysis of
instantaneous flame inflow conditions. The coordinaie

is the radial displacement relative to the leading point posi-
tion, 7. Compilation of inflow scalar and velocity field sta-
tistics uses the three regiods B, andC that extend M5
upstream from the high-temperature interface.

X profiles Fig. 4). In each case, the scalar values
to the inside of the leading point exceed the values
from the unconditional mean profiles. Save for set I,
the centerline values for the conditional profiles are
also lower than the unconditional peak profile values.
The different forms of the conditional and uncondi-
tional X profiles suggest a dependence of the leading
point position, and by inference, flame stabilization,
on local fuel mole fractions near the lean flammability
limit, and also with the passage of large-scale mixing
structures whose radial profiles are both wider and
flatter than the unconditional mean profiles. Further,
the disparity in the meanX/dr values atAr =0,
and forAr < 0, for the different cases offers evidence
that the mearX gradient is not important to the flame
stabilization mechanism. (The profileskig. 11are
indistinguishable from profiles compiled at axial po-
sitions BPAxy upstream (not shown), indicating that
acetone dissociation, and changes in fluorescence ef-
ficiency with elevated temperature, are negligible in
the locations considered. This suggests that the lead-
ing point identification algorithm (Sectio2.2) is bi-
ased slightly toward the upstream side of the high-
temperature interfaces.)

Further information on the true flame location rel-
ative to the high-temperature interfaces is provided by
considering distributions of th& values along the in-
terfacesFig. 12presents probability densities &fin
regionsA, B and C as defined irFig. 10 Fig. 12a
shows theX pdfs compiled collectively for sets I-IV.

It is clear that in regionC, which is radially to the
outside of the leading point, the local mixture frac-
tion is predominantly below 0.044, and thus too lean
to support combustion. In regid®, which is centered
radially around the leading point, the pdf is shifted
slightly toward higherX values; in region4, inside

of the leading point, the pdf differs significantly from
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Fig. 11. Conditional mean radial profiles of fuel mole fractiéh,immediately upstream of the instantaneous leading points.
Each profile is compared with the Gaussian with half-width at the 10% point and peak value given respectively(8ydfuks.

(4), evaluated at the mean leading point axial position for each set. The figure also shows the mean leading point radial positions,

and theX values corresponding to stoichiometry and the lean and rich flammability limits.
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Fig. 12. Probability distributions of scalar concentration, conditional on location on the high-temperature interface. (a) Collective
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results for sets I-IVX distributions in regions\, B, andC as defined irFig. 10 Results for the individual setX distributions

for (b) regionA, (c) regionB, and (d) regiorC.

those for regionss and C, with considerably higher
probability densities both between the flammability
limits and above the upper limiTable 5shows the
percentages ok values in the three regions that are
below the lower flammability limit, between the lower
and upper limits, or above the upper limit. Outside
of the leading point, in regior, fully 90% of the

X values are below the lower flammability limit, and
only 9% are within the limits. In regiomB, 71% of
the X values are below the lower limit, and the prob-

ability of being within the limits is up to 24%. In
region A, 50% of theX values are within the flam-
mability limits, with the remainder of values fairly
symmetrically distributed, with 29% below the lower
limit and 21% above the upper limit. The tabulated
data confirm the observations froRig. 12 namely
that the actual flame location tends to the lie to the in-
side of the leading point, because the fuel/air mixture
in region A is more likely to be within the flammabil-
ity limits then in regionsB andC.
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Table 5

Percentages of values below, within, and above the flam-
mability limits, in regionsA, B, andC, determined from the
pdfsinFig. 12a

Region X <0.044 X €(0.044,0.15) X >0.15
A 29% 50% 21%
B 71% 24% 5%
C 90% 9% 1%

The X pdfs for the individual data sets in the three
regions are shown iRigs. 12b—12dThe pdfs in both
regionsB andC are consistent between the four sets.
In region A, there is a noticeable trend toward lower
X values as we move from set | to set |V, i.e., as
the jet Reynolds number increases and the leading
points move further downstream. This trend is consis-
tent with the increased mixing within the jet at higher
axial displacements.

