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Abstract

An experimental and computational investigation on the liftoff characteristics of laminar partially pre
flames (PPFs) under normal (1-g) and microgravity (µ-g) conditions is presented. Lifted methane–air PP
established in axisymmetric coflowing jets using nitrogen dilution and various levels of partial premixin
µ-g experiments were conducted in the 2.2-s drop tower at the NASA Glenn Research Center. A time-a
implicit algorithm that uses a detailed description of the chemistry and includes radiation effects is used
simulations. The predictions are validated through a comparison of the flame reaction zone topologie
heights, lengths, and oscillation frequencies. The effects of equivalence ratio, gravity, jet velocity, and radi
flame topology, liftoff height, flame length, base structure, and oscillation frequency are characterized. B
simulations and measurements indicate that under identical conditions, a lifted µ-g PPF is stabilized clos
burner compared with the 1-g flame, and that the liftoff heights of both 1-g and µ-g flames decrease with in
equivalence ratio and approach their respective nonpremixed flame limits. The liftoff height also increase
jet velocity is increased. In addition, the flame base structure transitions from a triple- to a double-flame s
as the flame liftoff height decreases. A modified flame index is developed to distinguish between the rich pr
lean premixed, and nonpremixed reaction zones near the flame base. The 1-g lifted flames exhibit well-o
oscillations due to buoyancy-induced instability, while the corresponding µ-g flames exhibit steady-state b
The effect of thermal radiation is to slightly decrease the liftoff heights of both 1-g and µ-g flames under
conditions.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords:Flame liftoff; Partial premixing; Microgravity; Flame stabilization; Diluents; Flame index

* Corresponding author. Fax: +1 312 413 0441.
E-mail address:ska@uic.edu(S.K. Aggarwal).
0010-2180/$ – see front matter 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.combustflame.2005.05.011

http://www.elsevier.com/locate/combustflame
mailto:ska@uic.edu
http://dx.doi.org/10.1016/j.combustflame.2005.05.011


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

hed
el-
ients
n-
el-

this
ab-
ed
xed
with
xed
ne

and
ons

om
ese
in-

ur-
ch as

ng

g of

nt
ety
at
by
cy
, it
d

hat
en
el-
ios
av-
h on
xed
on-
s.
ses
li-
n-

the
n-

arth
ress

fire
ch-

me
h-
me
ell

be-
r
.

ect
to

o-
n,

if-
ar
ted

off

ave
se.
d
-

low
ir

s an
re

1
l.
n-
of

or

nd

ta-
s
i-
d,
the
by a
ized
loc-
e
the
the
of
en
at
di-
tion
l in-
ed
ar

me
up-
an
1. Introduction

Partially premixed flames (PPFs) are establis
by flowing a fuel-rich gas stream adjacent to a fu
lean stream. The associated concentration grad
support flames with multiple reaction zones. In ge
eral, a rich premixed flame is established in the fu
rich zone, and a nonpremixed flame, outside of
region. Often a lean premixed flame is also est
lished in the fuel-lean region. Then, the nonpremix
flame is located between the rich and lean premi
flames. PPFs can be described as hybrid flames
the characteristics of both nonpremixed and premi
flames. Consequently, using partial premixing, o
can exploit the advantages of both nonpremixed
premixed flames with respect to safety, emissi
control, and flame stability[1,2]. A detailed under-
standing of the structure of PPFs is important fr
both practical and scientific considerations. Th
flames occur in numerous combustion systems
cluding gas-fired domestic burners and industrial f
naces, as well as in spray combustion systems, su
gas turbines[3] and diesel engines[4], in which the
vaporization of smaller droplets and/or poor mixi
lead to locally fuel vapor-rich regions[5]. It is impor-
tant therefore to gain a fundamental understandin
the structure and liftoff characteristics of PPFs.

Partially premixed combustion is also importa
in space applications, particularly due to fire saf
considerations[6,7]. Previous studies have shown th
the structure of PPFs can be modified significantly
changing the level of partial premixing and buoyan
[8,9]. As fires represent uncontrolled combustion
is difficult to categorize them in terms of premixe
or nonpremixed flames. There is good likelihood t
fires can originate in partially premixed mode, wh
a pyrolyzed or evaporated fuel forms an initial fu
rich mixture with the ambient air. Such scenar
are relevant for fires both on earth and in hypogr
ity environments. Because most previous researc
fires has focused on either premixed or nonpremi
flames, it is important to investigate PPFs in the c
text of fire safety under different gravity condition
The complex convective-diffusive transport proces
that mix the fuel with air, heat the mixture, and faci
tate burning are significantly modified by buoyant e
vironment. Therefore, a detailed investigation of
structure and stability of microgravity flames can e
hance our understanding of combustion in both e
and space environments so that we can better add
harmful combustor emissions, fuel efficiency, and
safety and suppression. Flame extinguishment te
niques commonly involve the suppression of a fla
by use of a diluent. While the absolute extinguis
ment concentrations for various diluents and the fla
behavior prior to extinguishment are reasonably w
characterized for a variety of configurations, the
havior of lifted flames prior to their blowout unde
microgravity (µ-g) conditions is not yet fully known
Consequently, it is important to investigate the eff
of gravity on the liftoff characteristics of PPFs due
fire safety considerations in space.

