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Abstract

The present vitiated coflow flame consists of a lifted jet flame formed by a fuel jet issuing from a central
nozzle into a large coaxial flow of hot combustion products from a lean premigérHlame. The fuel stream
consists of ClJ mixed with air. Detailed multiscalar point measurements from combined Raman—Rayleigh—LIF
experiments are obtained for a single base-case condition. The experimental data are presented and then compar
to numerical results from probability density function (PDF) calculations incorporating various mixing models.
The experimental results reveal broadened bimodal distributions of reactive scalars when the probe volume is
in the flame stabilization region. The bimodal distribution is attributed to fluctuation of the instantaneous lifted
flame position relative to the probe volume. The PDF calculation using the modified Curl mixing model predicts
well several but not all features of the instantaneous temperature and composition distributions, time-averaged
scalar profiles, and conditional statistics from the multiscalar experiments. A complementary series of parametric
experiments is used to determine the sensitivity of flame liftoff height to jet velocity, coflow velocity, and coflow
temperature. The liftoff height is found to be approximately linearly related to each parameter within the ranges
tested, and it is most sensitive to coflow temperature. The PDF model predictions for the corresponding conditions
show that the sensitivity of flame liftoff height to jet velocity and coflow temperature is reasonably captured, while
the sensitivity to coflow velocity is underpredicted.

0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction is a turbulent reacting flow within a hot environment
but with a simplified geometry. It consists of a fuel jet

In practical combustion systems hot combustion issuing into a coflow of hot combustion products from
products are often recirculated to enhance flame sta- a lean premixed flame. The coflow diameter is much
bility. Prediction of turbulent flames with complex  |arger than the central jet diameter. This large diam-
recirculating flows can be a significant challenge for - eter isolates the central fuel jet from ambient air for
current combustion models. The vitiated coflow flame 5 sufficiently long distance so that the computational
problem may be cast as a two-stream flow. There-

* Corresponding author. fore, the vitiated coflow burner allows detailed exper-
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Fig. 1. (a) Burner schematic and (b) luminosity image (negative) of a lifteg/@et flame in vitiated coflow.

mixing and flame stabilization for a fuel flow in hot
combustion products, while avoiding the additional
complexities of recirculating fluid dynamics found in
practical combustors or laboratory-scale swirl burn-
ers.

The present investigation of lifted GHair jet
flames is an extension of previous experimental and
computational work on a lifted $IN» jet flame in vi-
tiated coflow[1]. The H/N» and CHy/air flames were
selected to provide complementary experimental data
to be used for evaluation of combustion models, with
these methane cases following the kinetically sim-
pler hydrogen case. As discussedihand in recent
computational studies of thedN, case by Masri
et al. [2] and Goldin[3], the vitiated coflow intro-
duces autoignition as an additional possible mecha-
nism of lifted flame stabilization. The liftoff height,
which nominally corresponds to an average stabiliza-
tion position of the flame, is sensitive to several flow
and flame parameters, especially the coflow temper-
ature as illustrated by a recent numerical stidly
Therefore, the measured sensitivity of liftoff height to

selected parameters is a useful basis for evaluation of

combustion models, and this approach is used in the
present work to test the probability density function
(PDF) method of combustion modeling. Some fea-
tures of the scalar structure of theM, flame are
compared to those of the GFhir flame in the present
paper.

Within PDF methods the mixing submodel re-
mains an area in need of improvement (e.g., H6pe
and Fox[6]). Past studies have examined the perfor-
mance of available mixing models. For example, the

modified Curl (M-Curl) mixing model7] has per-
formed well for turbulent jet flames of4{8] and nat-
ural gag9], as well as the KN lifted flame in viti-
ated coflow[1,2]. Subramaniam and Pop0] found
that the Euclidean Minimum Spanning Tree (EMST)
model[11] outperformed the Interaction by Exchange
with the Mean (IEM) mode[11] for a flow with pe-
riodic reaction zones. Additionally, both the EMST
[13] and the M-Cur[14] mixing models successfully
predicted the piloted turbulent nonpremixed flames
reported by Barlow and Frarjk5]. The present study
compares the performance of several mixing models
in an environment that exhibits important similarities
to practical combustor designs, in that there is mixing
and flame stabilization of a turbulent fuel flow sur-
rounded by lean combustion products. The 4Gt

jet flame is modeled by the joint scalar PDF approach
using a series of mixing models, and experimental re-
sults are used to evaluate their relative performance.

2. Experimental methods

The vitiated coflow burner is shown schemati-
cally in Fig. la. The vitiated coflow was produced
using a perforated plate (brass, 210-mm diameter
and 12.7-mm thickness) as a premixed flame holder.
A flow blockage of 87% was achieved by drilling
2200 holes (1.58-mm diameter) through the plate.
Premixed H/air jet flames were stabilized on each
hole, and their products mixed to form the vitiated
coflow. An exit collar surrounded the coflow and
served as a barrier that delayed entrainment of ambi-



R. Cabra et al. / Combustion and Flame 143 (2005) 491-506 493

ent air into the coflow region. Water flowing through
a copper coil cooled the stainless-steel exit collar. The
main jet flowed from a stainless-steel tube (6.35 mm
0.d./4.57 mm i.d.), which extended 70 mm beyond
the perforated plate surface. As will be shown be-
low, measured profiles of temperature and species are
uniform across this hot coflow, and the flow field of
interest is unaffected by mixing with the ambient air.
This allows the flames to be treated computationally
as two-stream problems.

