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Abstract

An experimental and computational investigation on the liftoff characteristics of laminar partially premixed
flames (PPFs) under normal (1-g) and microgravity (H-g) conditions is presented. Lifted methane—air PPFs were
established in axisymmetric coflowing jets using nitrogen dilution and various levels of partial premixing. The
H-g experiments were conducted in the 2.2-s drop tower at the NASA Glenn Research Center. A time-accurate,
implicit algorithm that uses a detailed description of the chemistry and includes radiation effects is used for the
simulations. The predictions are validated through a comparison of the flame reaction zone topologies, liftoff
heights, lengths, and oscillation frequencies. The effects of equivalence ratio, gravity, jet velocity, and radiation on
flame topology, liftoff height, flame length, base structure, and oscillation frequency are characterized. Both the
simulations and measurements indicate that under identical conditions, a lifted p-g PPF is stabilized closer to the
burner compared with the 1-g flame, and that the liftoff heights of both 1-g and p-g flames decrease with increasing
equivalence ratio and approach their respective nonpremixed flame limits. The liftoff height also increases as the
jet velocity is increased. In addition, the flame base structure transitions from a triple- to a double-flame structure
as the flame liftoff height decreases. A modified flame index is developed to distinguish between the rich premixed,
lean premixed, and nonpremixed reaction zones near the flame base. The 1-g lifted flames exhibit well-organizec
oscillations due to buoyancy-induced instability, while the corresponding p-g flames exhibit steady-state behavior.
The effect of thermal radiation is to slightly decrease the liftoff heights of both 1-g and p-g flames under coflow
conditions.
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1. Introduction

Partially premixed flames (PPFs) are established
by flowing a fuel-rich gas stream adjacent to a fuel-
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characterized for a variety of configurations, the be-
havior of lifted flames prior to their blowout under
microgravity (4-g) conditions is not yet fully known.
Consequently, it is important to investigate the effect

lean stream. The associated concentration gradients of gravity on the liftoff characteristics of PPFs due to

support flames with multiple reaction zones. In gen-
eral, a rich premixed flame is established in the fuel-
rich zone, and a nonpremixed flame, outside of this
region. Often a lean premixed flame is also estab-
lished in the fuel-lean region. Then, the nonpremixed
flame is located between the rich and lean premixed

fire safety considerations in space.

Flame stabilization and liftoff are complex pro-
cesses involving transport, partial premixing, ignition,
and extinction. Peters and Williarfie0] and Pittd11]
have provided reviews on theories of turbulent dif-
fusion flame stabilization. Lifted flames in laminar

flames. PPFs can be described as hybrid flames with nonpremixed jets have been extensively investigated

the characteristics of both nonpremixed and premixed
flames. Consequently, using partial premixing, one
can exploit the advantages of both nonpremixed and
premixed flames with respect to safety, emissions
control, and flame stabilityl,2]. A detailed under-

standing of the structure of PPFs is important from
both practical and scientific considerations. These
flames occur in numerous combustion systems in-
cluding gas-fired domestic burners and industrial fur-

naces, as well as in spray combustion systems, such as

gas turbineg3] and diesel engineig], in which the
vaporization of smaller droplets and/or poor mixing
lead to locally fuel vapor-rich regiori§]. It is impor-
tant therefore to gain a fundamental understanding of
the structure and liftoff characteristics of PPFs.
Partially premixed combustion is also important
in space applications, particularly due to fire safety
consideration§6,7]. Previous studies have shown that
the structure of PPFs can be modified significantly by
changing the level of partial premixing and buoyancy
[8,9]. As fires represent uncontrolled combustion, it
is difficult to categorize them in terms of premixed
or nonpremixed flames. There is good likelihood that
fires can originate in partially premixed mode, when
a pyrolyzed or evaporated fuel forms an initial fuel-
rich mixture with the ambient air. Such scenarios
are relevant for fires both on earth and in hypograv-

ity environments. Because most previous research on

fires has focused on either premixed or nonpremixed
flames, it is important to investigate PPFs in the con-
text of fire safety under different gravity conditions.
The complex convective-diffusive transport processes
that mix the fuel with air, heat the mixture, and facili-
tate burning are significantly modified by buoyant en-
vironment. Therefore, a detailed investigation of the
structure and stability of microgravity flames can en-

to gain a fundamental understanding of the liftoff
and stabilization phenomerja2—-17] These investi-
gations have observed that lifted flames often have
a triple or tribrachial flame structure at their base.
Chung and Le§l2,13]reported that for nonpremixed
laminar jets, propane ang-butane flames can be-
come lifted, while methane and ethane flames blow
out directly from a burner-stabilized mode. Their
analysis showed that the Schmidt number Sc plays an
important role in flame liftoff. Stable lifted flames are
possible only for fuels for which Sc is greater than 1
or less than 0.5. Kioni et aJ14], and Plessing et al.
[18] established lifted triple flames using nitrogen-
diluted methane fuel and investigated the effect of
strain rate. Ghosal and Vervis¢h6] demonstrated
analytically that a lifted laminar flame is possible for
a fuel for which Sc is greater than a critical valugSc
where Sgr can be less than unity. For values of Sc
Scr, they showed that a lifted flame is subcritical and
can survive only in a narrow parametric region.