Flame stabilization and liftoff are complex pr
cesses involving transport, partial premixing, ignitio
and extinction. Peters and Williams[10] and Pitts[11]
have provided reviews on theories of turbulent d
fusion flame stabilization. Lifted flames in lamin
nonpremixed jets have been extensively investiga
to gain a fundamental understanding of the lift
and stabilization phenomena[12–17]. These investi-
gations have observed that lifted flames often h
a triple or tribrachial flame structure at their ba
Chung and Lee[12,13]reported that for nonpremixe
laminar jets, propane andn-butane flames can be
come lifted, while methane and ethane flames b
out directly from a burner-stabilized mode. The
analysis showed that the Schmidt number Sc play
important role in flame liftoff. Stable lifted flames a
possible only for fuels for which Sc is greater than
or less than 0.5. Kioni et al.[14], and Plessing et a
[18] established lifted triple flames using nitroge
diluted methane fuel and investigated the effect
strain rate. Ghosal and Vervisch[16] demonstrated
analytically that a lifted laminar flame is possible f
a fuel for which Sc is greater than a critical value Sccr,
where Sccr can be less than unity. For values of Sc<

Sccr, they showed that a lifted flame is subcritical a
can survive only in a narrow parametric region.

The lifted flames in these investigations were s
bilized in the far field of a jet, with the liftoff height
being of the order of 10 cm. This allowed add
tional fuel–air mixing in the upstream region an
thereby, the formation of a triple-flame structure at
flame base. These lifted flames are characterized
flame propagation speed such that a flame is stabil
where the flame speed equals the local flow ve
ity along the stoichiometric mixture fraction line. Th
flame propagation speed, however, differs from
corresponding unstretched laminar speed due to
effects of curvature and flow divergence upstream
the flame base or the triple point. Echekki and Ch
[19] concluded from direct numerical simulations th
both curvature and diffusion effects augment ra
cal production that enhances the flame propaga
speed. Previous experimental and computationa
vestigations have identified the minimum flow spe
located at the triple point as the premixed lamin
flame speed, and distinguished it from the triple-fla
propagation speed, which is considered further
stream of the triple point, and is generally larger th
the former[14,20–22].
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The behavior of lifted flames that are stabiliz
near the burner exit (i.e., with liftoff heights that a
typically smaller than 1 cm) can be expected to be
ferent from the behavior of lifted flames establish
in the far field. Takahashi et al.[23] investigated the
stabilization of nonpremixed flames and, instead o
triple-flame structure, they found the existence of a
action kernel of high reactivity. This kernel provide
radicals and served as a flame stabilization poin
a small premixing zone. Kim et al.[24] examined
liftoff characteristics with respect to fuel concentr
tion gradients and noted that the flame liftoff heig
and propagation velocity can be controlled by vary
the mixture concentration gradient. They found t
as the concentration gradient was increased, the li
heights of both methane and propane triple flam
first decreased and then increased, showing a m
mum value at a critical concentration gradient cor
sponding to the maximum propagation velocity. Th
suggested that this critical concentration gradient r
resented a criterion for transition from a premix
flame to a triple flame.

Our literature review indicates that previous e
perimental and computational studies have focu
mostly on the liftoff characteristics of nonpremixe
flames. Except for the single experimental study
ported by Kim et al.[24], the liftoff and stabilization
characteristics of partially premixed flames have
been investigated, although such flames are rele
in numerous combustion systems. This provides
major motivation for our investigation, which focus
on the liftoff characteristics of partially premixe
flames. Another motivation is due to the consid
ation that buoyancy is an important factor in lifte
flame stabilization, and that PPFs are relevant fr
the perspective of fire safety in space. Buoyant ac
eration not only influences the global flame struct
and liftoff behavior through increased entrainme
and lateral compression of the gas stream[12,13];
it can also induce well-organized, low-frequency
cillations in both burner-stabilized and lifted PP
[12,25]. The repetitive interaction of burning rate a
buoyancy-induced convection is responsible for lif
flame oscillations. Moreover, in the presence of bu
ancy, it may be possible for a flame to stabilize in
flow with a velocity smaller than that of the lamin
flame speed at the triple point[12]. These difference
provide additional justification for investigating lifte
PPFs under microgravity conditions.

The objective of this article is to experimenta
and numerically investigate the liftoff characterist
of partially premixed flames under 1-g and µ-g co
ditions. Lifted methane–air PPFs are established
axisymmetric coflowing jets that are nitrogen dilut
for various levels of partial premixing. A coflow con
figuration with equal jet and coflow velocities is em
ployed to minimize the effects of the jet shear lay
on the flame liftoff behavior. The µ-g experimen
were conducted in the 2.2-s drop tower facility
the NASA Glenn Research Center. This is the fi
report of measurements of lifted PPFs in µ-g. T
flames are simulated using a time-accurate, imp
algorithm that uses detailed descriptions of chemi
and transport. The effects of gravity, partial premixi
(i.e., fuel stream equivalence ratio), inlet velocity, a
radiation on the flame topology, liftoff height, flam
length, base structure, and flame oscillation freque
are analyzed.