Multiscalar point measurements were performed
in the Turbulent Diffusion Flame (TDF) laboratory at
Sandia National Laboratories. Temperature and major

species concentrations were measured simultaneously Xno (ppm) -

in a single-point fashion, using a Raman—Rayleigh

scattering system. Two-photon laser-induced fluores-
cence (LIF) was used for the measurement of CO with
accuracy better than was obtainable from the Raman
technique. A separate LIF system was used for the de-
termination of OH radical mass fractions in the flame.

The spatial resolution of the combined measurements
was 0.75 mm, which corresponds to the length along

Table 1
Base-case conditions for the vitiated coflow burner

Hydrogen Methane

Jet Coflow Jet Coflow
Re 23,600 18,600 28,000 23,300
d (mm) 4,57 210 457 210
v (m/s) 107 35 100 5.4
T (K) 305 1,045 320 1,350
Xo, 0.0021 0.15 0.15 0.12
XN, 0.74 0.75 0.52 0.73
XH,0 0.0015 0.099 0.0029 0.15
XoH (ppm) <1 <1 <1 200
XH, 0.25 5x 1074 100 100

- <1 <1

XCH, - 0.33 0.0003
¢ - 0.25 - 0.4
fs 0.473 0.177

Conditions for both the hydrogen (previous w¢tk) and the
methane cases (present work) are list&d.mole fraction;
Re, Reynolds numben), diametery, equivalence ratiofs,
stoichiometric mixture fraction.

the laser axis that was imaged onto each detection sys- ever, it provides a consistent measure for evaluating

tem.

The separate pulsed laser systems were fired
within an interval of less than 1 ps. At the highest flow
velocity (~100 /s near the jet exit) this time interval
corresponds to a convective length scale of 100 pm.
Since this is small compared to the spatial resolution
of the multiscalar system, the combined measure-

ments can be considered instantaneous. The precision

and accuracy of the Raman—Rayleigh—LIF system is
determined via a series of measurements in flat cali-
bration flameg16]. The measurement precision was
determined from the standard deviations of these flat
flame measurements: temperature, 1%;3%; HO,

5%; CO, 6%; OH, 10%; and mixture fraction, 6%.
Detailed documentation of diagnostic methods, sys-
tem design, and system uncertainties may be found in
the literaturd15-19]

Visible chemiluminescence was used as the flame-
front indicator, and the liftoff height was measured
with a simple digital imaging system. A digital cam-
era (Sony MVC-FD85), with a 1.3 megapixel reso-
lution was mounted on a stand, and its spatial field of
view was calibrated with a target before and after each
set of experiments. A long exposure time (1 §'#2)
was necessary to capture the faint flame chemilumi-
nescence. For each flame condition 10 to 20 digital
images were averaged. An example of an averaged
image is shown irFig. 1b. The flame liftoff height
was determined as the lowest point where luminos-
ity from the flame was detected. This definition of
the flame position is expected to underestimate of the
average liftoff height and yield a result closer to the
upstream end of the flame stabilization region. How-

the sensitivity of liftoff height to changes in flow pa-
rameters.

3. Base-caseflame: CHy/air jet into vitiated
coflow

Multiscalar point measurements were obtained for
a single flame (base case), having a fuel jet mixture of
33% CH,; and 67% air, by volume. Use of air rather
than nitrogen makes a smaller flame and allows for
higher Reynolds number flows before blowing off the
flame. The bulk velocity of the fuel jet wajet =
100 nys. The coflow consisted of products from a
lean premixed H/air flame ¢ = 0.40) with a veloc-
ity of Viofiow = 5.4 m/s, which was determined from
measured flow rates and the equilibrium composition
at the measured coflow temperature. Details of exper-
imental conditions are listed ifable 1 The liftoff
height for the base-case condition wagd = 35,
determined visually. Measurements included a cen-
terline profile extending from/d =1 to z/d = 100
downstream of the nozzle exit and radial profiles at
several axial stationg(d = 1, 15, 30, 40, 50, and 70).
The radial extent covered by these profiles was from
—3 to 50 mm, with a typical spacing of 2 or 3 mm.
On average, 400 samples (laser shots) were collected
at each location.