4.2. Velocity inflow conditions

Fig. 13 shows conditional mean radial profiles
of the axial velocity component;,, immediately up-
stream of the leading point, for each of the data sets.
These profiles are compiled in similar fashion to the
fuel mole fraction profiles in Sectich 1 Atthe mean
leading point radial position, the values for sets
I-1ll are approximately equal to the laminar flame
speed,S. = 0.43 /s, while for set IV,u 2 S| at
that location. There appears to be a minimurmuin
just to the outside of the leading point, most clearly
seen for the set | profile, where the incoming flow
decelerates on approaching the high-temperature in-
terface to the outside of the leading point. Asn-
creases furthery approachesis,. The figure also
shows the Gaussian curve for excess axial velocity
for each set whose peak excess velocity value is given
by (um — ttoo) = 8.9ue(po/poc)Y/?(¥/d + 3.63) 71
(Eq. (6)), and where the half-width at the 10% point
is the velocity field half-width$, o1 (Eq. (5)). The
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Gaussian curves represent the unconditional mean ra-
dial u — uso profiles fFig. 6). The measured profiles
can be interpreted similarly to the conditiom@lpro-
files of Fig. 11, in particular, the leading point posi-
tions correlate with axial velocities near the laminar
flame speed, and with instantaneous profiles of axial
velocity that are both wider and flatter than the uncon-
ditional mean profiles.

Mufiiz and Munga[11] and Han and Mung4lL4]
previously argued, from PIV measurements, that the
highest sustainable stabilization flame spee€3s| .
Comparison ofFigs. 11 and 1%or each set shows that
the range of values where the meaki is within the
flammability limits correlates well with meam val-
ues betweers; and 3. Triple flame simulations
[15] have similarly observed low incoming fluid ve-
locities. Also seen in triple flame simulations is a drop
in the streamwise flow velocity directly upstream of
the flame Fig. 14 shows averaged axial profiles of
upstream of the high-temperature interfaces, both at
the leading point radial positiom\¢ = 0) and to the
inside (Ar/r = —0.1). Moving downstream, the axial
velocities first increase, due to the radial spread of the
jet, then decrease near the flame (this is particularly
evident for sets Ill and V), consistent with the triple
flame results.

Fig. 15gives the probability distributions of/S_
conditional on location on the high-temperature inter-
face.Fig. 15 shows the:/S| pdfs for regionsA—C,
compiled collectively for the four sets. As expected,
the highestu values are found in regiod, nearest
the centerline, and the lowestvalues are furthest
from the centerline, in regiod’. Figs. 15b—15ajive
the u/S_ pdfs for the three regions individually for
the four data sets. The pdfs are in good agreement de-
spite the different jet Reynolds numbers, which points
to a correlation between flame location and local flow
velocity. For regionA (Fig. 1%), the pdf peaks at
u/SL = 1; for regionsB andC the peaks in the dis-
tribution occur at successively smaller values:ofn
region C (Fig. 1), the most likelyu value is less

Set] — T

u (m/s)

IV— A

m—
T Gaussian ----

leading
point
position

Fig. 13. Conditional mean radial profiles of the axial velocity compongrimmediately upstream of the instantaneous leading
points. Each profile is compared with the Gaussian profile of excess axial veligjtys( with half-width at the 10% point and
peak excess velocity given respectively by H§3.and (6) evaluated at the mean leading point axial position for each set.
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Fig. 14. Averaged axial profiles of the axial velociiy,fields upstream of the instantaneous high-temperature interface for each
of the data sets. (a) The profiles at the leading point radial position, and (b) the profiles/fo= —0.1.
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Fig. 15. Probability distributions of the axial component of velocity, conditional on location on the high-temperature interface.
(a) Collective results for sets |I-IM:/S_ distributions in regionst, B, andC. Results for the individual setsy S| distributions

for (b) regionA, (c) regionB, and (d) regiorC.

than S| and also less thans, indicating a decel-
eration of the incoming flow in that region (see also
Figs. 13 and 14

To explore further the correlation between flow ve-
locity and flame locationkig. 16a shows probability
distributions of axial velocity conditional on local fuel
mole fractions within the flammability limits, com-
piled for sets I-1V in regions\, B, andC. Compared
with the unconditional distributions iRig. 15, con-

ditioning on flammable mixtures results in increased
agreement between the pdfs in the three regions,
which suggests a high correlation between the axial
velocity range described by the pdfs and the instan-
taneous flame location. Fdf to be within the flam-
mability limits along the high-temperature interface is
not a sufficient condition to locate the flame zone, but
is a stronger necessary condition than the location of
the high-temperature interface alone. The mean axial
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Fig. 16. (a) Probability distributions of the normalized axial component of velagjty, , in regionsA, B, andC, conditional
on local jet fuel mole fractions within the flammability limits (compé#iig. 15). (b) Theu /S| distributions for regionst and
B inclusive, conditional on flammable mixtures, for all leading point positions; for leading point radial posifjprieside of
the mean positiory;; and for leading point positions outside of the mean position (Se8jion

velocity for the three pdfs in the figure is= 1.85,
which is consistent with the low velocities expected
from triple flame simulationgl5].

