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Abstract

The present vitiated coflow flame consists of a lifted jet flame formed by a fuel jet issuing from a c
nozzle into a large coaxial flow of hot combustion products from a lean premixed H2/air flame. The fuel stream
consists of CH4 mixed with air. Detailed multiscalar point measurements from combined Raman–Rayleig
experiments are obtained for a single base-case condition. The experimental data are presented and then
to numerical results from probability density function (PDF) calculations incorporating various mixing m
The experimental results reveal broadened bimodal distributions of reactive scalars when the probe v
in the flame stabilization region. The bimodal distribution is attributed to fluctuation of the instantaneou
flame position relative to the probe volume. The PDF calculation using the modified Curl mixing model p
well several but not all features of the instantaneous temperature and composition distributions, time-a
scalar profiles, and conditional statistics from the multiscalar experiments. A complementary series of pa
experiments is used to determine the sensitivity of flame liftoff height to jet velocity, coflow velocity, and c
temperature. The liftoff height is found to be approximately linearly related to each parameter within the
tested, and it is most sensitive to coflow temperature. The PDF model predictions for the corresponding co
show that the sensitivity of flame liftoff height to jet velocity and coflow temperature is reasonably captured
the sensitivity to coflow velocity is underpredicted.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Laser spectroscopy; Multiscalar measurements; Computational modeling; Reactions in flames; Vitiated flow
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1. Introduction

In practical combustion systems hot combust
products are often recirculated to enhance flame
bility. Prediction of turbulent flames with comple
recirculating flows can be a significant challenge
current combustion models. The vitiated coflow fla
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E-mail address: jychen@me.berkeley.edu(J.-Y. Chen).
0010-2180/$ – see front matter 2005 The Combustion Institut
doi:10.1016/j.combustflame.2005.08.019
is a turbulent reacting flow within a hot environme
but with a simplified geometry. It consists of a fuel
issuing into a coflow of hot combustion products fro
a lean premixed flame. The coflow diameter is mu
larger than the central jet diameter. This large dia
eter isolates the central fuel jet from ambient air
a sufficiently long distance so that the computatio
problem may be cast as a two-stream flow. The
fore, the vitiated coflow burner allows detailed exp
imental and computational investigation of turbule
e. Published by Elsevier Inc. All rights reserved.
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(a) (b)

Fig. 1. (a) Burner schematic and (b) luminosity image (negative) of a lifted CH4/air jet flame in vitiated coflow.
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mixing and flame stabilization for a fuel flow in ho
combustion products, while avoiding the addition
complexities of recirculating fluid dynamics found
practical combustors or laboratory-scale swirl bu
ers.

The present investigation of lifted CH4/air jet
flames is an extension of previous experimental
computational work on a lifted H2/N2 jet flame in vi-
tiated coflow[1]. The H2/N2 and CH4/air flames were
selected to provide complementary experimental d
to be used for evaluation of combustion models, w
these methane cases following the kinetically s
pler hydrogen case. As discussed in[1] and in recent
computational studies of the H2/N2 case by Masri
et al. [2] and Goldin[3], the vitiated coflow intro-
duces autoignition as an additional possible mec
nism of lifted flame stabilization. The liftoff heigh
which nominally corresponds to an average stabil
tion position of the flame, is sensitive to several flo
and flame parameters, especially the coflow tem
ature as illustrated by a recent numerical study[4].
Therefore, the measured sensitivity of liftoff height
selected parameters is a useful basis for evaluatio
combustion models, and this approach is used in
present work to test the probability density functi
(PDF) method of combustion modeling. Some fe
tures of the scalar structure of the H2/N2 flame are
compared to those of the CH4/air flame in the presen
paper.

Within PDF methods the mixing submodel r
mains an area in need of improvement (e.g., Pope[5]
and Fox[6]). Past studies have examined the per
mance of available mixing models. For example,
modified Curl (M-Curl) mixing model[7] has per-
formed well for turbulent jet flames of H2 [8] and nat-
ural gas[9], as well as the H2/N2 lifted flame in viti-
ated coflow[1,2]. Subramaniam and Pope[10] found
that the Euclidean Minimum Spanning Tree (EMS
model[11] outperformed the Interaction by Exchan
with the Mean (IEM) model[11] for a flow with pe-
riodic reaction zones. Additionally, both the EMS
[13] and the M-Curl[14] mixing models successfull
predicted the piloted turbulent nonpremixed flam
reported by Barlow and Frank[15]. The present stud
compares the performance of several mixing mod
in an environment that exhibits important similariti
to practical combustor designs, in that there is mix
and flame stabilization of a turbulent fuel flow su
rounded by lean combustion products. The CH4/air
jet flame is modeled by the joint scalar PDF appro
using a series of mixing models, and experimental
sults are used to evaluate their relative performan

2. Experimental methods

The vitiated coflow burner is shown schema
cally in Fig. 1a. The vitiated coflow was produce
using a perforated plate (brass, 210-mm diam
and 12.7-mm thickness) as a premixed flame hol
A flow blockage of 87% was achieved by drillin
2200 holes (1.58-mm diameter) through the pla
Premixed H2/air jet flames were stabilized on ea
hole, and their products mixed to form the vitiat
coflow. An exit collar surrounded the coflow an
served as a barrier that delayed entrainment of am
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ent air into the coflow region. Water flowing throug
a copper coil cooled the stainless-steel exit collar.
main jet flowed from a stainless-steel tube (6.35 m
o.d./4.57 mm i.d.), which extended 70 mm beyo
the perforated plate surface. As will be shown
low, measured profiles of temperature and species
uniform across this hot coflow, and the flow field
interest is unaffected by mixing with the ambient a
This allows the flames to be treated computation
as two-stream problems.