The instantaneous temperature and composition
data were processed and the Favre averages and stan-
dard deviations were generated. For all comparisons,
the mixture fraction formulated by Bilger et 420]
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Fig. 2. Radial profiles of the Favre-averaged temperature andd@3s fraction at/d = 1 for the CHy/air jet flame into a vitiated

coflow. Error bars denote the measured standard deviations.

was used:

f=

2(Yc—Yc.2)/Mc+(YH—YH.2)/2Mu—(Yo—Y0,2)/Mo

2(Yca—Yc.2)/Mc+(Yu1—YH,2)/2Mi—(Yo1—Yo,2)/Mo ™

)
The elemental masse&{, and mass fractiong], of
carbon, hydrogen, and oxygen, along with the bound-
ary conditions established at the fuel (subscript 1) and
coflow (subscript 2) streams, determine the mixture
fraction. For the base-case conditions listedTax
ble 1, the stoichiometric mixture fraction wag =
0.17.

Two features of the experimental results serve to
simplify the computational problem for this flame.
First, radial profiles of temperature and oxygen mass
fraction atz/d = 1 (Fig. 2 exhibit uniform scalar
conditions in the jet and coflow, with fluctuation lev-

Each of the data ensembles plotted in these figures
was formed by combining single-point measurements
along the whole radial profile at each axial location.
This manner of presentation, namely scattered data
of a reactive scalar such as temperatiireagainst
mixture fraction f, examines the scalar structure of
the flame and provides a qualitative representation of
the joint distribution function of the selected scalars.
The experimental joint distributions &fig. 3 exhibit

a transition from a nonreacting flow (pure mixing)
to a reacting flow. Atz/d = 30, nearly all the in-
stantaneous temperatures (left column) lie along the
nonreacting solution, which is labeled as the dashed
“Pure Mixing” line in the figure. Far downstream
at z/d = 70, the measured temperatures are seen to
move close to the equilibrium limit, marked by the
solid gray line in each graph. A similar transition is
seen in the distributions for OH (right column), and

els comparable to the precision of the measurement it js evident from these scatter data that the flame

system. The radial profiles measured farther down-

position fluctuates widely within the stabilization re-

stream (and presented in a later section) demonstrate gion fromz/d = 30 to at least/d = 40 and possibly

that there is no mixing of ambient air into the region
of the developing jet until well downstream of the
flame stabilization region. This allows the flame to be

beyondz/d = 50. The temperature and OH results
both show a relaxation of reacted samples toward
the equilibrium curves as we move downstream from

modeled as a two-stream problem. Second, analysis z/d = 40 toz/d = 70. This reflects decreasing strain

of the single-shot multiscalar dataz/ = 40 and 50
confirmed that elemental mixture fractions based on

carbon and hydrogen are in close agreement, mean-

ing that differential diffusion effects are negligible in
this flame, and the computational assumption of unity
Lewis number is appropriate.

3.1. Comparison between CHy/air and Ho/No
vitiated coflow flames

Figs. 3 and 4present the scatter data from mea-

surements of temperature and OH mass fraction ob-

tained in the CH/air and H/N, flames[1], respec-
tively. The estimated Damkéhler numbers are or-
der of unity at the locations where flames stabilize.

and increasing residence time as downstream distance
increases. Note that there are a few temperature data
points atz/d = 70 that correspond to mixing of am-
bient air into the coflow. These events are clearly rare
and are considered unimportant for the calculation of
these lifted flames.

Corresponding results for temperature and OH
from the H/N> lifted flame[1] are shown irFig. 4.
Within their respective stabilization regions, both
flames exhibit broadened distributions between the
limits of pure mixing and full equilibrium, as do pre-
vious Raman spectroscopy measurements in lifted
flames[21,22] However, there are important differ-
ences between the GFKiir and H/N> cases. The
distributions of temperature aripy in the methane
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Fig. 3. Distributions of instantaneous temperature and OH mole fraction at four axial stations in the liffkzdr@&ime.

case Fig. 3 are distinctly bimodal, with the vast
majority of temperature samples lying close to the
mixing or equilibrium limits. For mixture fraction
conditions below 0.2 (lean and near stoichiometric)
there are very few samples within the interior, par-
tially reacted part of the distribution. In contrast, at
z/d = 11 in the H/N» flame §ig. 4) the measured

the probe volume. In the case of the methane flame
there is evidence of reaction already; @l = 30 and
there are still numerous samples on the pure mix-
ing line atz/d = 50. Hence, the lifted flame base
fluctuates over a vertical distance of many times the
nozzle diameterd, and most measurement samples
are expected to miss the instantaneous flame base.

temperature samples are spread throughout the par-The Hy/N> flame stabilizes much closer to the noz-

tially reacted interior region of the distribution, even
for fuel-lean conditions.
It is expected that some of the partially reacted

zle, with Hy,/d ~ 10 compared taHcp,/d ~ 35.
The fluctuations in the flame liftoff height are propor-
tionally smaller for the hydrogen flame. The transition

samples are experimental artifacts resulting from spa- from the pure mixing line to the fully burning con-

tial averaging when the laser probe volume inter-

dition takes only about 6 diameters in the hydrogen

sects a thin, partially premixed reaction zone at the flame (8< z/d < 14). This corresponds to a higher

leading edge of the lifted flame. The probability of

probability that the transient reaction zone will in-

such events depends on the PDF of flame position, tersect the probe volume. However, the distributions
the thickness of the reaction zone, and the size of of temperature andpgy at z/d = 11 in the /N2>