2. Experimental method

The µ-g experiments were conducted in the 2
drop tower facility at the NASA Glenn Research Ce
ter in a self-contained drop rig. The rig is equipp
with an axisymmetric coflowing burner. Equal jet a
coflow velocities are employed so as to minimize
effects of jet shear layer on the flame structure
liftoff. Laminar flow conditions were maintained fo
all flames. A nearly flat top hat flow profile was e
tablished by including a series of screens inside
burner and at its exit. A schematic diagram of
burner and an image of the drop rig are provided
Fig. 1. The PPFs are established by introducing
rich methane–air mixture through the inner annu
and air through the outer annulus of the burner[1,2].
A “drop” involves the process of preparing the r
filling and mixing gases in onboard cylinders, loadi
and raising the rig to the top of the tower, initiatin
recording devices and computer controls, stabiliz
the flame in 1-g for a few seconds, dropping the rig
achieve µ-g, and thereafter retrieving it. Gas flow a
ignition are initiated through timed computer contro
and the flame is observed through remote video.
lifted flames are established at 1-g prior to the dr
Once the flame is stabilized in 1-g for a few secon
the rig is released and the flame generally transiti
into a µ-g state. The flame images are recorded a
frames per second by an onboard CCD camera
a tower-mounted Mini-DV recorder. No optical fi
ters were used with the camera. The images prese
are those of flame intensity mapped to a RGB p
let. Therefore, no specific reaction rate informat
can be derived from the images. A quantitative
action rate measurement such as that of Najm e
[26] was not possible due to equipment space li
tations in the microgravity drop rig. The flames a
lifted by diluting the fuel/air stream with 25% N2 by
volume. Measurements are obtained for ten cases
a matrix consisting of five equivalence ratios (φ = 2,
2.25, 2.5, 2.75, 3) and two velocities (Vin/Vout = 38,
50 cm/s).
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Fig. 1. Experimental setup. Top: UIC-NASA drop rig. Bo
tom: schematic of the coannular burner.

3. Numerical method

The computational model is based on the al
rithm developed by Katta et al.[27] and the simu-
lation method is described in detail elsewhere[1,2].
The numerical model solves the time-dependent g
erning equations for unsteady reacting flows in a tw
dimensional planar or axisymmetric configuration.
axisymmetric coordinates, these equations are

∂(ρΦ)

∂t
+ ∂(ρvΦ)

∂r
+ ∂(ρuΦ)

∂z
= ∂

∂r

(
Γ Φ ∂Φ

∂r

)

+ ∂

∂z

(
Γ Φ ∂Φ

∂z

)
− ρvΦ

r
+ Γ Φ

r

∂Φ

∂r
+ SΦ.

Here, t denotes the time, andu andv represent the
axial (z) and radial(r) velocity components, respe
tively. The general form of the equation represe
conservation of mass, momentum, species, or
ergy conservation equation, depending on the v
able used forΦ. The diffusive transport coefficien
Γ Φ and source termsSΦ appearing in the abov
Fig. 2. Schematic of the computational domain and bou
ary conditions.

equation are provided in Table 1 of Ref.[1]. Intro-
ducing the overall species conservation equation
the state equation completes the set of equation
addition, a sink term based on an optically thin g
assumption is included in the energy equation to
count for thermal radiation from the flame[9]. The
sink term due to the radiation heat loss is expres
asqrad = −4σKp(T 4 − T 4

o ) [28], whereT denotes
the local flame temperature. The termKp accounts
for the absorption and emission from the parti
pating gaseous species (CO2, H2O, CO, and CH4)
and is expressed asKp = P

∑
k XiKp,i whereKp,i

denotes the mean absorption coefficient of thekth
species. Its value is obtained by using a polynom
approximation to the experimental data provided
Ref. [13]. The methane–air chemistry is modeled
ing a detailed mechanism that considers 24 spe
and 81 elementary reactions[29]. The mechanism ha
been validated for the computation of premixed fla
speeds and the detailed structure of both nonprem
and partially premixed flames and PPFs[1,2,30–32].

The computational domain of 150× 100 mm2 in
the axial(z) and radial(r) directions, respectively, i
represented by a staggered, nonuniform(301× 101)
grid system, as shown inFig. 2. The reported result
are grid independent. An isothermal insert simula
the inner 2×1-mm burner wall at 300 K. Atmospher
partially premixed methane–air flames were est
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fuel
be-
lished using an annular concentric burner that c
sists of a central tube with inner and outer diame
of 10.5 and 12.5 mm, respectively. This tube is s
rounded by a concentric tube with inner and outer
ameters of 22.2 and 25.2 mm, respectively. Metha
air fuel-rich mixtures and air were introduced fro
the inner and outer tubes, respectively. The velo
profile in the inner tube is assumed to be partially
veloped, while that in the outer tube is assumed to
uniform. These conditions were chosen to corresp
as closely as possible to those in the experime
study. The boundary conditions used are:

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

2. Outflow boundary in the transverse(or radial)
direction: There is a constant composition along t
boundary with all velocities equal to zero.