4.3. Scalar dissipation rate inflow conditions

In theories for lifted flame stabilization that as-
cribe a major role to local quenching of thin diffu-
sion flamelets, quenching occurs when the local scalar
dissipation rate exceeds a threshold value, which is
reported asyq = 18 s™1 for methane—air diffusion
flameg[33]. If local quenching is indeed important in
flame stabilization, then thg values measured here
upstream of the high-temperature interfaces should
consistently exceegq. Fig. 17a shows pdfs of the
logarithm of the measured, two-dimensionap,
compiled over sets -1V in regions, B, andC. It is
well known that the dissipation rate assumes a nearly
log-normal probability distributiorf34], which is a

mixtures, both for regiond—C collectively, and for a
region with the same radial span asC, but which
extends fromAx /i = 0.4 to 0.6 upstream of the high-
temperature interface. The near-flame pdf is very sim-
ilar to the upstream pdf, again arguing that flame
stabilization is not dependent on the logglp val-
ues.

The distributions irFigs. 17a—17cepresent only
the two-dimensional projection of the scalar dissipa-
tion rate (Eq(9)). Prior investigations applied various
methods to estimate the three-dimensiogafrom
two-dimensional scalar measurements. Watson et al.
[6] assume that the unmeasured, out-of-plane scalar
gradient component is equal to the measured, radial
component, giving an estimate gfas

2 2
2D[2<8—Z) + (8—Z> } (10)
ar 0x

Xest=

Gaussian in semi-log axes, so the figure also shows By EQ. (10), xest > x2p WheneverdZ/ar # 0.
Gaussian curves having the same first two moments as However, this will invariably overestimatg, not

each of the pdfs. The three pdfs are notin good agree-

ment, with higherxsp values being found nearer to

only for instantaneous measurements, but also for
probability distributions. For example, if the scalar

the jet centerline. The three pdfs do agree reasonably gradient vector,VZ, is distributed isotropically in

well with their respective Gaussian curve fits.

To correlate local dissipation values more directly
with the flame zones, thgyp pdfs are compiled in
regions A—C, conditioned on flammable mixtures,
in Fig. 1. The three conditional pdfs are in good
agreement. If quenching were significant, these con-
ditional xop pdfs in the near-flame regions would
skew toward higher values. Instead, the conditional
pdfs maintain the symmetric, nearly Gaussian form
of the unconditional pdfsHig. 17a). Only 0.06% of
x2D values exceegq. The agreement between the
conditional xop pdfs probably reflects a correlation
betweenyop and the local mixture fraction value.
Fig. 17c showsyop pdfs conditional on flammable

three-dimensional space, then the highest values of
x should beequal to the highest measured two-
dimensionalysp, corresponding to the case where
VZ lies in the two-dimensional measurement plane.
A more accurate method to find thedistribution
from two-dimensional measuremeifidd] first recog-
nizes that the measure@p distribution is skewed to
lower values relative to thg distribution, because of
the projection cosine in E¢9). Given thef distribu-
tion, the method reconstructs tigepdf from the mea-
suredyop pdf using an inversion procedure. The re-
sulting x distribution isexact subject to the accuracy
of the 9, and measuregyp, distributions.Fig. 17d
shows theyop pdf from regionsA—C; the same pdf



508

~
S}
—

Regiond ——

0.8

0.6

0.4

Prob. density

0.2

log!o Xan

—~
2]
N

Regions 4, B, C ——
0.8

Upstream ----

0.6 \

0.4

Prob. density

0.2

108m Xoo

L.K. Su et al. / Combustion and Flame 144 (2006) 494-512

(®)

0.8

Region 4
-—--B

0.6

0.4

Prob. density

02 B =)

IOglo Xap

S

0.8 ——— Y. (Regions 4-C)

0.6

0.4

Prob. density

0.2

logl()x

Fig. 17. Probability distributions of the logarithm of the scalar dissipation rate (in unts &) The measureghp distributions

in regionsA, B, andC, together with their Gaussian fits. (b) Thep distributions conditioned on flammable mixtures. The
quenching dissipation value jg = 18 s1[33]. (c) The xop distribution in regionsA—C collectively, and in a window with
between 04 and Q67 upstream of the interface. (d) Thep distribution compared with estimates gip, computed from the
filtered xop distribution under the assumption of isotrof34]. The 15 x3p pdf represents a worst-case correction for finite

spatial resolution (Sectiod.1).