496 R. Cabra et al. / Combustion and Flame 143 (2005) 491-506

T (K) o Xon (109) | [ smerm

Stoichiometric

1400

1200
1000}
800
600

400

— Equilibrium
- a=100s'

— a=5,000¢'
-= a=12,000s'
Pure Mixing
‘‘‘‘‘ Stoichiometric

1600

1400

1200 88

1000

800

600

400

—— Equilibrium
==+ Pure Mixing
....... Stoichiometric

1600

1400

1200

1000

800

600

400

— Equilibrium
==+ Pure Mixing
------- Stoichiometric

1600

1400

1200
1000
800

600

400

0 02 04 06 08 1 0 0.2 04 06 08 1
f f

Fig. 4. Distributions of instantaneous temperature and OH mole fraction at four axial stations in the Jiftedfldme|[1].

flame cannot be attributed to spatial averaging effects 4. Combustion models
if the reaction zone is thin. The absence of a bimodal .
distribution points to a distributed reaction zone or au- 4.1. PDF model calculations

toignition kernels or a combination of these phenom- The flow field was computed using a standard
ena, as discussed in our previous pdfgrAutoigni- k—e model suitable for parabolic flow§7]. The
tion may also be important in the lifted GFir, as joint-scalar PDF approach was used to model the

discussed below. Nonetheless, the qualitative differ- turbulence—chemistry interactions. This approach was
ences betweeRigs. 3 and 4uggest that there may be  implemented in a parabolic marching scheme. Con-
differences in the structure and stabilization mecha- sequently, there is no mechanism for upstream prop-
nisms for these two flames. The differences cannot be agation of a turbulent edge flame, and autoignition
conclusively determined from the single-point mea- is the only possible mechanism for flame stabiliza-
surements alone, and future planar images of scalars tion within this calculation. Several mixing models

and velocities would be useful in illuminating the na-  were incorporated into the joint-scalar PDF approach
ture of differences. to model the lifted CH/air jet flame under the base
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. . L . 14 sl
condition described above. These mixing models in- 00

cluded the modified Curl mixing modgf], the Inter-
action by Exchange with the Me§t?], the Euclidean
Minimum Spanning Tree mixing modgl1], and the
one-dimensional (1-D) mixing mod&3] which re-
sembles the Linear Eddy mod@K] without stirring.

In addition, the well-mixed reactor (Well-Mixed) is
also included to represent the limit of infinitely fast
mixing within each computational cell. :

The radial distribution of velocity at/d = 0 was 11%0_0001' o001 ool o4 4
approximated as uniform in the coflaw > d/2), and
as a fully developed turbulent pipe flow at the nozzle Equivalence Ratio
exit (r < d/2). The initial temperature and composi-
tion distributions were step functions across the noz- R e
zle inlet diameter off = 4.57 mm. Initial concentra- i| - Yamatz98
tions of the major species and OH in the coflow were ] GAl12
assigned the values measured &f = 1. The equi-
librium concentrations of minor species were used
for those species not measured. The equilibrium con-
centrations are determined from the measured coflow
equivalence ratio and temperature listedable 1

Other details of the numerical model are given as 1
follows. The axial domain extended frogiid = 0 to 0.001 A——r e
80, while the radial domain grew agd increased. 0.0001  0.001 0.01 01 1
A total of 70 grid cells was used in the radial domain.
The Eulerian Monte Carlo PDF used 400 stochastic
particles per grid cell. The local mixing frequency Fig. 5. Computed temperature (upper graph) versus equiv-
was modeled by the ratio of turbulent time scale to the alence ratio for mixing (without reaction) of the fuel and
scalar mixing time with a model constant set initially ~ coflow. Comparison of computed ignition delays (lower
to the “standard” value of 2. For the present reacting graph) with different detailed mechanisms and the 12-step
flows the model constant was adjusted for each mix- "educed chemistry.
ing model to achieve the best centerline distribution
of both the Favre average and the variance of the mix- modified Curl model, and the experimentally deter-
ture fraction. The resulting model constant value of 3 mined one for the base-case flame.
was found optimal for all mixing models except for
the EMST model, where a value of 2 was found to 4.2. Combustion chemistry
give the best agreement with the experimental results.