The lifted flames in these investigations were sta-
bilized in the far field of a jet, with the liftoff heights
being of the order of 10 cm. This allowed addi-
tional fuel-air mixing in the upstream region and,
thereby, the formation of a triple-flame structure at the
flame base. These lifted flames are characterized by a
flame propagation speed such that a flame is stabilized
where the flame speed equals the local flow veloc-
ity along the stoichiometric mixture fraction line. The
flame propagation speed, however, differs from the
corresponding unstretched laminar speed due to the
effects of curvature and flow divergence upstream of
the flame base or the triple point. Echekki and Chen
[19] concluded from direct numerical simulations that
both curvature and diffusion effects augment radi-

hance our understanding of combustion in both earth cal production that enhances the flame propagation
and space environments so that we can better addressspeed. Previous experimental and computational in-
harmful combustor emissions, fuel efficiency, and fire vestigations have identified the minimum flow speed
safety and suppression. Flame extinguishment tech- located at the triple point as the premixed laminar
niques commonly involve the suppression of a flame flame speed, and distinguished it from the triple-flame
by use of a diluent. While the absolute extinguish- propagation speed, which is considered further up-
ment concentrations for various diluents and the flame stream of the triple point, and is generally larger than
behavior prior to extinguishment are reasonably well the former[14,20-22]
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The behavior of lifted flames that are stabilized
near the burner exit (i.e., with liftoff heights that are
typically smaller than 1 cm) can be expected to be dif-
ferent from the behavior of lifted flames established
in the far field. Takahashi et R3] investigated the
stabilization of nonpremixed flames and, instead of a
triple-flame structure, they found the existence of a re-
action kernel of high reactivity. This kernel provided
radicals and served as a flame stabilization point in
a small premixing zone. Kim et a[24] examined
liftoff characteristics with respect to fuel concentra-
tion gradients and noted that the flame liftoff height
and propagation velocity can be controlled by varying
the mixture concentration gradient. They found that
as the concentration gradient was increased, the liftoff
heights of both methane and propane triple flames
first decreased and then increased, showing a mini-
mum value at a critical concentration gradient corre-
sponding to the maximum propagation velocity. They
suggested that this critical concentration gradient rep-
resented a criterion for transition from a premixed
flame to a triple flame.

Our literature review indicates that previous ex-
perimental and computational studies have focused
mostly on the liftoff characteristics of nonpremixed
flames. Except for the single experimental study re-
ported by Kim et al[24], the liftoff and stabilization
characteristics of partially premixed flames have not
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ployed to minimize the effects of the jet shear layer
on the flame liftoff behavior. The p-g experiments
were conducted in the 2.2-s drop tower facility at
the NASA Glenn Research Center. This is the first
report of measurements of lifted PPFs in p-g. The
flames are simulated using a time-accurate, implicit
algorithm that uses detailed descriptions of chemistry
and transport. The effects of gravity, partial premixing
(i.e., fuel stream equivalence ratio), inlet velocity, and
radiation on the flame topology, liftoff height, flame
length, base structure, and flame oscillation frequency
are analyzed.

2. Experimental method

The p-g experiments were conducted in the 2.2-s
drop tower facility at the NASA Glenn Research Cen-
ter in a self-contained drop rig. The rig is equipped
with an axisymmetric coflowing burner. Equal jet and
coflow velocities are employed so as to minimize the
effects of jet shear layer on the flame structure and
liftoff. Laminar flow conditions were maintained for
all flames. A nearly flat top hat flow profile was es-
tablished by including a series of screens inside the
burner and at its exit. A schematic diagram of the
burner and an image of the drop rig are provided in
Fig. L The PPFs are established by introducing a

been investigated, although such flames are relevant rich methane—air mixture through the inner annulus

in numerous combustion systems. This provides the
major motivation for our investigation, which focuses
on the liftoff characteristics of partially premixed
flames. Another motivation is due to the consider-
ation that buoyancy is an important factor in lifted
flame stabilization, and that PPFs are relevant from
the perspective of fire safety in space. Buoyant accel-
eration not only influences the global flame structure
and liftoff behavior through increased entrainment
and lateral compression of the gas stregdr,13]

it can also induce well-organized, low-frequency os-
cillations in both burner-stabilized and lifted PPFs
[12,25] The repetitive interaction of burning rate and
buoyancy-induced convection is responsible for lifted
flame oscillations. Moreover, in the presence of buoy-
ancy, it may be possible for a flame to stabilize in a
flow with a velocity smaller than that of the laminar
flame speed at the triple poiftt2]. These differences
provide additional justification for investigating lifted
PPFs under microgravity conditions.