3. Inflow boundary: This boundary is divided up
into the inner annulus flow, the burner wall, the ou
annulus flow and still air. The vertical and horizo
tal velocities, pressure, and temperature are assi
constant values along the boundary. The fuel and
dizer mass fractions are different in each subdivisi
The first inflow boundary corresponds to that for t
inner jet issuing a rich methane–air mixture. The s
ond inflow boundary describes the outer jet issu
air. The third inflow boundary corresponds to still a
that has values equal to those for the outflow bou
ary in the radial direction.

4. Outflow boundary in the axial direction: This
boundary allows the flow to exit the domain witho
being distorted. Therefore, the values at that bound
are computed from a weighted average of the va
of the previous two axial grid points.

The outflow boundaries in both radial and ax
directions are located sufficiently far from the resp
tive symmetric and inflow boundaries to minimi
boundary-induced disturbances.

4. Results and discussion

4.1. Validation of numerical model

Due to the complexities of microgravity researc
the PPF drop rig currently has limited diagnostic
pabilities. For this reason, numerical simulations
used for a more detailed investigation of the lifto
characteristics of PPFs. The numerical model
been previously validated for both burner-stabiliz
and lifted methane–air PPFs[2,25,33]. Additional
validation is provided by comparing the predict
heat release and measured flame luminosity for 2
N2-diluted lifted partially premixed flames at 1- an
µ-g, as shown inFig. 3. The flames were diluted wit
nitrogen to allow for their lifting. Absence of dilutio
or insufficient dilution resulted in burner-stabilize
flames, as demonstrated by our simulations prese
in Fig. 4a, which shows the topology (in terms of t
heat release rate contours) of a burner-stabilized
PPF established atφ = 2.0, Vin = Vout = 50 cm/s,
without nitrogen dilution.

The images of the 1- and µ-g lifted flames p
sented inFig. 3a are from a color CCD camera. Th
have been converted into flame luminosity conto
(also shown in the figure). Various methods of is
lating specific spectral bands and relating them t
specific reaction rate intensity have been reported[1,
2,26]. Specific reaction rate measurements were
possible in our experiments due to the constraints
sociated with the drop rig size, which prevented
use of an intensified CCD camera or a LIF syst
needed for such measurements. Both the original
processed images show a triple-flame structure a
flame base.Fig. 3b presents the corresponding p
dicted heat release rate contours (left) and the m
sured flame luminosity contours (right). The react
rates are very large near the flame base. The p
values of the predicted heat release rate and the
sured intensity are similar at the flame base, wh
the inner and outer reaction regions merge. Car
taken in comparing the 1-g flames at the same ti
as they are subject to buoyancy-induced oscillatio
The measured and predicted reaction zone topo
phies are in good agreement, as are the flame li
heights and lengths. Both the simulations and m
surements show that in the absence of gravity, b
the liftoff and flame heights decrease. Our previo
work has shown that flames of this type are nea
fully developed in 2.2 s of µ-g[9]. Although the tem-
perature field continues to evolve, the heat release
profile shows insignificant change beyond 2.2 s.

4.2. Modified flame index

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

GFO = ∇YF · ∇YO.

Here,YF denotes the fuel mass fraction andYO the
oxidizer mass fraction. Domingo et al.[35], in their
study of partially premixed gaseous and spray flam
normalized this flame index as

ξp = 1

2

(
1+ GFO

|GFO|
)

,

such thatξp = 1 and 0 represent the premixed a
nonpremixed reaction zones, respectively. In our
vestigation, we modified the Domingo et al.[35]
flame index based on the local mixture fraction su
that it can also distinguish between the rich and l
premixed reaction zones.

It is well known that the stoichiometric mixtur
fraction fS lies within the nonpremixed reactio
zone [36]. Therefore, the rich and lean premix
zones are located in the inner and outer region
which the local mixture fractionf is larger and
smaller thanfS, respectively. Accordingly, we ca
define a modified flame index:

ξM =
(

f − fS

|f − fS|
)

· 1

2

(
1+ GFO

|GFO|
)

.

Here, the mixture fraction is defined following Bi
ger [37]. With this definition ξM = 1 for the rich
premixed zone,−1 for the lean premixed zone, an
±0.5 or 0 (depending on the fuel under considerati
for the nonpremixed zone. If the fuel is complete
consumed in the premixed zones, which is norma
the case for PPFs burning hydrocarbon fuels[1,2,32],
ξM = ±0.5, with +0.5 and−0.5 values correspond
ing to the nonpremixed regions adjacent to the r
premixed and lean premixed zones, respectively.
value ofξM = 0 for PPFs burning hydrogen, becau
the fuel is partially consumed in the premixed re
tion zone, with the remaining fuel being consumed
the nonpremixed zone[38]. Identification of the vari-
ous reaction zones is relevant only in regions of h
reactivity, i.e., where the heat release rates are sig
icant. Therefore, we have computed the flame in
only in regions where the heat release rate is at l
1% of the maximum heat release rate.