Multiscalar point measurements were perform
in the Turbulent Diffusion Flame (TDF) laboratory
Sandia National Laboratories. Temperature and m
species concentrations were measured simultaneo
in a single-point fashion, using a Raman–Rayle
scattering system. Two-photon laser-induced fluo
cence (LIF) was used for the measurement of CO w
accuracy better than was obtainable from the Ram
technique. A separate LIF system was used for the
termination of OH radical mass fractions in the flam
The spatial resolution of the combined measurem
was 0.75 mm, which corresponds to the length al
the laser axis that was imaged onto each detection
tem.

The separate pulsed laser systems were fi
within an interval of less than 1 µs. At the highest flo
velocity (∼100 m/s near the jet exit) this time interva
corresponds to a convective length scale of 100
Since this is small compared to the spatial resolu
of the multiscalar system, the combined measu
ments can be considered instantaneous. The prec
and accuracy of the Raman–Rayleigh–LIF system
determined via a series of measurements in flat c
bration flames[16]. The measurement precision w
determined from the standard deviations of these
flame measurements: temperature, 1%; N2, 3%; H2O,
5%; CO2, 6%; OH, 10%; and mixture fraction, 6%
Detailed documentation of diagnostic methods, s
tem design, and system uncertainties may be foun
the literature[15–19].

Visible chemiluminescence was used as the fla
front indicator, and the liftoff height was measur
with a simple digital imaging system. A digital cam
era (Sony MVC-FD85), with a 1.3 megapixel res
lution was mounted on a stand, and its spatial field
view was calibrated with a target before and after e
set of experiments. A long exposure time (1 s atf/2)
was necessary to capture the faint flame chemilu
nescence. For each flame condition 10 to 20 dig
images were averaged. An example of an avera
image is shown inFig. 1b. The flame liftoff height
was determined as the lowest point where lumin
ity from the flame was detected. This definition
the flame position is expected to underestimate of
average liftoff height and yield a result closer to t
upstream end of the flame stabilization region. Ho
Table 1
Base-case conditions for the vitiated coflow burner

Hydrogen Methane

Jet Coflow Jet Coflow

Re 23,600 18,600 28,000 23,30
d (mm) 4.57 210 4.57 210
V (m/s) 107 3.5 100 5.4
T (K) 305 1,045 320 1,350
XO2 0.0021 0.15 0.15 0.12
XN2 0.74 0.75 0.52 0.73
XH2O 0.0015 0.099 0.0029 0.15
XOH (ppm) <1 <1 <1 200
XH2 0.25 5× 10−4 100 100
XNO (ppm) – – <1 <1
XCH4 – – 0.33 0.0003
φ – 0.25 – 0.4
fs 0.473 0.177

Conditions for both the hydrogen (previous work[1]) and the
methane cases (present work) are listed.X, mole fraction;
Re, Reynolds number;D, diameter;φ, equivalence ratio;fs ,
stoichiometric mixture fraction.

ever, it provides a consistent measure for evalua
the sensitivity of liftoff height to changes in flow pa
rameters.

3. Base-case flame: CH4/air jet into vitiated
coflow

Multiscalar point measurements were obtained
a single flame (base case), having a fuel jet mixtur
33% CH4 and 67% air, by volume. Use of air rath
than nitrogen makes a smaller flame and allows
higher Reynolds number flows before blowing off t
flame. The bulk velocity of the fuel jet wasVjet =
100 m/s. The coflow consisted of products from
lean premixed H2/air flame (φ = 0.40) with a veloc-
ity of Vcoflow = 5.4 m/s, which was determined from
measured flow rates and the equilibrium composit
at the measured coflow temperature. Details of ex
imental conditions are listed inTable 1. The liftoff
height for the base-case condition wasH/d ∼= 35,
determined visually. Measurements included a c
terline profile extending fromz/d = 1 to z/d = 100
downstream of the nozzle exit and radial profiles
several axial stations (z/d = 1, 15, 30, 40, 50, and 70
The radial extent covered by these profiles was fr
−3 to 50 mm, with a typical spacing of 2 or 3 mm
On average, 400 samples (laser shots) were colle
at each location.

The instantaneous temperature and compos
data were processed and the Favre averages and
dard deviations were generated. For all comparis
the mixture fraction formulated by Bilger et al.[20]
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Fig. 2. Radial profiles of the Favre-averaged temperature and O2 mass fraction atz/d = 1 for the CH4/air jet flame into a vitiated
coflow. Error bars denote the measured standard deviations.
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was used:

f =

(1)

2(YC−YC,2)/MC+(YH−YH,2)/2MH−(YO−YO,2)/MO
2(YC,1−YC,2)/MC+(YH,1−YH,2)/2MH−(YO,1−YO,2)/MO

.