after low-pass filtering; and the reconstrucjeg pdf
determined from the filteregop pdf [34], assum-
ing an isotropic distribution 0¥ Z. Also indicated in
the figure is the quenching scalar dissipation value,
Xxq=18 s 1. The x3p pdf is shifted toward higher
values relative to the measurggp, although the pre-
ponderance of(3p values necessarily remain lower
than xq. Interpretation ofFig. 17 must bear in mind
the resolution limitations mentioned in Secti®r. It
was estimated that the set Ill and IV data underesti-
mate xop by factors of 1.1 and 1.5, respectively, in
comparison with the nearly Nyquist-resolved set II.
Multiplying all of the dissipation values by the up-
per bound factor of 1.5 shifts the pdfs kig. 17 to

the right by 0.18 in the logarithmic scal€ig. 1
shows the pdf of B - x3p, where x3p is the re-
constructed three-dimensional dissipation. Even with
this resolution correction, only 0.19% of points have
X3D > xq- The location of the high-temperature inter-

faces is therefore not characterized by upstream dis-

5. Dynamics of flame base oscillations

To summarize the foregoing: first, the lifted flame
does not alter the scaling and similarity properties of
the upstream velocity and mixing fields (Secti@n
In particular, the radial velocity and fuel mole frac-
tion profiles are self-similar, with Gaussian form; the
profile widths increase linearly with; and the pro-
file centerline maximum values decayﬂél. Con-
ditional velocity and fuel mole fraction results based
on the instantaneous high-temperature interface loca-
tion (Sectiord) show that mean fuel mole fractions at
the most upstream point on the interface (the leading
point) are near or below the lean flammability limit,
indicating that the flame stabilization point is typi-
cally radially inside of the leading point. Further, fuel
mole fraction profiles immediately upstream of the
leading point are typically wider and flatter than the
mean similarity profile from the nonreacting part of
the jet. In the vicinity of the leading point, and condi-

sipation rates exceeding the quenching values, again tional on fuel mole fractions within the flammability

arguing that local flamelet quenching is not a signifi-
cant factor in lifted flame stabilization.

limits, the mean axial flow velocity is relatively low,
at 18S) . Finally, conditional scalar dissipation results
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Fig. 18. Relation of the leading point positions to the similar-
ity forms of the mean fuel mole fraction and velocity fields.
The similarity forms have Gaussian radial profile shape, with
the scalar and velocity field half-widths and profile maxima
given by Egs.(3)-(6). Shown are the mean leading point
positions for the four sets, together with intervals represent-
ing the standard deviations of theand r positions; the
meanX = 0.044 and 0.088 contours, respectively the lean
flammability limit and stoichiometric value; and the mean
u = S contours for the different sets.

(Section4.3) argue that quenching of laminar diffu-
sion flamelets is not the determining mechanism of
turbulent lifted flame stabilization.

From these observations we propose a description
of flame stabilization in terms of the interaction of
the flame front with the evolution of the nonreacting
jet. Fig. 18 shows the mean leading point positions
for the four data sets, with intervals representing the
standard deviations of theandr positions. The fig-
ure also shows the meahcontours corresponding to
the lean flammability limit ¥ = 0.044) and to stoi-
chiometry (¢ = 0.088), as well as the mean= S_
contours. The: = S| contours for the four sets differ
because of the different jet Reynolds numbers. The
contours are determined from the Gaussian similarity
forms of the radial profiles ok andu, and from the
scaling properties of profile widths and heights given
by Egs.(3)—(6) The mean leading points clearly lie
outside of the average lean flammability limit con-
tour. Even allowing that the true flame stabilization
point typically lies to the inside of the leading point
(Section2.3; Section4.1), it is still true that the most
upstream point on the flame surface will often lie in
a region where the average mixture is nonflammable.
In particular, the flame-conditionexi profile is wider
and flatter (has a lower peak value) than the mean
Gaussian profileRig. 1J).