The use of the modified flame index to identify d
ferent reaction zones in a PPF is illustrated inFig. 4,
which presents the predicted heat release rate
flame index contours for a 1-g PPF established
φin = 2.0, Vin = Vout = 50 cm/s, with no nitrogen
dilution. In the absence of dilution the PPF is s
bilized at the burner and contains only two react
zones, namely, the rich premixed zone and the n
premixed zone. These two zones are readily identi
by the flame index contours presented inFig. 4b. The
heat release rate contours also indicate that the
at 1-g is subjected to buoyancy-induced oscillatio
which is discussed in a later section. Comparison
two 1-g PPFs established under identical conditio
one undiluted and the other with 25% nitrogen di
tion, shows that the diluted and lifted flame posses
a triple-flame structure (cf.Fig. 3), while the undi-
luted flame is burner stabilized with a double-flam
structure at the flame base.

4.3. Effect of partial premixing on liftoff height

Fig. 5 presents the measured flame luminos
contours for N2-diluted 1- and µ-g-lifted PPFs fo
several equivalence ratios. The corresponding ima
of the simulated flames are presented inFig. 6 in
terms of the heat release rates, velocity vectors,
stoichiometric mixture fraction contours. The ma
mum reaction zone intensities and heat release r
for these flames occur at the flame base as sh
in Figs. 5 and 6, respectively. This suggests that t
flames are stabilized at the location of highest reac
ity or the reaction kernel as suggested by Takah
et al. [23]. Generally, both experiments and simu
tions indicate that as the level of partial premixi
is decreased (i.e., asφ is increased), the flame liftof
height decreases, whereas the flame length incre
At higher φ values, however, the liftoff height be
comes nearly independent ofφ. This aspect is dis
cussed further when we present more quantitative
sults on the effect ofφ on flame height. In addition
asφ increases, the reaction zones in both 1- and
flames move away from the centerline. Both 1- a
µ-g lifted PPFs show that increasing equivalence
tio increases the flame width, as observed inFig. 5.
Another observation from the experimental and p
dicted results is that the absence of gravity redu
the liftoff height and pushes the flame away from
centerline. Both of these effects can be attributed
the absence of buoyant acceleration (which is cle
shown by the velocity vectors inFig. 6) in the case of
µ-g flames.

To examine the flame structure in the stabilizat
region more closely, we present the modified fla
index contours for the flames discussed in the c
text of Figs. 5 and 6in Fig. 7. The utility of using the
modified flame index to identify the various reacti
zones is clearly illustrated. For all five cases sho
in the figure, the 1-g lifted flames exhibit a tripl
flame structure at the base, while the correspond
µ-g flames transition from a triple- to a double-flam
structure asφ increases. Further evidence of diffe
ent structures at the flame base is provided inFig. 8,
which presents the radial profiles of heat release
and the CH4 and O2 mass fractions at an axial loc
tion (z − L∗ = 4 mm) near the flame base for 1-g an
f
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PPFs
heat
(a)

(b)

Fig. 3. (a) Original video images (right) and converted flame luminosity intensity contours (left) for lifted 1-g and µ-g
established atφ = 2.50,Vin = Vout = 50 cm/s. (b) Comparison of measured flame luminosity contours (left) and predicted
release rate contours (right).

Fig. 4. Predicted (a) heat release rate and (b) modified flame index contours for 1-g PPF established atφ = 2.0, Vin =
Vout = 50 cm/s, without nitrogen dilution.
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t of
Fig. 5. Images of flame luminosity contours of 1-g and µ-g lifted PPFs atφ = 2.00, 2.25, 2.50, 2.75, 3.00,Vin = Vout = 50 cm/s,
and 25% nitrogen dilution.

(a)

(b)

Fig. 6. Predicted heat release rate contours and velocity vector plots for 1-g and µ-g lifted PPFs discussed in the contexFig. 5.
The solid line in each flame represents the stoichiometric mixture fraction,ξst.
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y a solid

Fig. 7. Modified flame index contours for 1-g and µ-g lifted PPFs discussed in the context ofFigs. 5 and 6. The stoichiometric
mixture fraction contour is also shown in each flame. The triple point or double point at the flame base is indicated b
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µ-g flames established atφ = 2.5 andVin = Vout =
50 cm/s. Both the heat release rate and CH4 mass
fraction profiles clearly reveal a triple-flame structu
for the 1-g flame and a double-flame structure for
µ-g flame. As the 1-g lifted flames are stabilized a
longer distance from the burner than the correspo
ing µ-g flames, the implication is that the flame ba
structure strongly depends on the liftoff height. Ho
ever, altering gravity is not the only way to change
liftoff height, which affects the flame base structu
The liftoff height also depends on the fuel comp
sition, which, in turn, is a function of the fuel typ
amount of dilution, and level of partial premixing[25,
39], jet velocity, coflow velocity, nozzle diameter, et

Fig. 9 presents the predicted and measured lif
heights of 1- and µ-g flames as a function of equ
alence ratio. The liftoff height in the simulations
measured from the burner exit to the flame base
triple point (which is defined as the intersection
the stoichiometric mixture fraction line and an a
propriate scalar contour representing the flame
face [25]). Previous investigations have used a p
ticular value of the fuel mass fraction to identify th
flame surface[25,40–42]. In our investigation, the
flame surface is defined by the heat release rate
tour that corresponds to 1% oḟQmax. This contour
is chosen so that the results are consistent with
modified flame index discussed in the preceding s
tion. It was difficult to identify the flame base fro
the experimental video images, and, consequently
liftoff height is measured from the burner exit to t
location of maximum intensity.