The objective of this article is to experimentally
and numerically investigate the liftoff characteristics
of partially premixed flames under 1-g and p-g con-
ditions. Lifted methane—air PPFs are established in
axisymmetric coflowing jets that are nitrogen diluted
for various levels of partial premixing. A coflow con-
figuration with equal jet and coflow velocities is em-

and air through the outer annulus of the burfig2].

A “drop” involves the process of preparing the rig,
filling and mixing gases in onboard cylinders, loading
and raising the rig to the top of the tower, initiating
recording devices and computer controls, stabilizing
the flame in 1-g for a few seconds, dropping the rig to
achieve p-g, and thereafter retrieving it. Gas flow and
ignition are initiated through timed computer controls
and the flame is observed through remote video. The
lifted flames are established at 1-g prior to the drop.
Once the flame is stabilized in 1-g for a few seconds,
the rig is released and the flame generally transitions
into a p-g state. The flame images are recorded at 30
frames per second by an onboard CCD camera and
a tower-mounted Mini-DV recorder. No optical fil-
ters were used with the camera. The images presented
are those of flame intensity mapped to a RGB pal-
let. Therefore, no specific reaction rate information
can be derived from the images. A quantitative re-
action rate measurement such as that of Najm et al.
[26] was not possible due to equipment space limi-
tations in the microgravity drop rig. The flames are
lifted by diluting the fuel/air stream with 25%Noy
volume. Measurements are obtained for ten cases with
a matrix consisting of five equivalence ratigs=£ 2,
2.25, 2.5, 2.75, 3) and two velocitie®if/ Vout = 38,

50 cnys).
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Fig. 1. Experimental setup. Top: UIC-NASA drop rig. Bot-
tom: schematic of the coannular burner.

3. Numerical method

The computational model is based on the algo-
rithm developed by Katta et aJ27] and the simu-
lation method is described in detail elsewhgte?].
The numerical model solves the time-dependent gov-
erning equations for unsteady reacting flows in a two-
dimensional planar or axisymmetric configuration. In
axisymmetric coordinates, these equations are

A(p®)  d(pv®P)  I(pu®) 0 o 0D

ot or dz  or or
9 P & TI?ho

o (ref) S LT e
0z 0z r r or

Here,t denotes the time, and and v represent the
axial (z) and radial(r) velocity components, respec-
tively. The general form of the equation represents
conservation of mass, momentum, species, or en-
ergy conservation equation, depending on the vari-
able used for®@. The diffusive transport coefficient
I'® and source terms® appearing in the above
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Fig. 2. Schematic of the computational domain and bound-
ary conditions.

equation are provided in Table 1 of R¢t]. Intro-
ducing the overall species conservation equation and
the state equation completes the set of equations. In
addition, a sink term based on an optically thin gas
assumption is included in the energy equation to ac-
count for thermal radiation from the flanj@]. The
sink term due to the radiation heat loss is expressed
asgrad = —4o Kp(T* — T3 [28], whereT denotes
the local flame temperature. The terk accounts
for the absorption and emission from the partici-
pating gaseous species (&H,0, CO, and CH)
and is expressed dp = P ) ; X;Kp,; whereKp ;
denotes the mean absorption coefficient of itle
species. Its value is obtained by using a polynomial
approximation to the experimental data provided in
Ref.[13]. The methane—air chemistry is modeled us-
ing a detailed mechanism that considers 24 species
and 81 elementary reactiof9]. The mechanism has
been validated for the computation of premixed flame
speeds and the detailed structure of both nonpremixed
and partially premixed flames and PHE®,30-32]

The computational domain of 150 100 mn¥ in
the axial(z) and radial(r) directions, respectively, is
represented by a staggered, nonunif@8@1 x 101)
grid system, as shown ifig. 2 The reported results
are grid independent. An isothermal insert simulates
the inner 2< 1-mm burner wall at 300 K. Atmospheric
partially premixed methane—air flames were estab-
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lished using an annular concentric burner that con-
sists of a central tube with inner and outer diameters
of 10.5 and 12.5 mm, respectively. This tube is sur-
rounded by a concentric tube with inner and outer di-
ameters of 22.2 and 25.2 mm, respectively. Methane—
air fuel-rich mixtures and air were introduced from
the inner and outer tubes, respectively. The velocity
profile in the inner tube is assumed to be partially de-
veloped, while that in the outer tube is assumed to be
uniform. These conditions were chosen to correspond
as closely as possible to those in the experimental
study. The boundary conditions used are:

1. Symmetry boundaryaxis of symmetry): No
fluxes are allowed to cross the symmetrical plane. The
transverse velocity is set to zero &t=1 (symme-
try plane), while the values for all other variables are
equal to those af = 2.