There is little, if any, offset error in finding the lo- The present work implemented a 12-step reduced
cation where light emerges from a flame front. The chemical kinetic mechanism developed from the
peak of maximum heat release rate and the peak of GRI1.2 mechanism for methane combusti2s] that
light emitting species, such as CHpQor CG5, are was optimized with various flame features includ-
within a millimeter of each other, which is small ing autoignition delay times for very lean mixtures.
systematic error compared to our measurement. The Due to the significance of autoignition in the present
concentrations of the £H4 and GH> intermediate context, it is important to confirm that this reduced
species were used in combination to determine the mechanism accurately reproduces the ignition delay
flame liftoff height from the PDF calculations. This  times predicted by the original detailed mechanism.
is based on the results from autoignition calculations The mixture temperatures resulting from pure mixing
showing that the time at peak heat release is bracketed of the fuel jet and the vitiated coflow are presented
by the times at peaks of €14 and GH». The axial in the upper plot ofFig. 5 and show a decreasing
locations where the mole fraction of,8,4 reached trend with equivalence ratio. The lower plotieiy. 5
100 ppm and gH» reached 2 ppm were recorded, and presents a comparison of predicted ignition delays
the liftoff height was then estimated as the average of with GRI1.2 and GRI3.0 mechanisms, the 12-step
the two axial values. This procedure is convenient (as reduced chemistry, and a high-temperature methane
the two species are in the reduced chemistry described mechanism by Warnati26]. Because ignition delay
below) and yields good agreement between the com- depends strongly on temperature, the minimum ig-
putationally determined liftoff height, when using the  nition delay occurs in very lean mixtures. With both

1300 r

1200+ N

Mixture Temperature [K]

o 12-step

0.14

Ignition Delay [s]

0.013

Equivalence Ratio
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GRI mechanisms and the 12-step reduced chemistry,

the minimum delay occurs at an equivalence ratio
around 0.02, which corresponds te0.004 in mix-
ture fraction. The overall performance of the 12-step
chemistry is quite satisfactory. In comparison to the
results from GRI mechanisms, the detailed mecha-
nism by Warnatz predicts shorter ignition delays and
the location of minimum delay is higher at 0.04. The
differences are about 20% at the minimum locations
and as large as a factor of 2 near the stoichiometric
condition. The sensitivity of predicted ignition delays
to chemistry model should be considered when com-
paring model predictions with experimental data.

5. Evaluation of mixing models

PDF calculations were carried out for the base-
case condition using each of the five mixing models
(M-Curl, IEM, EMST, 1-D, and Well-Mixed). Results
from these calculations are compared below with each
other and with experimental results for centerline pro-
files of selected scalars, scatter plots of temperature,
and radial profiles of mixture fraction and tempera-
ture, and conditional statistics (mean and rms) of tem-
perature and the mass fractions, andYop.

5.1. Centerline profiles

Centerline profiles provide information on the
evolution of the flow that can be used to validate the
PDF mixing modelsFig. 6 presents the centerline
profiles of Favre-averaged mixture fraction and its
fluctuation, temperature and its fluctuation, and mass
fractions of @ and OH. The figure includes both
experimental and computational results. All model re-
sults predict a flow with two stages. The initial stage,
up toz/d ~ 25, involves mixing without reaction be-
tween the fuel jet and the vitiated coflow. This initial
mixing stage is characterized by a slow temperature
rise with relatively low levels of temperature fluctua-
tion and negligible OH mass fraction. This is followed
by a broad flame stabilization region characterized by
a rapid temperature rise, larger temperature fluctua-
tions, and the rise ofpn.

All model results produce the qualitative charac-
teristics of the experimental centerline profiles. These
include a moderate temperature increase due to mix-
ing followed by a rapid temperature increase due to
combustion; similar levels for the peak fluctuations of
mixture fraction and temperature; slow oxygen dilu-
tion in the central jet due to entrainment of the coflow
products, followed by rapid consumption of oxygen
due to combustion; and similar OH concentration val-
ues downstream in the flame.

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

As noted earlier, the mixing model constants were
adjusted such that the predicted peak fluctuation in
mixture fraction was about the same for all mod-
els. Under this constraint, the EMST model gives a
slightly slow decay of mixture fraction in the near
field, in comparison to other models and the mea-
surements, but it predicts reasonable fluctuations in
mixture fraction and temperature. The predicted tem-
perature rise along the jet centerline gives an indirect
indication of the flame liftoff height because the cen-
terline temperature rise will occur downstream of the
flame stabilization zone. Among the different mixing
models, the 1-D model predicts the centerline tem-
perature rise closest to the nozzle exit followed by the
Well-Mixed model, the EMST, the IEM, and the M-
Curl model. This trend seems to correlate with the de-
gree of randomness in mixing allowed in each model.
In turbulent flows, fluid samples with different prop-
erties are brought together by convection and mixed
via molecular diffusion. In the 1-D model mixing is
achieved via diffusion between fluid parcels that lie
in close proximity to each other in mixture fraction
space. This local treatment tends to inhibit the mixing
of parcels with substantially different compositions.
For particles that are near the condition of minimum
ignition delay, this localness in mixing could serve
extended residence times at conditions conducive to
autoignition, and this may result in the observed sta-
bilization relatively close to the nozzle.