The elemental masses,M , and mass fractions,Y , of
carbon, hydrogen, and oxygen, along with the bou
ary conditions established at the fuel (subscript 1)
coflow (subscript 2) streams, determine the mixt
fraction. For the base-case conditions listed inTa-
ble 1, the stoichiometric mixture fraction wasfs =
0.17.

Two features of the experimental results serve
simplify the computational problem for this flam
First, radial profiles of temperature and oxygen m
fraction at z/d = 1 (Fig. 2) exhibit uniform scalar
conditions in the jet and coflow, with fluctuation le
els comparable to the precision of the measurem
system. The radial profiles measured farther do
stream (and presented in a later section) demons
that there is no mixing of ambient air into the regi
of the developing jet until well downstream of th
flame stabilization region. This allows the flame to
modeled as a two-stream problem. Second, ana
of the single-shot multiscalar data atz/d = 40 and 50
confirmed that elemental mixture fractions based
carbon and hydrogen are in close agreement, m
ing that differential diffusion effects are negligible
this flame, and the computational assumption of un
Lewis number is appropriate.

3.1. Comparison between CH4/air and H2/N2
vitiated coflow flames

Figs. 3 and 4present the scatter data from me
surements of temperature and OH mass fraction
tained in the CH4/air and H2/N2 flames[1], respec-
tively. The estimated Damköhler numbers are
der of unity at the locations where flames stabili
Each of the data ensembles plotted in these fig
was formed by combining single-point measureme
along the whole radial profile at each axial locatio
This manner of presentation, namely scattered d
of a reactive scalar such as temperatureT against
mixture fractionf , examines the scalar structure
the flame and provides a qualitative representatio
the joint distribution function of the selected scala
The experimental joint distributions ofFig. 3 exhibit
a transition from a nonreacting flow (pure mixin
to a reacting flow. Atz/d = 30, nearly all the in-
stantaneous temperatures (left column) lie along
nonreacting solution, which is labeled as the das
“Pure Mixing” line in the figure. Far downstrea
at z/d = 70, the measured temperatures are see
move close to the equilibrium limit, marked by th
solid gray line in each graph. A similar transition
seen in the distributions for OH (right column), a
it is evident from these scatter data that the fla
position fluctuates widely within the stabilization r
gion fromz/d = 30 to at leastz/d = 40 and possibly
beyondz/d = 50. The temperature and OH resu
both show a relaxation of reacted samples tow
the equilibrium curves as we move downstream fr
z/d = 40 toz/d = 70. This reflects decreasing stra
and increasing residence time as downstream dist
increases. Note that there are a few temperature
points atz/d = 70 that correspond to mixing of am
bient air into the coflow. These events are clearly r
and are considered unimportant for the calculation
these lifted flames.

Corresponding results for temperature and
from the H2/N2 lifted flame[1] are shown inFig. 4.
Within their respective stabilization regions, bo
flames exhibit broadened distributions between
limits of pure mixing and full equilibrium, as do pre
vious Raman spectroscopy measurements in li
flames[21,22]. However, there are important diffe
ences between the CH4/air and H2/N2 cases. The
distributions of temperature andYOH in the methane
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Fig. 3. Distributions of instantaneous temperature and OH mole fraction at four axial stations in the lifted CH4/air flame.
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case (Fig. 3) are distinctly bimodal, with the vas
majority of temperature samples lying close to
mixing or equilibrium limits. For mixture fraction
conditions below 0.2 (lean and near stoichiomet
there are very few samples within the interior, p
tially reacted part of the distribution. In contrast,
z/d = 11 in the H2/N2 flame (Fig. 4) the measured
temperature samples are spread throughout the
tially reacted interior region of the distribution, ev
for fuel-lean conditions.

It is expected that some of the partially reac
samples are experimental artifacts resulting from s
tial averaging when the laser probe volume int
sects a thin, partially premixed reaction zone at
leading edge of the lifted flame. The probability
such events depends on the PDF of flame posit
the thickness of the reaction zone, and the size
the probe volume. In the case of the methane fla
there is evidence of reaction already atz/d = 30 and
there are still numerous samples on the pure m
ing line at z/d = 50. Hence, the lifted flame bas
fluctuates over a vertical distance of many times
nozzle diameter,d , and most measurement samp
are expected to miss the instantaneous flame b
The H2/N2 flame stabilizes much closer to the no
zle, with HH2/d ≈ 10 compared toHCH4/d ≈ 35.
The fluctuations in the flame liftoff height are propo
tionally smaller for the hydrogen flame. The transiti
from the pure mixing line to the fully burning con
dition takes only about 6 diameters in the hydrog
flame (8< z/d < 14). This corresponds to a high
probability that the transient reaction zone will i
tersect the probe volume. However, the distributio
of temperature andYOH at z/d = 11 in the H2/N2
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Fig. 4. Distributions of instantaneous temperature and OH mole fraction at four axial stations in the lifted H2/N2 flame[1].
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flame cannot be attributed to spatial averaging effe
if the reaction zone is thin. The absence of a bimo
distribution points to a distributed reaction zone or
toignition kernels or a combination of these pheno
ena, as discussed in our previous paper[1]. Autoigni-
tion may also be important in the lifted CH4/air, as
discussed below. Nonetheless, the qualitative dif
ences betweenFigs. 3 and 4suggest that there may b
differences in the structure and stabilization mec
nisms for these two flames. The differences canno
conclusively determined from the single-point me
surements alone, and future planar images of sca
and velocities would be useful in illuminating the n
ture of differences.
4. Combustion models