2. Outflow boundary in the transverger radial)
direction There is a constant composition along this
boundary with all velocities equal to zero.

3. Inflow boundary This boundary is divided up
into the inner annulus flow, the burner wall, the outer
annulus flow and still air. The vertical and horizon-
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validation is provided by comparing the predicted
heat release and measured flame luminosity for 25%
N2-diluted lifted partially premixed flames at 1- and
U-g, as shown irig. 3. The flames were diluted with
nitrogen to allow for their lifting. Absence of dilution

or insufficient dilution resulted in burner-stabilized
flames, as demonstrated by our simulations presented
in Fig. 4a, which shows the topology (in terms of the
heat release rate contours) of a burner-stabilized 1-g
PPF established at = 2.0, Vi, = Vout = 50 cny's,
without nitrogen dilution.

The images of the 1- and p-g lifted flames pre-
sented irFig. 3a are from a color CCD camera. They
have been converted into flame luminosity contours
(also shown in the figure). Various methods of iso-
lating specific spectral bands and relating them to a
specific reaction rate intensity have been repofted
2,26] Specific reaction rate measurements were not
possible in our experiments due to the constraints as-
sociated with the drop rig size, which prevented the
use of an intensified CCD camera or a LIF system
needed for such measurements. Both the original and
processed images show a triple-flame structure at the
flame baseFig. 3b presents the corresponding pre-

tal velocities, pressure, and temperature are assigneddicted heat release rate contours (left) and the mea-

constant values along the boundary. The fuel and oxi-
dizer mass fractions are different in each subdivision.
The first inflow boundary corresponds to that for the
inner jet issuing a rich methane—air mixture. The sec-
ond inflow boundary describes the outer jet issuing
air. The third inflow boundary corresponds to still air
that has values equal to those for the outflow bound-
ary in the radial direction.

4. Outflow boundary in the axial directiorThis
boundary allows the flow to exit the domain without
being distorted. Therefore, the values at that boundary
are computed from a weighted average of the values
of the previous two axial grid points.

The outflow boundaries in both radial and axial
directions are located sufficiently far from the respec-
tive symmetric and inflow boundaries to minimize
boundary-induced disturbances.

4, Resultsand discussion
4.1. Validation of numerical model

Due to the complexities of microgravity research,
the PPF drop rig currently has limited diagnostic ca-
pabilities. For this reason, numerical simulations are
used for a more detailed investigation of the liftoff
characteristics of PPFs. The numerical model has
been previously validated for both burner-stabilized
and lifted methane—air PPH®,25,33] Additional

sured flame luminosity contours (right). The reaction
rates are very large near the flame base. The peak
values of the predicted heat release rate and the mea-
sured intensity are similar at the flame base, where
the inner and outer reaction regions merge. Care is
taken in comparing the 1-g flames at the same time,
as they are subject to buoyancy-induced oscillations.
The measured and predicted reaction zone topogra-
phies are in good agreement, as are the flame liftoff
heights and lengths. Both the simulations and mea-
surements show that in the absence of gravity, both
the liftoff and flame heights decrease. Our previous
work has shown that flames of this type are nearly
fully developed in 2.2 s of u-fp]. Although the tem-
perature field continues to evolve, the heat release rate
profile shows insignificant change beyond 2.2 s.

4.2. Modified flame index

Previous investigations have distinguished the var-
ious reaction zones in PPFs based on their spatial
locations[8,30]. In lifted flames, however, the pre-
mixing ahead of the flame front can be relatively small
depending on the liftoff height. Consequently, it can
be difficult to distinguish the reaction zones visually.
To spatially resolve the various reaction zones in the
lifted PPFs more clearly, we have developed a method
based on a modified flame index. Takeno and co-
workers[34] have suggested the use of such an index
based on the scalar product of the gradients of fuel
and oxidizer mass fractions, which distinguishes be-
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tween the premixed and nonpremixed reaction zones.
Their flame index is defined §34]

Gpo=VYE- VYo.

Here, YF denotes the fuel mass fraction afig the
oxidizer mass fraction. Domingo et 4B5], in their
study of partially premixed gaseous and spray flames,
normalized this flame index as

Gro

1
( )

2
such thatp = 1 and 0 represent the premixed and
nonpremixed reaction zones, respectively. In our in-
vestigation, we modified the Domingo et 4B5]
flame index based on the local mixture fraction such
that it can also distinguish between the rich and lean
premixed reaction zones.