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

5.2. Scatter plots of temperature versus mixture
fraction

The predicted scatter plots of temperature versus
mixture fraction obtained at different axial locations
provide further metrics for model evaluation. Re-
sults from the remaining three mixing models (IEM,
EMST, M-Curl) are contrasted iRig. 7. Results from
the IEM and EMST models are presented in the left
and center columns, respectively, for axial locations
z/d = 25, 30, 40, and 50. Distributions computed us-
ing the M-Curl model are plotted in the right-most
column for axial locations;/d = 30, 40, 50, and
70. The choice of different axial stations to be plot-
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one-dimensional diffusion (1-D Mix), and the perfectly mixed cells (Well-Mixed). Experimental results (Exp).

ted is due to the fact that the M-Curl model predicts
a greater liftoff height. The locations are chosen to
have similar states in terms of combustion progress.
Also plotted are lines for adiabatic equilibrium and
for mixing without reaction.

The scatter plots of temperature versus mixture
fraction from the three PDF calculations are con-
sistent with each model's treatment of mixing. The
M-Curl model results exhibit a bimodal distribution
filled with some intermediate states as a result of
the mixing of randomly selected pairings. The IEM
model results are clustered around two bands with few
points scattered in between. The points in the lower
band gradually react to reach the fully burnt temper-
atures at the lower axial locations/¢ = 30 and 40).
Pure mixing at the lower locations is not well repre-

sented by the IEM model. The EMST model results
exhibit a low-variance distribution consistent with a
model that is local in composition space. Since a short
liftoff height is predicted, the pure mixing on the fuel
lean side at/d = 25 is not captured. However, the
EMST model does reasonably predict flame broad-
ening atz/d = 25. The broad distributions predicted
with the M-Curl and EMST mixing models are most
consistent with the experimental results even though
the scatter in the experimental results is due, in part,
to experimental uncertainty.

5.3. Radial profiles and conditional statistics

Fig. 8 shows radial profiles of Favre-averaged
mixture fraction and temperature from the measure-
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(solid line) and nonreacting (dashed line; pure mixing) conditions. The vertical dotted line indicates the stoichiometric condition.

ments and from PDF calculations using the modified mixing. Thus, penetration of ambient air into the mea-
Curl mixing model. The outer end of each measured surement region is rare evenzl = 70.

profile up toz/d = 50 reaches the undiluted coflow The radial profiles for temperature Fig. 8 in-
condition and shows near-zero temperature fluctua- dicate no reaction in the first 30 diameters from the
tion. Thus, the experimental jet is isolated from the exit nozzle. Initially, mixing without reaction occurs
ambient air by the hot coflow for a distance of at least between the vitiated coflow and fuel jet. It is not un-
z/d = 50. The elevated temperature fluctuations at til z/d = 40 that we see a distinct increase in the
the outer edge of the temperature profile a4t = 70 temperature fluctuations and a rise in the mean tem-
indicate some degree of mixing of ambient air. How- perature above the coflow condition. These measure-
ever, as noted previously, the temperature scatter dataments are consistent with visually observed liftoff
from this streamwise locatiorF{g. 3) show only a height being near/d = 35. Agreement between mea-
very small number of points that correspond to such sured and modeled profiles of mixture fraction and
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Plotted are experimental

its fluctuation is reasonably good, although the model and the corresponding scatter data show that the flame
predicts somewhat broader profiles. The broader pre- is fully burning. Consequentlyf’” is expected to be

dicted mixture fraction profiles correspond to an out-

lower than those at other locations. The M-Curl re-

ward shift in the predicted peak temperature relative sults still show some unburnt sampleszdt/ = 70
(Fig. 7), and hence the predicted’ is higher than

to the measurements atd = 40 andz/d = 50. At
z/d =70, the measured mean temperature and its rms data.
at the outer edge of the profile show the effects of mix-

Results for the conditional ensemble average and

ing with air since the mean temperature falls below rms fluctuation of temperaturejo,, and Yo are

that of coflow. Near the jet centerline, the rms val-

shown inFigs. 9—11 where computations using the

ues predicted by the M-Curl mixing model are seen M-Curl model (lines) are compared to the experiment
to exceed the data. The measured mean temperature(symbols). These conditional statistics are comple-
mentary to the scatter plot&i¢s. 3 and Y in pro-