There is qualitative agreement between the p
dicted and measured liftoff heights for both 1- a
µ-g flames. Both experiments and simulations in
cate that under identical conditions, µ-g lifted PP
are stabilized closer to the burner compared with
1-g flames (cf.Figs. 5–7, 9), and the difference in
liftoff heights is more pronounced at higher level
partial premixing or lowerφ. At 1-g, the local flow
velocity increases due to buoyant acceleration
Fig. 6) and the flame is stabilized at a higher ax
location to balance the flame propagation speed w
the local flow velocity. In addition, the entrainme
caused by buoyant acceleration leads to larger m
ing, which decreases the mixture fraction gradie
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Fig. 8. Radial profiles of heat release rate and CH4 and O2
mass fractions at an axial cut(z − Lf = 4 mm) for 1-g
(a) and µ-g (b) PPFs established atφ = 2.50 andVin =
Vout = 50 cm/s. Reaction zones are indicated by RP (r
premixed), NP (nonpremixed), and LP (lean premixed).
cal peaks in the heat release rate correspond to rea
zones.

This, in turn, modifies the flame speed and ther
the liftoff height. On the other hand, the higher lifto
height of 1-g flames induces greater mixing of fu
into the oxidizer stream. Both of these effects, i
higher liftoff height and buoyant entrainment, lead
enhanced mixing in the case of 1-g flames. As a res
the 1-g lifted flames exhibit a triple-flame structu
at the flame base, while µ-g flames show a transi
from a triple- to a double-flame structure. As ind
cated inFig. 7, the transition is observed to occur
φ = 2.5, for which the liftoff height is∼7 mm.

The measurements and simulations also indic
that asφ increases, the flame liftoff heights of bo
1- and µ-g flames decrease in a nonlinear manner
approach their respective nonpremixed flame lim
As the mixture fraction gradient is increased by d
creasing the fuel–air premixing, the thickness of
mixing layer decreases. This, in turn, decreases
flame speed as discussed in Ref.[22]. As mentioned
Fig. 9. Measured and predicted liftoff height for the 1-g a
µ-g flames as a function of fuel equivalence ratioφ. The
PPFs are established atφ = 2.00, 2.25, 2.50, 2.75, 3.00
Vin = Vout = 50 cm/s, and 25% nitrogen dilution. The exi
tence of a triple-flame structure in computed flames is in
cated byT.

earlier, the flame is stabilized where the local flow
locity matches the flame speed. The minimum lift
heights thus achieved for the 1- and µ-g nonpremi
flames are 8 and 4.8 mm, respectively, as indica
in Fig. 9. Fig. 10presents the variation of the flam
speed and the local flame stretch at the triple (or “d
ble”) point as a function ofφ for corresponding 1
and µ-g flames. The flame speedSd, the hydrody-
namic stretchκh, the curvature-induced stretchκc,
and the total stretchκ are determined from the rela
tions[43,44]

Sd = − 1

ρ|∇ϕ|
[∇ · (ρD∇ϕ) + ωϕ

]
,

κh = ∇ · Vfluid − nn : ∇Vfluid,

κc = Sd(∇ · n),

and

κ = κh + κc,

and are plotted inFig. 10. As indicated inFig. 10a,
for the 1- and µ-g flames investigated, the total stre
at the flame base is positive and decreases asφ is in-
creased. Other important observations fromFig. 10a
are that: (1) The curvature-induced stretchκc in-
creases while the hydrodynamic stretchκh decreases
with increasingφ. (2) While the total stretch is pre
dominantly due toκh at low φ, bothκh andκc con-
tribute equally to the total stretch at highφ. (3) The
curvature-induced stretch is higher for µ-g flames t
for 1-g flames, as the µ-g flames are stabilized clo
to the burner. In contrast, due to buoyant convect
the hydrodynamic stretch is greater for 1-g flam
than for their µ-g counterparts. Consequently, the
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Fig. 10. Predicted curvature-induced stretch (a), hydro
namic stretch (a), total stretch (a and b), and flame spee
at the flame base plotted versusφ for the PPFs correspond
ing toFig. 9.

tal stretch is higher for 1-g flames. (4) For both
and µ-g flames, there is a positive correlation betw
flame speed and stretch[45,46]. This correlation is
further discussed below.