It is well known that the stoichiometric mixture
fraction fg lies within the nonpremixed reaction
zone [36]. Therefore, the rich and lean premixed
zones are located in the inner and outer regions in
which the local mixture fractionf is larger and
smaller thanfs, respectively. Accordingly, we can
define a modified flame index:

Gro )

f—-fs) 1
M (If—fsl) 2( " Grol

Here, the mixture fraction is defined following Bil-
ger [37]. With this definition&y = 1 for the rich
premixed zone;-1 for the lean premixed zone, and
+0.5 or 0 (depending on the fuel under consideration)
for the nonpremixed zone. If the fuel is completely
consumed in the premixed zones, which is normally
the case for PPFs burning hydrocarbon fii¢|&,32]
&v = £0.5, with +0.5 and—0.5 values correspond-
ing to the nonpremixed regions adjacent to the rich
premixed and lean premixed zones, respectively. The
value of&y = 0 for PPFs burning hydrogen, because
the fuel is partially consumed in the premixed reac-
tion zone, with the remaining fuel being consumed in
the nonpremixed zon@8]. Identification of the vari-
ous reaction zones is relevant only in regions of high
reactivity, i.e., where the heat release rates are signif-
icant. Therefore, we have computed the flame index
only in regions where the heat release rate is at least
1% of the maximum heat release rate.

The use of the modified flame index to identify dif-
ferent reaction zones in a PPF is illustratedrig. 4,

§p=
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heat release rate contours also indicate that the PPF
at 1-g is subjected to buoyancy-induced oscillations,
which is discussed in a later section. Comparison of
two 1-g PPFs established under identical conditions,
one undiluted and the other with 25% nitrogen dilu-
tion, shows that the diluted and lifted flame possesses
a triple-flame structure (cfrig. 3), while the undi-
luted flame is burner stabilized with a double-flame
structure at the flame base.

4.3. Effect of partial premixing on liftoff height

Fig. 5 presents the measured flame luminosity
contours for N-diluted 1- and p-g-lifted PPFs for
several equivalence ratios. The corresponding images
of the simulated flames are presentedFig. 6 in
terms of the heat release rates, velocity vectors, and
stoichiometric mixture fraction contours. The maxi-
mum reaction zone intensities and heat release rates
for these flames occur at the flame base as shown
in Figs. 5 and 6respectively. This suggests that the
flames are stabilized at the location of highest reactiv-
ity or the reaction kernel as suggested by Takahashi
et al. [23]. Generally, both experiments and simula-
tions indicate that as the level of partial premixing
is decreased (i.e., asis increased), the flame liftoff
height decreases, whereas the flame length increases.
At higher ¢ values, however, the liftoff height be-
comes nearly independent ¢f This aspect is dis-
cussed further when we present more quantitative re-
sults on the effect of on flame height. In addition,
as¢ increases, the reaction zones in both 1- and p-g
flames move away from the centerline. Both 1- and
u-g lifted PPFs show that increasing equivalence ra-
tio increases the flame width, as observedrig. 5.
Another observation from the experimental and pre-
dicted results is that the absence of gravity reduces
the liftoff height and pushes the flame away from the
centerline. Both of these effects can be attributed to
the absence of buoyant acceleration (which is clearly
shown by the velocity vectors irig. 6) in the case of
u-g flames.

To examine the flame structure in the stabilization
region more closely, we present the modified flame
index contours for the flames discussed in the con-
text of Figs. 5 and 6n Fig. 7. The utility of using the
modified flame index to identify the various reaction
zones is clearly illustrated. For all five cases shown

which presents the predicted heat release rate andin the figure, the 1-g lifted flames exhibit a triple-

flame index contours for a 1-g PPF established at
oin = 2.0, Vin = Vout = 50 cnys, with no nitrogen
dilution. In the absence of dilution the PPF is sta-
bilized at the burner and contains only two reaction
zones, namely, the rich premixed zone and the non-
premixed zone. These two zones are readily identified
by the flame index contours presentedrig. 4b. The

flame structure at the base, while the corresponding
U-g flames transition from a triple- to a double-flame
structure asp increases. Further evidence of differ-
ent structures at the flame base is provide&im 8,
which presents the radial profiles of heat release rate
and the CH and @ mass fractions at an axial loca-
tion (z — L;“ =4 mm) near the flame base for 1-g and
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circle.

p-g flames established at= 2.5 and Vi, = Vout =
50 cnys. Both the heat release rate and Lidass
fraction profiles clearly reveal a triple-flame structure
for the 1-g flame and a double-flame structure for the
p-g flame. As the 1-g lifted flames are stabilized at a
longer distance from the burner than the correspond-
ing p-g flames, the implication is that the flame base
structure strongly depends on the liftoff height. How-
ever, altering gravity is not the only way to change the
liftoff height, which affects the flame base structure.
The liftoff height also depends on the fuel compo-
sition, which, in turn, is a function of the fuel type,
amount of dilution, and level of partial premixitfig5,
39], jet velocity, coflow velocity, nozzle diameter, etc.
Fig. 9 presents the predicted and measured liftoff
heights of 1- and p-g flames as a function of equiv-
alence ratio. The liftoff height in the simulations is
measured from the burner exit to the flame base or
triple point (which is defined as the intersection of
the stoichiometric mixture fraction line and an ap-
propriate scalar contour representing the flame sur-
face [25]). Previous investigations have used a par-
ticular value of the fuel mass fraction to identify the

flame surface]25,40-42] In our investigation, the
flame surface is defined by the heat release rate con-
tour that corresponds to 1% @max. This contour

is chosen so that the results are consistent with the
modified flame index discussed in the preceding sec-
tion. It was difficult to identify the flame base from
the experimental video images, and, consequently, the
liftoff height is measured from the burner exit to the
location of maximum intensity.