This result is explainable in terms of the large-
scale organization of jet mixing. Mixing in turbulent
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jets follows distinct patterns of coherent structures
even at high Reynolds numb¢€f35-38] Yoda et al.
[39] proposed that the jet mixing is organized as a pair
of counterrotating helices, which appear as axisym-
metric and helical modes in different planar sections
through the jet axisFig. 19 shows the axisymmet-
ric [35] and helical[37] modes of jet mixing orga-
nization. For both modes, individual structures have
characteristic length on the order of the jet width.
The jet fluid concentration in each structure is made
approximately uniform through turbulence, and grad-
ually diminishes through entrainment of ambient fluid
as the structure moves downstream. fig. 2b, the
relatively large bumps seen on the jet boundary up-
stream of the high-temperature interfaces offer some
evidence of possible large-scale mixing organization
in the scalar field.Fig. 19also shows sample radial
scalar (fuel mole fractionX) profiles from proximal
axial positions for each mode. While all of the profile
forms depicted irFig. 19 contribute to the uncondi-
tional mean Gaussian form, it is the widest profiles
(represented as the downstream profile§im 19,
which also have the lowest values on the axis, that
dominate the conditional mean. This explains the ob-
served conditional scalar profile shajfég( 11).

The flame stabilization process may preferentially
seek points further from the centerline because flow
velocities are likely to be lower ther€ig. 18shows
that the mean leading points are inside the- S|
contours, where the average axial velocity slightly ex-
ceedsS| , consistent with the prior observation that
the average: is 1.8S_ at the leading points. This
compares with centerline mean velocities in excess
of 155, . We propose a simple model for the dy-
namics of flame base motion, shown schematically
in Fig. 20 based on the large-scale organization of
the mixing field, and the tendency of the flame to sta-
bilize in regions of relatively low axial velocity. The
figure depicts the axisymmetric mixing mode, but the
following discussion is equally valid for the helical
mode. Suppose that the stabilization point is initially
relatively far from the centerline~g. 20a). The ax-
ial velocity at this extreme radial location is likely to
be lower than the mean flame speed, so that the sta-
bilization point advances upstream. This requires the
stabilization point to move radially inward in order to
maintain a flammable fuel mole fraction, because the
scalar profile is narrower upstream. Moving upstream
and toward the centerline also causes the axial flow
velocity to increase; eventually, the stabilization point
begins to recede downstreaRid. 2M). A new coher-
ent structure then overtakes the flame. This structure
brings a stepwise increase in the fuel mole fraction,
and the stabilization point moves radially outward,
toward flammable mixtured={g. 2Cc). Together, the
downstream and outward motions result in a decreas-
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(b)

Fig. 19. (a) The axisymmetric mod85] and (b) the helical modg7] of jet mixing organization. The individual structures in
each mode have approximately uniform jet fluid concentration. Sample radial scalar profiles from each mode of organization are

also shown.
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Fig. 20. Schematic depiction of the flame base motion, in terms of the axisymmetric mode of large-scale organization of the
mixing field. Time advances from left to right. The instantaneous stabilization point for each time is represented by a gray circle.

In (a), the stabilization point is relatively far from the centerline, and the flame advances upstream against the low axial flow
velocity. This simultaneously requires that the flame move radially inward, to maintain a flammable mixture. Eventually, the
local axial flow velocity becomes sufficiently high that the flame begins to recede downstream (b). When the trailing coherent
structure, which brings higher fuel mole fractions, overtakes the flame, the stabilization point moves radially outward (c). As the
flame moves downstream and outward, the flow axial velocity decreases, until the flame once again propagates upstream (d) and
the initial situation recurs (e).

ing axial flow velocity, eventually causing the stabi- centerline, corresponding to a greater likelihood that
lization point to advance upstrearkig. 20d), until the flame will propagate downstream, while stabiliza-
the initial situation recursHig. 2Q). This description tion points further from the centerline should tend
emphasizes the primary role of the large-scale flow to see smaller values, corresponding to upstream
organization; small-scale fluctuations and turbulence flame movementFig. 16 shows probability distri-
are higher-order effects. butions ofu /S|, conditional on flammable mixtures,

If this picture of flame base motion is correct, then compiled in regionsA and B. Separate distributions
axial oscillations of the stabilization point will have a  are compiled for all leading point positions, for lead-
period equal to the local passage time of individual ing point positions radially inside of the mean leading
large mixing structures. Direct confirmation of this  point position, and for leading point positions outside
requires simultaneous time-resolved, time series mea- of the mean position. Higher axial velocities are found
surements of the scalar field and flame stabilization for leading point positions nearer to the centerline. In-
points, which these data do not provide (the mea- side the mean position, the average axial velocity is
surement planes are individually time-resolved, but « = 2.0S|, while outside the mean position, the av-
successive planes are more widely separated). How- erageu is 1.5S| . These results support the above de-
ever, this description also predicts that highealues scription of flame base motion, where the large-scale
should be found for stabilization points nearer to the flow organization is of primary importance.
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