At the triple point (or “double point”) the stoi
chiometric mixture fraction leads to a localized le
mixture, and for lean CH4/air mixtures, the Lewis
number (Le) is less than unity. Thus for the po
tively stretched flame base, its convex nature tow
the fresh mixtures defocuses the heat ahead of
flame, decreasing the burning rate, but focuses
concentration of methane, which increases the b
ing rate. For Le< 1, the focusing effect dominate
and, therefore, there is a positive correlation betw
flame speed and stretch. Because the stretch decr
with increasingφ, the flame speed(Sd) decreases (cf
Fig. 10b). As Sd decreases, the flame is stabiliz
closer to the burner exit in order forSd to match the
local flow velocity (cf.Fig. 7). It is important to note
that there is a dead zone at the burner rim, and, c
sequently, the flow velocity increases downstream
the rim.
s

Fig. 11. Measured and predicted flame lengths for 1-g
µ-g lifted PPFs plotted as function of fuel equivalence
tio φ. The PPFs are established atφ = 2.00, 2.25, 2.50, 2.75
3.00,Vin = Vout = 50 cm/s, and 25% nitrogen dilution.

There are quantitative differences between the
dicted and measured liftoff heights, especially for 1
flames at lowerφ values. The differences between t
predicted and measured liftoff heights are similar
those reported by Walsh et al.[47], who conducted an
investigation on lifted nonpremixed flames in coflo
ing jets. The predicted liftoff heights are larger th
the measured values. These discrepancies can b
tributed to several factors, which include experim
tal uncertainties, flame asymmetries and unsteadi
in experiments, differences in boundary conditio
in the simulations and experiments, and uncertain
in the chemical kinetic mechanism[29]. The experi-
ments show significant unsteadiness in the 1-g lif
flames at lowerφ values, and, consequently, there
large uncertainty in the measured liftoff heights,
shown inFig. 9.

4.4. Effect of partial premixing on flame length

Fig. 11presents the variation of the measured a
predicted flame lengths with equivalence ratio
both 1- and µ-g flames. The flame lengths were m
sured as the distance between the flame base an
nonpremixed reaction zone tip, with the latter ba
on the intensity contour in the experiments and
centerline reaction rate peak in the simulations.
oscillating flames, an average length was obtain
and for flames with an open tip, the flame leng
was obtained based on extrapolation. The uncerta
was generally less than 10% in the flame length m
surement. The uncertainty was larger for 1-g flam
at higherφ, because these flames had open tips
were subjected to large-amplitude oscillations due
buoyancy-induced instabilities.Fig. 11presents good
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Fig. 12. Measured flame images (top) and predicted hea
lease rate contours (bottom) for 1-g and µ-g lifted PPF
φ = 2.50,Vin/Vout = 38, and 50 cm/s.

qualitative agreement between the predicted and m
sured flame lengths, both of which increase asφ is
increased. However, the predicted flame lengths
larger than the measured values. For both 1-
µ-g flames, the flame length increases asφ is in-
creased, because the chemical reaction time incre
as the level of partial premixing decreases and, c
sequently, the flow time increases. In addition,
rich premixed zone has a weaker intensity at hig
φ values and moves closer to the nonpremixed zo
Under microgravity conditions, the flame length
increased, because the oxidizer transport to the n
premixed reaction zone is reduced due to the abs
of buoyant acceleration, and the effect of radiation
creases[1].

4.5. Effect of jet velocity on liftoff height

Fig. 12 presents the experimentally obtained i
ages and the predicted heat release rate con
of 1- and µ-g lifted PPFs established atφ = 2.5
and two different jet velocities (Vin/Vout = 38 and
50 cm/s). There is qualitative agreement between
periments and simulations in terms of flame lifto
height, length, and topology. Increasing the jet vel
ity increases both the flame liftoff height and leng
For both 1- and µ-g flames, the liftoff height increas
with jet velocity, as the lifted flames are stabilized
higher locations where there is a match between fla
speed and local flow velocity. This is expected a
consistent with the previous computational and
perimental investigations[24,48]. Flame length also
decreases because the flow time, which is determ
by the chemical reaction time, does not change.
other important observation is that as the liftoff heig
is sufficiently reduced, there is a transition from
triple-flame structure to a double-flame structure
the flame base, as discussed above.

4.6. Flame oscillations at 1 g

Normal-gravity PPFs exhibit well-organized o
cillations in both experiments and simulations. T
simulations indicated that the maximum flow velo
ity is located in the nonpremixed flame wing, su
gesting that this wing is oscillating due to buoya
acceleration[49]. Buoyancy-induced flame oscilla
tions in burner-stabilized nonpremixed and partia
premixed flames have been extensively investiga
previously[1,9,49]. Both computational and exper
mental studies have reported that the nondimensi
frequency associated with these oscillations varies
proximately as Fr0.5, where Fr is the Froude numbe
indicating the ratio of inertial force to gravitation
force. For the conditions investigated, our simulatio
indicated the oscillation frequency for the lifted 1
PPFs to be in the range of 8–10 Hz, while the m
sured frequency was found to be in the range
15 Hz. However, the video images were recorded
30 Hz, and, therefore, the frequency was poorly
solved in the measurements.Fig. 13 presents four
consecutive images of the experimental and sim
lated 1-g flames for intervals of 0.13 and 0.15 s,
spectively. Therefore, the experimental and simula
images are not exactly at the same phase angle
to differences in their respective frequencies. Ho
ever, both the measurements and simulations indi
a well-organized flame oscillation. In addition, o
results show that while the oscillation frequency
relatively insensitive toφ, the oscillation amplitude
increases with increasingφ, as shown inFig. 14,
which presents the time evolution of flame lengths
different φ. This is consistent with our previous in
vestigations on burner-stabilized PPFs, and prov
further evidence that the effect of partial premixi
(i.e., decreasingφ) is to make the flame more stabl
In other words, the partially premixed flames are m
stable than their corresponding nonpremixed coun
parts.