There is qualitative agreement between the pre-
dicted and measured liftoff heights for both 1- and
u-g flames. Both experiments and simulations indi-
cate that under identical conditions, p-g lifted PPFs
are stabilized closer to the burner compared with the
1-g flames (cf.Figs. 5-7, 9, and the difference in
liftoff heights is more pronounced at higher level of
partial premixing or lowek. At 1-g, the local flow
velocity increases due to buoyant acceleration (cf.
Fig. 6) and the flame is stabilized at a higher axial
location to balance the flame propagation speed with
the local flow velocity. In addition, the entrainment
caused by buoyant acceleration leads to larger mix-
ing, which decreases the mixture fraction gradient.
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This, in turn, modifies the flame speed and thereby
the liftoff height. On the other hand, the higher liftoff
height of 1-g flames induces greater mixing of fuel
into the oxidizer stream. Both of these effects, i.e.,
higher liftoff height and buoyant entrainment, lead to
enhanced mixing in the case of 1-g flames. As aresult,
the 1-g lifted flames exhibit a triple-flame structure
at the flame base, while p-g flames show a transition
from a triple- to a double-flame structure. As indi-
cated inFig. 7, the transition is observed to occur at
¢ = 2.5, for which the liftoff height is~7 mm.

The measurements and simulations also indicate
that as¢ increases, the flame liftoff heights of both
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Fig. 9. Measured and predicted liftoff height for the 1-g and
u-g flames as a function of fuel equivalence ragioThe
PPFs are established at= 2.00, 2.25, 2.50, 2.75, 3.00,
Vin = Vout= 50 cnys, and 25% nitrogen dilution. The exis-
tence of a triple-flame structure in computed flames is indi-
cated byrT.

earlier, the flame is stabilized where the local flow ve-
locity matches the flame speed. The minimum liftoff
heights thus achieved for the 1- and p-g nonpremixed
flames are 8 and 4.8 mm, respectively, as indicated
in Fig. 9. Fig. 10presents the variation of the flame
speed and the local flame stretch at the triple (or “dou-
ble”) point as a function ofp for corresponding 1-
and p-g flames. The flame speég, the hydrody-
namic stretchkp, the curvature-induced stretafy,
and the total stretck are determined from the rela-
tions[43,44]

Sg=— V- (pDVe) + wy |,
plvwl[ a

kn ="V Viiuid —nn : VViyid,

ke = Sd(V -n),

and

K =Kh + Kc,

and are plotted irFig. 10 As indicated inFig. 1Ca,

for the 1- and p-g flames investigated, the total stretch
at the flame base is positive and decreases iasn-
creased. Other important observations frbig. 10a

are that: (1) The curvature-induced stretef in-
creases while the hydrodynamic stretghdecreases
with increasingg. (2) While the total stretch is pre-
dominantly due toc, at low ¢, bothkp, and«¢ con-

1- and p-g flames decrease in a nonlinear manner and tribute equally to the total stretch at high (3) The

approach their respective nonpremixed flame limits. curvature-induced stretch is higher for p-g flames than
As the mixture fraction gradient is increased by de- for 1-g flames, as the p-g flames are stabilized closer
creasing the fuel-air premixing, the thickness of the to the burner. In contrast, due to buoyant convection,
mixing layer decreases. This, in turn, decreases the the hydrodynamic stretch is greater for 1-g flames
flame speed as discussed in RéR]. As mentioned than for their p-g counterparts. Consequently, the to-
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tal stretch is higher for 1-g flames. (4) For both 1-
and p-g flames, there is a positive correlation between
flame speed and stretd#5,46] This correlation is
further discussed below.

At the triple point (or “double point”) the stoi-
chiometric mixture fraction leads to a localized lean
mixture, and for lean Clfair mixtures, the Lewis
number (Le) is less than unity. Thus for the posi-
tively stretched flame base, its convex nature toward
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Fig. 11. Measured and predicted flame lengths for 1-g and
u-g lifted PPFs plotted as function of fuel equivalence ra-
tio ¢. The PPFs are establishedpat 2.00, 2.25, 2.50, 2.75,
3.00, Vinh = Vout = 50 cnys, and 25% nitrogen dilution.