4.1. PDF model calculations

The flow field was computed using a standa
k–ε model suitable for parabolic flows[7]. The
joint-scalar PDF approach was used to model
turbulence–chemistry interactions. This approach
implemented in a parabolic marching scheme. C
sequently, there is no mechanism for upstream p
agation of a turbulent edge flame, and autoignit
is the only possible mechanism for flame stabili
tion within this calculation. Several mixing mode
were incorporated into the joint-scalar PDF appro
to model the lifted CH4/air jet flame under the bas
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condition described above. These mixing models
cluded the modified Curl mixing model[7], the Inter-
action by Exchange with the Mean[12], the Euclidean
Minimum Spanning Tree mixing model[11], and the
one-dimensional (1-D) mixing model[23] which re-
sembles the Linear Eddy model[24] without stirring.
In addition, the well-mixed reactor (Well-Mixed) i
also included to represent the limit of infinitely fa
mixing within each computational cell.

The radial distribution of velocity atz/d = 0 was
approximated as uniform in the coflow(r > d/2), and
as a fully developed turbulent pipe flow at the noz
exit (r � d/2). The initial temperature and compos
tion distributions were step functions across the n
zle inlet diameter ofd = 4.57 mm. Initial concentra
tions of the major species and OH in the coflow w
assigned the values measured atz/d = 1. The equi-
librium concentrations of minor species were us
for those species not measured. The equilibrium c
centrations are determined from the measured co
equivalence ratio and temperature listed inTable 1.

Other details of the numerical model are given
follows. The axial domain extended fromz/d = 0 to
80, while the radial domain grew asz/d increased.
A total of 70 grid cells was used in the radial doma
The Eulerian Monte Carlo PDF used 400 stocha
particles per grid cell. The local mixing frequen
was modeled by the ratio of turbulent time scale to
scalar mixing time with a model constant set initia
to the “standard” value of 2. For the present react
flows the model constant was adjusted for each m
ing model to achieve the best centerline distribut
of both the Favre average and the variance of the m
ture fraction. The resulting model constant value o
was found optimal for all mixing models except f
the EMST model, where a value of 2 was found
give the best agreement with the experimental res

There is little, if any, offset error in finding the lo
cation where light emerges from a flame front. T
peak of maximum heat release rate and the pea
light emitting species, such as CH, C2, or CO∗

2, are
within a millimeter of each other, which is sma
systematic error compared to our measurement.
concentrations of the C2H4 and C2H2 intermediate
species were used in combination to determine
flame liftoff height from the PDF calculations. Th
is based on the results from autoignition calculatio
showing that the time at peak heat release is brack
by the times at peaks of C2H4 and C2H2. The axial
locations where the mole fraction of C2H4 reached
100 ppm and C2H2 reached 2 ppm were recorded, a
the liftoff height was then estimated as the averag
the two axial values. This procedure is convenient
the two species are in the reduced chemistry descr
below) and yields good agreement between the c
putationally determined liftoff height, when using t
Fig. 5. Computed temperature (upper graph) versus eq
alence ratio for mixing (without reaction) of the fuel a
coflow. Comparison of computed ignition delays (low
graph) with different detailed mechanisms and the 12-
reduced chemistry.

modified Curl model, and the experimentally det
mined one for the base-case flame.

4.2. Combustion chemistry

The present work implemented a 12-step redu
chemical kinetic mechanism developed from
GRI1.2 mechanism for methane combustion[25] that
was optimized with various flame features inclu
ing autoignition delay times for very lean mixture
Due to the significance of autoignition in the pres
context, it is important to confirm that this reduc
mechanism accurately reproduces the ignition de
times predicted by the original detailed mechanis
The mixture temperatures resulting from pure mix
of the fuel jet and the vitiated coflow are presen
in the upper plot ofFig. 5 and show a decreasin
trend with equivalence ratio. The lower plot ofFig. 5
presents a comparison of predicted ignition del
with GRI1.2 and GRI3.0 mechanisms, the 12-s
reduced chemistry, and a high-temperature meth
mechanism by Warnatz[26]. Because ignition dela
depends strongly on temperature, the minimum
nition delay occurs in very lean mixtures. With bo



498 R. Cabra et al. / Combustion and Flame 143 (2005) 491–506

stry,
tio

tep
the
ha-
nd

he
ns
tric

ys
m-

se-
els
s
ach
ro-
ure,
ra-
m-

e
the
e
its
ass
h
re-
e,
-
al
ture
a-
d
by

tua-

c-
ese
mix-

to
of

lu-
ow
en
al-

ere
in

d-
s a
ar
ea-
s in
m-

rect
n-

the
ng
m-
the
-
de-
el.

p-
xed
is
lie
n

ing
s.
m

ve
e to
ta-

el
id
ed,
the
T
al-
ur

ent
dels
ns,
D

sus
ns
e-
,

left
ns
s-

st

ot-
GRI mechanisms and the 12-step reduced chemi
the minimum delay occurs at an equivalence ra
around 0.02, which corresponds to∼0.004 in mix-
ture fraction. The overall performance of the 12-s
chemistry is quite satisfactory. In comparison to
results from GRI mechanisms, the detailed mec
nism by Warnatz predicts shorter ignition delays a
the location of minimum delay is higher at 0.04. T
differences are about 20% at the minimum locatio
and as large as a factor of 2 near the stoichiome
condition. The sensitivity of predicted ignition dela
to chemistry model should be considered when co
paring model predictions with experimental data.