reaches its maximum at the centerliné gbout 0.2)
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Fig. 9. Evolution of the conditional ensemble average and Fig. 10. Evolution of the conditional ensemble average and
rms fluctuation of temperature. Plotted are experimental re- rms fluctuation of @ mass fraction. Plotted are experimen-
sults (symbols) and PDF with M-Curl mixing results (lines).  tal results (symbols) and PDF with M-Curl mixing results
(lines).
viding insights on the scalar structure and evolution
the lifted CHy/air jet flame, as well as highlighting  reacted limits. Farther downstream,zgt/ = 50, the
the similarities and differences between measured and majority of samples with fuel-lean mixture fractions
calculated results. Considering the conditional aver- are close to the fully reacted curve. Generally, the
ages first (top figures ifrigs. 9-1), it is apparent conditional mean results from the PDF model are sug-
that the PDF results for temperature aingl, at very gestive of a process that begins at fuel-lean conditions
lean conditions tend to follow a trajectory close to the and then extends toward stoichiometric and then fuel-
fully reacted (equilibrium) line before deviating and rich conditions as streamwise distance increases.
cutting across the interior, partially reacted portion With regard to the conditional fluctuations (bottom
of the domain. Recall from the discussion Fify. 5 figures inFigs. 9—1) consider that maximum pos-
that the minimum ignition delay occurs in very lean sible rms levels for temperature ang, at a given
mixtures nearf = 0.004. Therefore, flame stabiliza-  mixture fraction correspond to distributions that are
tion within the calculation occurs by autoignition of  perfectly bimodal, with half the samples on the pure
these very lean samples followed by mixing a subse- mixing line and half on the equilibrium curve or, al-
quent reaction at other mixture fraction values. Note ternatively, a curve representing the reacted samples
that this preference for reaction in very lean mixtures at each downstream location. Lower rms values occur
is more obvious in the scatter plots for the IEM and when there is a distribution of partially reacted sam-
EMST calculations irFig. 7. From Fig. 3 we know ples in between these limits, and the conditional rms
that the scatter data from measurements of lean sam- becomes small when all samples at a given mixture
ples atz/d = 30 in the flame stabilization region are  fraction are either at the pure-mixing limit or near the
more obviously bimodal, with many lean samples re- same reacted state. The measured conditional fluctua-
maining near the pure-mixing line. The corresponding tions atz/d = 40 and 50 are roughly 450 K, while the
conditional mean curve fof/d = 40 in Figs. 9-11 upper limit for a distribution between the mixing line
exhibits a broad peak with the fuel-lean portion being and the reacted state is roughly 600 K. Based on the
roughly halfway between the mixing-only and fully = measured conditional meanskigs. 9-11 measure-
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rms fluctuation of OH mass fraction. Plotted are experimen-
tal results (symbols) and PDF with M-Curl mixing results
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ments at the average liftoff height ofd = 35 should
yield conditional mean temperatures near the stoi-
chiometric condition that are approximately halfway
between the mixing and the reacted state. Due to the
strongly bimodal character of the measured scatter
data, we would expect the corresponding conditional
rms temperature fluctuations to be even closer to the
theoretical upper limit.

The conditional rms results from the PDF calcu-
lation show that the peaks in the fluctuations 7of
and Yo, are somewhat below the experimental re-

sults. This appears to be associated with the fact that

the prediction shows a significant population of scalar
states that have moved slightly away from the mix-
ing line (e.g., M-Curl results ifrig. 7 at z/d = 40),
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the stabilization regionz(d = 40 andz/d = 50).
However, the experimental trend ends beford =

70 because the riches samples are already near the
fully reacted limit.

6. Liftoff height sensitivity

The sensitivity of the flame liftoff height to jet
velocity, coflow velocity, and coflow temperature
was examined by parametric variation, both com-
putationally and experimentally. In the parametric
experiments the liftoff height was determined by dig-
ital imaging of the luminous flame base. The viti-
ated coflow temperature under different flow con-
ditions was determined by thermocouple measure-
ments. Computations were carried out using the
M-Curl model, since it best predicted the base case.

As was shown irFigs. 3 and 7 all chemical ki-
netic activity occurs in regions of the flow with a low
mixture fraction (f < 0.4) that are also associated
with lower velocities, lower turbulence intensities,
and higher temperatures. As such, the combustion
processes of the lifted jet flame should be more sen-
sitive to coflow conditions than jet conditions. This
is indeed the case shown Figs. 12 and 13where
the sensitivity of liftoff height to jet exit velocity and
coflow velocity is examined. It should be noted that
the two figures are based on the same dataset; in each
case the liftoff height is plotted against one of the two
velocities (jet/coflow) using the other velocity as a pa-
rameter (coflow/jet). A comparison of the two figures
makes it apparent that the liftoff height is very sensi-
tive to the coflow velocity. The sensitivity of liftoff
height to coflow velocity was also investigated by
Dahm and Dibbld27], who considered lifted flames
in unheated air and developed a model predicting the
strong sensitivity of flame blowoff to coflow velocity.

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

Vjethet>( Pjet )1'5
52 Pcoflow

L,max

Hy = 50( (11)

whereas the measurements show the comparable pop-This correlation was developed using scaling argu-

ulation staying on the mixing line (within the exper-
imental uncertainty). IiFigs. 9 and 1Qahe predicted
curves for fluctuations df andYp, are also observed

to shift to larger mixture fraction values as we move
downstream. This trend is consistent with a flame
stabilization process that begins at very lean condi-
tions, which correspond to the minimum ignition de-
lay times, and then progresses toward richer mixtures.
The experiment shows a similar trend for data from

ments for the case of fuel jets into quiescent air (i.e.,
no coflow). Perhaps fortuitously, the correlation ac-
curately predicted the liftoff height for thedN» jet
flame Hg /d = 11.4, Hexp/d ~ 10) previously pre-
sented1]. In contrast, the Clfair results plotted in
Fig. 12a show large discrepancies between Kalghat-
gi’'s model and the experimental data.