There are quantitative differences between the pre-
dicted and measured liftoff heights, especially for 1-g
flames at lowep values. The differences between the
predicted and measured liftoff heights are similar to
those reported by Walsh et @.7], who conducted an
investigation on lifted nonpremixed flames in coflow-
ing jets. The predicted liftoff heights are larger than
the measured values. These discrepancies can be at-
tributed to several factors, which include experimen-
tal uncertainties, flame asymmetries and unsteadiness
in experiments, differences in boundary conditions
in the simulations and experiments, and uncertainties
in the chemical kinetic mechanisfR9]. The experi-
ments show significant unsteadiness in the 1-g lifted
flames at lowew values, and, consequently, there is
large uncertainty in the measured liftoff heights, as
shown inFig. 9.

4.4, Effect of partial premixing on flame length

Fig. 11presents the variation of the measured and
predicted flame lengths with equivalence ratio for

the fresh mixtures defocuses the heat ahead of the both 1- and p-g flames. The flame lengths were mea-
flame, decreasing the burning rate, but focuses the sured as the distance between the flame base and the
concentration of methane, which increases the burn- nonpremixed reaction zone tip, with the latter based
ing rate. For Le< 1, the focusing effect dominates, on the intensity contour in the experiments and the
and, therefore, there is a positive correlation between centerline reaction rate peak in the simulations. For
flame speed and stretch. Because the stretch decreasesscillating flames, an average length was obtained,
with increasingp, the flame spee(Sy) decreases (cf. and for flames with an open tip, the flame length
Fig. 1). As Sy decreases, the flame is stabilized was obtained based on extrapolation. The uncertainty
closer to the burner exit in order f&f to match the was generally less than 10% in the flame length mea-
local flow velocity (cf.Fig. 7). It is important to note surement. The uncertainty was larger for 1-g flames
that there is a dead zone at the burner rim, and, con- at higher¢, because these flames had open tips and
sequently, the flow velocity increases downstream of were subjected to large-amplitude oscillations due to
the rim. buoyancy-induced instabilitieFig. 11presents good
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Fig. 12. Measured flame images (top) and predicted heat re-
lease rate contours (bottom) for 1-g and p-g lifted PPFs at
¢ = 2.50, Vin/ Vout= 38, and 50 crys.

qualitative agreement between the predicted and mea-
sured flame lengths, both of which increasegas
increased. However, the predicted flame lengths are
larger than the measured values. For both 1- and
u-g flames, the flame length increases¢ass in-
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higher locations where there is a match between flame
speed and local flow velocity. This is expected and
consistent with the previous computational and ex-
perimental investigationg24,48] Flame length also
decreases because the flow time, which is determined
by the chemical reaction time, does not change. An-
other important observation is that as the liftoff height
is sufficiently reduced, there is a transition from a
triple-flame structure to a double-flame structure at
the flame base, as discussed above.

4.6. Flame oscillations at1 g

Normal-gravity PPFs exhibit well-organized os-
cillations in both experiments and simulations. The
simulations indicated that the maximum flow veloc-
ity is located in the nonpremixed flame wing, sug-
gesting that this wing is oscillating due to buoyant
acceleration[49]. Buoyancy-induced flame oscilla-
tions in burner-stabilized nonpremixed and partially
premixed flames have been extensively investigated
previously[1,9,49] Both computational and experi-
mental studies have reported that the nondimensional
frequency associated with these oscillations varies ap-
proximately as F+°, where Fr is the Froude number,
indicating the ratio of inertial force to gravitational
force. For the conditions investigated, our simulations
indicated the oscillation frequency for the lifted 1-g
PPFs to be in the range of 8-10 Hz, while the mea-
sured frequency was found to be in the range 10—
15 Hz. However, the video images were recorded at
30 Hz, and, therefore, the frequency was poorly re-
solved in the measurementSig. 13 presents four

creased, because the chemical reaction time increasesconsecutive images of the experimental and simu-

as the level of partial premixing decreases and, con-
sequently, the flow time increases. In addition, the
rich premixed zone has a weaker intensity at higher
¢ values and moves closer to the nonpremixed zone.
Under microgravity conditions, the flame length is
increased, because the oxidizer transport to the non-

lated 1-g flames for intervals of 0.13 and 0.15 s, re-
spectively. Therefore, the experimental and simulated
images are not exactly at the same phase angle due
to differences in their respective frequencies. How-
ever, both the measurements and simulations indicate
a well-organized flame oscillation. In addition, our

premixed reaction zone is reduced due to the absence results show that while the oscillation frequency is

of buoyant acceleration, and the effect of radiation in-
crease$l].