5. Evaluation of mixing models

PDF calculations were carried out for the ba
case condition using each of the five mixing mod
(M-Curl, IEM, EMST, 1-D, and Well-Mixed). Result
from these calculations are compared below with e
other and with experimental results for centerline p
files of selected scalars, scatter plots of temperat
and radial profiles of mixture fraction and tempe
ture, and conditional statistics (mean and rms) of te
perature and the mass fractionsYO2 andYOH.

5.1. Centerline profiles

Centerline profiles provide information on th
evolution of the flow that can be used to validate
PDF mixing models.Fig. 6 presents the centerlin
profiles of Favre-averaged mixture fraction and
fluctuation, temperature and its fluctuation, and m
fractions of O2 and OH. The figure includes bot
experimental and computational results. All model
sults predict a flow with two stages. The initial stag
up toz/d ∼ 25, involves mixing without reaction be
tween the fuel jet and the vitiated coflow. This initi
mixing stage is characterized by a slow tempera
rise with relatively low levels of temperature fluctu
tion and negligible OH mass fraction. This is followe
by a broad flame stabilization region characterized
a rapid temperature rise, larger temperature fluc
tions, and the rise ofYOH.

All model results produce the qualitative chara
teristics of the experimental centerline profiles. Th
include a moderate temperature increase due to
ing followed by a rapid temperature increase due
combustion; similar levels for the peak fluctuations
mixture fraction and temperature; slow oxygen di
tion in the central jet due to entrainment of the cofl
products, followed by rapid consumption of oxyg
due to combustion; and similar OH concentration v
ues downstream in the flame.
As noted earlier, the mixing model constants w
adjusted such that the predicted peak fluctuation
mixture fraction was about the same for all mo
els. Under this constraint, the EMST model give
slightly slow decay of mixture fraction in the ne
field, in comparison to other models and the m
surements, but it predicts reasonable fluctuation
mixture fraction and temperature. The predicted te
perature rise along the jet centerline gives an indi
indication of the flame liftoff height because the ce
terline temperature rise will occur downstream of
flame stabilization zone. Among the different mixi
models, the 1-D model predicts the centerline te
perature rise closest to the nozzle exit followed by
Well-Mixed model, the EMST, the IEM, and the M
Curl model. This trend seems to correlate with the
gree of randomness in mixing allowed in each mod
In turbulent flows, fluid samples with different pro
erties are brought together by convection and mi
via molecular diffusion. In the 1-D model mixing
achieved via diffusion between fluid parcels that
in close proximity to each other in mixture fractio
space. This local treatment tends to inhibit the mix
of parcels with substantially different composition
For particles that are near the condition of minimu
ignition delay, this localness in mixing could ser
extended residence times at conditions conduciv
autoignition, and this may result in the observed s
bilization relatively close to the nozzle.

In contrast to the 1-D model, the M-Curl mod
picks randomly pairs of particles to mix. Thus flu
samples with vastly different properties can be mix
and this apparently delays the stabilization of
flame by the process of autoignition. The EMS
model ensures that mixing takes place with the loc
ness property which may allow autoignition to occ
earlier than with the M-Curl model under the pres
flame conditions. For brevity and because the mo
are not commonly used in combustion calculatio
further details of the results from Well-Mixed and 1-
mixing models will not be presented.

5.2. Scatter plots of temperature versus mixture
fraction

The predicted scatter plots of temperature ver
mixture fraction obtained at different axial locatio
provide further metrics for model evaluation. R
sults from the remaining three mixing models (IEM
EMST, M-Curl) are contrasted inFig. 7. Results from
the IEM and EMST models are presented in the
and center columns, respectively, for axial locatio
z/d = 25, 30, 40, and 50. Distributions computed u
ing the M-Curl model are plotted in the right-mo
column for axial locationsz/d = 30, 40, 50, and
70. The choice of different axial stations to be pl
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ST),
Fig. 6. Comparison of centerline profiles of Favre-averaged temperature and species mass fractions. Numerica
sults: Modified Curl (M-Curl), Interaction by Exchange with the Mean (IEM), Euclidean Minimum Spanning Tree (EM
one-dimensional diffusion (1-D Mix), and the perfectly mixed cells (Well-Mixed). Experimental results (Exp).
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ted is due to the fact that the M-Curl model predi
a greater liftoff height. The locations are chosen
have similar states in terms of combustion progre
Also plotted are lines for adiabatic equilibrium a
for mixing without reaction.

The scatter plots of temperature versus mixt
fraction from the three PDF calculations are co
sistent with each model’s treatment of mixing. T
M-Curl model results exhibit a bimodal distributio
filled with some intermediate states as a result
the mixing of randomly selected pairings. The IE
model results are clustered around two bands with
points scattered in between. The points in the lo
band gradually react to reach the fully burnt temp
atures at the lower axial locations (z/d = 30 and 40).
Pure mixing at the lower locations is not well repr
sented by the IEM model. The EMST model resu
exhibit a low-variance distribution consistent with
model that is local in composition space. Since a s
liftoff height is predicted, the pure mixing on the fu
lean side atz/d = 25 is not captured. However, th
EMST model does reasonably predict flame bro
ening atz/d = 25. The broad distributions predicte
with the M-Curl and EMST mixing models are mo
consistent with the experimental results even tho
the scatter in the experimental results is due, in p
to experimental uncertainty.