The PDF model with the M-Curl mixing model
predicts the approximately linear sensitivity of liftoff
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Fig. 13. Sensitivity of Clj/air flame liftoff height to coflow velocity, with jet exit velocity as a parameter. The shaded circle

represents the base-case liftoff height established by the unaided eye. Plotted are the experimental results (a) and the PDF with

M-Curl mixing results (b). (The same data adHig. 12are used here.)

height to jet velocity reasonably well, as can be seen
by comparing the slopes of the experimental and com-
putational results ifrig. 12 However, the model un-
derpredicts the sensitivity of liftoff height to coflow
velocity, as can be seen ig. 13 where the lines
showing the measured trenflig. 13) have clearly

a steeper slope than the corresponding lines for the
modeled trendKig. 13). This underprediction may
be due to assumptions inherent in e turbulence
model, mixing model, inlet conditions, or parabolic
flow assumption, and further work will be required to
identify the reasons for this difference between mea-
sured and modeled results.

The sensitivity of liftoff height to coflow scalar
conditions was investigated by varying the equiva-
lence ratio of the premixed flames that form the vi-
tiated coflow. Changing the equivalence ratio also
changes the concentrations of oxygen and radicals in
the coflow. However, since reaction rates are expo-

nentially dependent on temperature, while they are
only linearly dependent on composition, the combus-
tion processes are most sensitive to temperature. As
shown inFig. 14 the sensitivity of liftoff height to
coflow temperature is strong and approximately lin-
ear over the range of conditions considered. A 5%
drop in coflow temperature (60 K) roughly doubles
the liftoff height. While the PDF method with M-
Curl mixing model predicts this temperature sensi-
tivity relatively well, Kalghatgi’s model significantly
underpredicts the sensitivity to temperature. The PDF
modeling with well-mixed cells was also tested and is
shown inFig. 14to do a reasonable job of predicting
the relative change in liftoff height (also nearly dou-
bling with a 60 K decrease), even though the liftoff
heights are themselves under predicted. The reason-
able approximation by the fast and inexpensive well-
mixed combustion model suggests that the sensitivity
of liftoff height to temperature can be captured simply
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flame propagation in stabilizing these lifted @/Hir
flames in vitiated coflow.

7. Conclusions

Experimental and numerical results on lifted
flames in a hot (vitiated) coflow were presented.
Laser-based multiscalar point measurements provided
a detailed dataset for a base-case condition of a
lifted CHy/air turbulent jet flame in a vitiated coflow
of Ha/air combustion products. Complementing this
base case, a series of parametric experiments provided
information on sensitivity of the liftoff height to the
jet velocity, coflow velocity, and coflow temperature.
Probability density function combustion models, each
employing a different molecular mixing submodel,
were tested for their capacity to capture the features
of the base-case flame. Each of the mixing models,

perature and equivalence ratio. The shaded circle represents modified Curl, Euclidean Minimum Spanning Tree,

the base-case condition. Plotted are the experimental results,

PDF with M-Curl mixing results, PDF with well-mixed cells
results, and Kalghatgi's model. The bottom abscissas show
the variation inp and oxygen level that resulted in the coflow
temperature variation.

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

An important result from this parametric study is
that PDF calculations using the modified-Curl mix-
ing model within a parabolic marching approach,
which relies on autoignition for initial flame stabi-
lization, do a reasonably good job of predicting the
effects of changing coflow conditions on the mea-
sured liftoff height. This might be interpreted as an
indication that autoignition is the controlling mecha-
nism for stabilization of these lifted flames in vitiated
coflow. However, there is other evidence to suggest
that turbulent edge flame propagation may be an im-
portant mechanism in the laboratory flame. Specifi-
cally, the computed scatter data for temperature show
that reaction is initiated in very lean mixtures (short-
estignition delay) and progressively spreads to higher
mixture fractions. The experimental scatter data, al-
though limited with respect to the number of mea-
sured locations, do not show such a preference for
reactivity at very lean reactions. The maximum pre-
mixed laminar flame speed for reactant conditions
along the mixing line is about 3.2 fa and occurs
on the slightly lean side of the stoichiometric mixture
fraction, and this may be sufficient to support stabi-
lization by edge flame propagation. Additional exper-
iments beyond the present multiscalar point measure-

and |IEM, yielded predictions of stable lifted flames
and reasonably predicted some qualitative features of
the base-case condition.

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

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

These methane flames exhibit characteristics dif-
ferent from the previously reported oHN» lifted
flame, particularly with regard to the distributions

ments are needed before we can fully understand the of scatter data for reactive scalars in the stabiliza-

relative importance of autoignition and turbulent edge

tion region. Calculations of both of these flames using
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models that allow for both autoignition and upstream
flame propagation should yield interesting insights on
the flame stabilization mechanisms for fuel flows in-
jected into high-temperature environments.
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