4.5. Effect of jet velocity on liftoff height

Fig. 12 presents the experimentally obtained im-

relatively insensitive tap, the oscillation amplitude
increases with increasing, as shown inFig. 14
which presents the time evolution of flame lengths for
different ¢. This is consistent with our previous in-
vestigations on burner-stabilized PPFs, and provides
further evidence that the effect of partial premixing

ages and the predicted heat release rate contours(i.e., decreasing) is to make the flame more stable.

of 1- and p-g lifted PPFs established at= 2.5
and two different jet velocitiesVn/ Vout = 38 and

50 cnys). There is qualitative agreement between ex-
periments and simulations in terms of flame liftoff
height, length, and topology. Increasing the jet veloc-
ity increases both the flame liftoff height and length.
For both 1- and p-g flames, the liftoff height increases
with jet velocity, as the lifted flames are stabilized at

In other words, the partially premixed flames are more
stable than their corresponding nonpremixed counter-
parts.

4.7. Effect of radiation on 1-g and p-g flames

Fig. 15presents the flame structure in terms of the
isotherms for 1-g and p-g flames simulated with and
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radiation is slightly larger for p-g flames. This is con-
sistent with our previous investigation pertaining to
burner-stabilized PPHS], which indicated that with-

out a coflow the effect of radiation is significantly

Fig. 13. Sequential flame images (top) and the predicted heat
release rate contours (bottom) at different times for a 1-g
oscillating flame ap = 2.5 andVj, = Vout= 50 cnys.

160 larger for p-g flames as compared with 1-g flames.
i R S:gS " However, with a coflow, this effect is significantly re-
i /.-' L - 250 /3 duced.
140 i ‘\ — — - 275 i'/ i
I P bk Ll A
€ b / //\ ! / /f\ i 5. Conclusion
R /I .”‘i\ ‘ 7 / an ‘1
3 I / /," l'\.‘-i / /'/ l\\’g We have presented an experimental and compu-
2 100 v | ‘-\i: /../' 7/ | \‘l tational investigation on the liftoff characteristics of
S f ./ VPR VA W partially premixed flames under 1- and p-g condi-
A/ LA/ A R tions. Lifted methane—air PPFs have been established
» P in axisymmetric coflowing jets using nitrogen dilu-
tion. The p-g experiments have been conducted in the
2.2-s drop tower facility at the NASA Glenn Research

Center. A time-accurate, implicit algorithm that uses
a detailed description of methane—air chemistry and
Fig. 14. Time evolution of flame lengths for 1-g lifted PPFs  includes radiation effects is used for simulations. Pre-
at¢ = 2.00, 2.25, 2.50, 2.75, 3.00/, = Vout = 50 cnys, dictions are validated through a comparison of the
and 25% nitrogen dilution. flame reaction zone topologies, liftoff heights, flame
lengths, and oscillation frequencies. The effects of

without radiation. These contours show that the liftoff ~€duivalence ratio, gravity, jet velocity, and radiation
heights of both 1- and p-g PPFs slightly decrease are discussed.

when radiation is included. This can be attributed to

the fact that thermal radiation lowers the local tem- 1. Both the simulations and measurements indi-
perature, which reduces the flame speed, and, conse-cate that under identical conditions, a lifted p-g PPF
quently, the flame is stabilized closer to the burner. is stabilized closer to the burner compared with the
For the 1- and p-g flames depicted kig. 15 the 1-g flame, and the difference in liftoff heights is more
liftoff heights decrease by 6.4 and 6.8%, respectively. pronounced at lowep values. At 1-g, the local flow
As expected, radiation also decreases the temperaturevelocity increases due to buoyant acceleration, and
in the high-temperature regions. Overall, the effect of the 1-g flame is stabilized at a higher axial location




172

A.J. Lock et al. / Combustion and Flame 143 (2005) 159-173

to achieve a balance between flame speed and local monitor. Andrew Lock was supported by a fellowship

flow velocity. The higher liftoff height and entrain-

through the NASA Graduate Student Research Pro-

ment caused by buoyant acceleration lead to enhancedgram.

mixing for 1-g flames. As a result, 1-g lifted flames
exhibit a triple-flame structure at the base, while p-g
flames show a transition from triple-flame to double-
flame structure.

2. For the 1- and p-g flames investigated, the total
stretch at the flame base is positive and decreasgs as
is increased. While the curvature-induced stretch in-

creases and the hydrodynamic stretch decreases with

increasingp, the total stretch is generally dominated
by the latter. In addition, the total stretch is higher for
1-g flames than for p-g flames. For both 1- and p-g
flames, there is a positive correlation between flame
speed and total stretch, and this can be attributed to
the fact that these flames are positively stretched and
the local Lewis number at the triple (or “double”)
point is less than unity.

3. The liftoff heights of both 1- and p-g flames
decrease with increasing, and approach their re-
spective nonpremixed flame limits. This is related to
the effect ofg on the flame speed at flame base.¢As
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