5.3. Radial profiles and conditional statistics

Fig. 8 shows radial profiles of Favre-averag
mixture fraction and temperature from the measu
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Fig. 7. Scatter plots of temperature versus mixture fraction with increased axial distance for IEM and EMST model r
z/d = 25, 30, 40, 50, and for M-Curl model results atz/d = 30, 40, 50, and 70. Also plotted are adiabatic equilibrium val
(solid line) and nonreacting (dashed line; pure mixing) conditions. The vertical dotted line indicates the stoichiometric co
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ments and from PDF calculations using the modifi
Curl mixing model. The outer end of each measu
profile up toz/d = 50 reaches the undiluted coflo
condition and shows near-zero temperature fluc
tion. Thus, the experimental jet is isolated from t
ambient air by the hot coflow for a distance of at le
z/d = 50. The elevated temperature fluctuations
the outer edge of the temperature profile atz/d = 70
indicate some degree of mixing of ambient air. Ho
ever, as noted previously, the temperature scatter
from this streamwise location (Fig. 3) show only a
very small number of points that correspond to su
mixing. Thus, penetration of ambient air into the me
surement region is rare even atz/d = 70.

The radial profiles for temperature inFig. 8 in-
dicate no reaction in the first 30 diameters from
exit nozzle. Initially, mixing without reaction occur
between the vitiated coflow and fuel jet. It is not u
til z/d = 40 that we see a distinct increase in t
temperature fluctuations and a rise in the mean t
perature above the coflow condition. These meas
ments are consistent with visually observed lift
height being nearz/d = 35. Agreement between me
sured and modeled profiles of mixture fraction a
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erimental
Fig. 8. Radial profiles of Favre-averaged mixture fraction and temperature with increased axial distance. Plotted are exp
results (symbols) and PDF with M-Curl mixing results (lines).
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its fluctuation is reasonably good, although the mo
predicts somewhat broader profiles. The broader
dicted mixture fraction profiles correspond to an o
ward shift in the predicted peak temperature rela
to the measurements atz/d = 40 andz/d = 50. At
z/d = 70, the measured mean temperature and its
at the outer edge of the profile show the effects of m
ing with air since the mean temperature falls bel
that of coflow. Near the jet centerline, the rms v
ues predicted by the M-Curl mixing model are se
to exceed the data. The measured mean temper
reaches its maximum at the centerline (f̃ about 0.2)
and the corresponding scatter data show that the fl
is fully burning. Consequently,T ′′ is expected to be
lower than those at other locations. The M-Curl
sults still show some unburnt samples atz/d = 70
(Fig. 7), and hence the predictedT ′′ is higher than
data.

Results for the conditional ensemble average
rms fluctuation of temperature,YO2, and YOH are
shown inFigs. 9–11, where computations using th
M-Curl model (lines) are compared to the experim
(symbols). These conditional statistics are comp
mentary to the scatter plots (Figs. 3 and 7) in pro-
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Fig. 9. Evolution of the conditional ensemble average
rms fluctuation of temperature. Plotted are experimenta
sults (symbols) and PDF with M-Curl mixing results (line

viding insights on the scalar structure and evolut
the lifted CH4/air jet flame, as well as highlightin
the similarities and differences between measured
calculated results. Considering the conditional av
ages first (top figures inFigs. 9–11), it is apparent
that the PDF results for temperature andYO2 at very
lean conditions tend to follow a trajectory close to t
fully reacted (equilibrium) line before deviating an
cutting across the interior, partially reacted porti
of the domain. Recall from the discussion ofFig. 5
that the minimum ignition delay occurs in very le
mixtures nearf = 0.004. Therefore, flame stabiliza
tion within the calculation occurs by autoignition
these very lean samples followed by mixing a sub
quent reaction at other mixture fraction values. N
that this preference for reaction in very lean mixtu
is more obvious in the scatter plots for the IEM a
EMST calculations inFig. 7. From Fig. 3 we know
that the scatter data from measurements of lean s
ples atz/d = 30 in the flame stabilization region a
more obviously bimodal, with many lean samples
maining near the pure-mixing line. The correspond
conditional mean curve forz/d = 40 in Figs. 9–11
exhibits a broad peak with the fuel-lean portion be
roughly halfway between the mixing-only and ful
Fig. 10. Evolution of the conditional ensemble average
rms fluctuation of O2 mass fraction. Plotted are experime
tal results (symbols) and PDF with M-Curl mixing resu
(lines).

reacted limits. Farther downstream, atz/d = 50, the
majority of samples with fuel-lean mixture fraction
are close to the fully reacted curve. Generally,
conditional mean results from the PDF model are s
gestive of a process that begins at fuel-lean condit
and then extends toward stoichiometric and then f
rich conditions as streamwise distance increases.