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

Fig. 15presents the flame structure in terms of
isotherms for 1-g and µ-g flames simulated with a
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Fig. 13. Sequential flame images (top) and the predicted
release rate contours (bottom) at different times for a
oscillating flame atφ = 2.5 andVin = Vout = 50 cm/s.

Fig. 14. Time evolution of flame lengths for 1-g lifted PP
at φ = 2.00, 2.25, 2.50, 2.75, 3.00,Vin = Vout = 50 cm/s,
and 25% nitrogen dilution.

without radiation. These contours show that the lift
heights of both 1- and µ-g PPFs slightly decre
when radiation is included. This can be attributed
the fact that thermal radiation lowers the local te
perature, which reduces the flame speed, and, co
quently, the flame is stabilized closer to the burn
For the 1- and µ-g flames depicted inFig. 15, the
liftoff heights decrease by 6.4 and 6.8%, respectiv
As expected, radiation also decreases the temper
in the high-temperature regions. Overall, the effec
Fig. 15. Temperature contours for 1-g and µ-g lifted PP
computed with and without radiation. Flames are establis
at φ = 2.50, Vin = Vout = 50 cm/s, and 25% nitrogen dilu
tion.

radiation is slightly larger for µ-g flames. This is co
sistent with our previous investigation pertaining
burner-stabilized PPFs[9], which indicated that with
out a coflow the effect of radiation is significant
larger for µ-g flames as compared with 1-g flam
However, with a coflow, this effect is significantly r
duced.

5. Conclusion

We have presented an experimental and com
tational investigation on the liftoff characteristics
partially premixed flames under 1- and µ-g con
tions. Lifted methane–air PPFs have been establis
in axisymmetric coflowing jets using nitrogen dil
tion. The µ-g experiments have been conducted in
2.2-s drop tower facility at the NASA Glenn Resear
Center. A time-accurate, implicit algorithm that us
a detailed description of methane–air chemistry
includes radiation effects is used for simulations. P
dictions are validated through a comparison of
flame reaction zone topologies, liftoff heights, flam
lengths, and oscillation frequencies. The effects
equivalence ratio, gravity, jet velocity, and radiati
are discussed.

1. Both the simulations and measurements in
cate that under identical conditions, a lifted µ-g P
is stabilized closer to the burner compared with
1-g flame, and the difference in liftoff heights is mo
pronounced at lowerφ values. At 1-g, the local flow
velocity increases due to buoyant acceleration,
the 1-g flame is stabilized at a higher axial locat
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to achieve a balance between flame speed and
flow velocity. The higher liftoff height and entrain
ment caused by buoyant acceleration lead to enha
mixing for 1-g flames. As a result, 1-g lifted flam
exhibit a triple-flame structure at the base, while µ
flames show a transition from triple-flame to doub
flame structure.

2. For the 1- and µ-g flames investigated, the to
stretch at the flame base is positive and decreasesφ

is increased. While the curvature-induced stretch
creases and the hydrodynamic stretch decreases
increasingφ, the total stretch is generally dominat
by the latter. In addition, the total stretch is higher
1-g flames than for µ-g flames. For both 1- and
flames, there is a positive correlation between fla
speed and total stretch, and this can be attribute
the fact that these flames are positively stretched
the local Lewis number at the triple (or “double
point is less than unity.

3. The liftoff heights of both 1- and µ-g flame
decrease with increasingφ, and approach their re
spective nonpremixed flame limits. This is related
the effect ofφ on the flame speed at flame base. Aφ
increases, the flame stretch decreases, and there
the flame speed decreases. Consequently, the fl
is stabilized closer to the burner exit in order for t
flame speed to match the local flow velocity. Sim
larly, the liftoff heights for these flames decrease w
decreasing jet velocity because the flame is stabil
at the location where the local flow velocity match
the flame speed.

4. The 1-g lifted flames exhibit well-organized o
cillations due to a buoyancy-induced instability wh
the corresponding µ-g flames exhibit steady-state
havior. The oscillation frequency is about 10 Hz, a
is essentially independent ofφ. However, oscillation
amplitude increases with increasingφ.

5. The effect of radiation is to slightly decrease t
liftoff heights of both 1-g and µ-g flames, and redu
the temperature in the high-temperature regions.

6. A modified flame index is developed to clea
distinguish between the rich premixed, lean premix
and nonpremixed reaction zones near the flame b

In future investigations, we plan to use lifted PP
to study different flame suppression scenarios, for
ample, the evaluation of different fuel fire suppre
sants (such as CO2) in extinguishing flames at differ
ent gravity levels.
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