With regard to the conditional fluctuations (botto
figures inFigs. 9–11) consider that maximum pos
sible rms levels for temperature andYO2 at a given
mixture fraction correspond to distributions that a
perfectly bimodal, with half the samples on the pu
mixing line and half on the equilibrium curve or, a
ternatively, a curve representing the reacted sam
at each downstream location. Lower rms values oc
when there is a distribution of partially reacted sa
ples in between these limits, and the conditional r
becomes small when all samples at a given mixt
fraction are either at the pure-mixing limit or near t
same reacted state. The measured conditional fluc
tions atz/d = 40 and 50 are roughly 450 K, while th
upper limit for a distribution between the mixing lin
and the reacted state is roughly 600 K. Based on
measured conditional means inFigs. 9–11, measure-
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Fig. 11. Evolution of the conditional ensemble average
rms fluctuation of OH mass fraction. Plotted are experim
tal results (symbols) and PDF with M-Curl mixing resu
(lines).

ments at the average liftoff height ofz/d = 35 should
yield conditional mean temperatures near the s
chiometric condition that are approximately halfw
between the mixing and the reacted state. Due to
strongly bimodal character of the measured sca
data, we would expect the corresponding conditio
rms temperature fluctuations to be even closer to
theoretical upper limit.

The conditional rms results from the PDF calc
lation show that the peaks in the fluctuations ofT

and YO2 are somewhat below the experimental
sults. This appears to be associated with the fact
the prediction shows a significant population of sca
states that have moved slightly away from the m
ing line (e.g., M-Curl results inFig. 7 at z/d = 40),
whereas the measurements show the comparable
ulation staying on the mixing line (within the expe
imental uncertainty). InFigs. 9 and 10the predicted
curves for fluctuations ofT andYO2 are also observe
to shift to larger mixture fraction values as we mo
downstream. This trend is consistent with a fla
stabilization process that begins at very lean con
tions, which correspond to the minimum ignition d
lay times, and then progresses toward richer mixtu
The experiment shows a similar trend for data fr
-

the stabilization region (z/d = 40 and z/d = 50).
However, the experimental trend ends beforez/d =
70 because the riches samples are already nea
fully reacted limit.

6. Liftoff height sensitivity

The sensitivity of the flame liftoff height to je
velocity, coflow velocity, and coflow temperatu
was examined by parametric variation, both co
putationally and experimentally. In the paramet
experiments the liftoff height was determined by d
ital imaging of the luminous flame base. The v
ated coflow temperature under different flow co
ditions was determined by thermocouple measu
ments. Computations were carried out using
M-Curl model, since it best predicted the base cas

As was shown inFigs. 3 and 7, all chemical ki-
netic activity occurs in regions of the flow with a lo
mixture fraction (f < 0.4) that are also associate
with lower velocities, lower turbulence intensitie
and higher temperatures. As such, the combus
processes of the lifted jet flame should be more s
sitive to coflow conditions than jet conditions. Th
is indeed the case shown inFigs. 12 and 13, where
the sensitivity of liftoff height to jet exit velocity an
coflow velocity is examined. It should be noted th
the two figures are based on the same dataset; in
case the liftoff height is plotted against one of the t
velocities (jet/coflow) using the other velocity as a p
rameter (coflow/jet). A comparison of the two figur
makes it apparent that the liftoff height is very sen
tive to the coflow velocity. The sensitivity of liftof
height to coflow velocity was also investigated
Dahm and Dibble[27], who considered lifted flame
in unheated air and developed a model predicting
strong sensitivity of flame blowoff to coflow velocit

Kalghatgi [28] proposed a liftoff height correla
tion in terms of the maximum laminar flame spe
coflow density, and jet properties including veloci
viscosity, and density:

(11)HK = 50

(
νjetVjet

S2
L,max

)(
ρjet

ρcoflow

)1.5
.

This correlation was developed using scaling ar
ments for the case of fuel jets into quiescent air (i
no coflow). Perhaps fortuitously, the correlation a
curately predicted the liftoff height for the H2/N2 jet
flame (HK/d = 11.4, Hexp/d ≈ 10) previously pre-
sented[1]. In contrast, the CH4/air results plotted in
Fig. 12a show large discrepancies between Kalgh
gi’s model and the experimental data.

The PDF model with the M-Curl mixing mode
predicts the approximately linear sensitivity of lifto
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ircle
e PDF with

ircle
e PDF with
Fig. 12. Sensitivity of CH4/air flame liftoff height to jet exit velocity, with coflow velocity as a parameter. The shaded c
represents the base-case liftoff height established by the unaided eye. Plotted are the experimental results (a) and th
M-Curl mixing results (b). The thick line shows the prediction from Kalghatgi’s correlation.

Fig. 13. Sensitivity of CH4/air flame liftoff height to coflow velocity, with jet exit velocity as a parameter. The shaded c
represents the base-case liftoff height established by the unaided eye. Plotted are the experimental results (a) and th
M-Curl mixing results (b). (The same data as inFig. 12are used here.)
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height to jet velocity reasonably well, as can be s
by comparing the slopes of the experimental and c
putational results inFig. 12. However, the model un
derpredicts the sensitivity of liftoff height to coflo
velocity, as can be seen inFig. 13, where the lines
showing the measured trend (Fig. 13a) have clearly
a steeper slope than the corresponding lines for
modeled trend (Fig. 13b). This underprediction ma
be due to assumptions inherent in thek–ε turbulence
model, mixing model, inlet conditions, or parabo
flow assumption, and further work will be required
identify the reasons for this difference between m
sured and modeled results.

The sensitivity of liftoff height to coflow scala
conditions was investigated by varying the equi
lence ratio of the premixed flames that form the
tiated coflow. Changing the equivalence ratio a
changes the concentrations of oxygen and radica
the coflow. However, since reaction rates are ex
nentially dependent on temperature, while they
only linearly dependent on composition, the comb
tion processes are most sensitive to temperature
shown inFig. 14, the sensitivity of liftoff height to
coflow temperature is strong and approximately
ear over the range of conditions considered. A
drop in coflow temperature (60 K) roughly doubl
the liftoff height. While the PDF method with M
Curl mixing model predicts this temperature sen
tivity relatively well, Kalghatgi’s model significantly
underpredicts the sensitivity to temperature. The P
modeling with well-mixed cells was also tested and
shown inFig. 14to do a reasonable job of predictin
the relative change in liftoff height (also nearly do
bling with a 60 K decrease), even though the lift
heights are themselves under predicted. The rea
able approximation by the fast and inexpensive w
mixed combustion model suggests that the sensiti
of liftoff height to temperature can be captured sim
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Fig. 14. Sensitivity of liftoff height to measured coflow tem
perature and equivalence ratio. The shaded circle repre
the base-case condition. Plotted are the experimental re
PDF with M-Curl mixing results, PDF with well-mixed cel
results, and Kalghatgi’s model. The bottom abscissas s
the variation inφ and oxygen level that resulted in the coflo
temperature variation.

by employing the proper chemical kinetics submod
Therefore, details of molecular mixing may not be i
portant in determining this sensitivity.

An important result from this parametric study
that PDF calculations using the modified-Curl m
ing model within a parabolic marching approac
which relies on autoignition for initial flame stab
lization, do a reasonably good job of predicting t
effects of changing coflow conditions on the me
sured liftoff height. This might be interpreted as
indication that autoignition is the controlling mech
nism for stabilization of these lifted flames in vitiate
coflow. However, there is other evidence to sugg
that turbulent edge flame propagation may be an
portant mechanism in the laboratory flame. Spec
cally, the computed scatter data for temperature s
that reaction is initiated in very lean mixtures (sho
est ignition delay) and progressively spreads to hig
mixture fractions. The experimental scatter data,
though limited with respect to the number of me
sured locations, do not show such a preference
reactivity at very lean reactions. The maximum p
mixed laminar flame speed for reactant conditio
along the mixing line is about 3.2 m/s and occurs
on the slightly lean side of the stoichiometric mixtu
fraction, and this may be sufficient to support sta
lization by edge flame propagation. Additional exp
iments beyond the present multiscalar point meas
ments are needed before we can fully understand
relative importance of autoignition and turbulent ed
flame propagation in stabilizing these lifted CH4/air
flames in vitiated coflow.

7. Conclusions

Experimental and numerical results on lift
flames in a hot (vitiated) coflow were present
Laser-based multiscalar point measurements prov
a detailed dataset for a base-case condition o
lifted CH4/air turbulent jet flame in a vitiated coflow
of H2/air combustion products. Complementing t
base case, a series of parametric experiments prov
information on sensitivity of the liftoff height to th
jet velocity, coflow velocity, and coflow temperatur
Probability density function combustion models, ea
employing a different molecular mixing submod
were tested for their capacity to capture the featu
of the base-case flame. Each of the mixing mod
modified Curl, Euclidean Minimum Spanning Tre
and IEM, yielded predictions of stable lifted flam
and reasonably predicted some qualitative feature
the base-case condition.

The behavior of the PDF combustion model w
M-Curl mixing model was further tested by compa
son with experimental results on the relative sens
ity of liftoff height to the jet velocity, coflow veloc
ity, and coflow temperature. The model predicted
sensitivity to jet velocity and coflow temperature re
sonably well. However, the sensitivity to the coflo
velocity was underpredicted. The liftoff height exhi
ited the highest sensitivity to coflow temperature.

In the evaluation of the PDF mixing models, t
most compelling argument in favor of the M-Curl a
EMST mixing models was the appearance of the s
tered data of temperature versus mixture fraction.
data showed an evolution from a pure mixing (non
acting) condition to a reacting condition. At the flam
base, the scatter data distribution was broad and
modal, consistent with a relatively thin turbulent r
action zone fluctuating around a laser probe volu
An important difference between modeled and m
sured results was that the scatter data from the P
calculations showed clear indications of a flame sta
lization process that initiates with autoignition in ve
lean mixtures, whereas the measurements do not s
any obvious indication that very lean samples re
first. Further work will be needed before firm conc
sions may be drawn regarding the relative importa
of autoignition and turbulent edge flame propagat
as stabilization mechanisms for these lifted flames

These methane flames exhibit characteristics
ferent from the previously reported H2/N2 lifted
flame, particularly with regard to the distributio
of scatter data for reactive scalars in the stabili
tion region. Calculations of both of these flames us
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models that allow for both autoignition and upstre
flame propagation should yield interesting insights
the flame stabilization mechanisms for fuel flows
jected into high-temperature environments.
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