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CHARACTERISTICS OF LIFTED TRIPLE FLAMES STABILIZED IN THE
NEAR FIELD OF A PARTIALLY PREMIXED AXISYMMETRIC JET
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The characteristics of lifted laminar triple flames in the near field of the burner exit are experimentally
and numerically investigated. The flames are established by introducing a nitrogen-diluted rich mixture of
methane and air from an inner tube and a lean mixture from a concentric outer tube. The temperature
and major species concentrations are measured using thermocouples and gas chromatography, respectively.
The flame liftoff heights are determined from C2* chemiluminescence emission images recorded by an
intensified CCD camera. A time-dependent, implicit numerical model that uses a detailed description of
the chemistry and includes buoyancy effects is used to simulate the flame structures. The numerical results
are validated through detailed comparisons with experimental measurements. Both the measured and
simulated reaction zone topographies show that there is a similitude between the burner-stabilized and
lifted flames. It is found that, unlike the highly nonlinear behavior of lifted flames in the far field of a jet,
the liftoff height of near-field lifted flames exhibits a linear relationship with respect to the inner-flow
velocity. Two kinds of oscillations, one induced by the instability in the inner flow and the other through
buoyancy effects, have been observed. The former has a frequency of about 16 Hz and the latter of 4 Hz.
After lifting, an unsteady triple flame moves downstream along the stoichiometric mixture fraction contour,
and the axial velocity reaches a minimum value near the triple point. This velocity is close to the laminar
burning velocity of unstretched stoichiometric methane-air flames. The hydrodynamic stretch increases
with the increase in liftoff height and the curvature stretch decreases. There is a good correlation between
the stretch rate, Lewis number, and flame propagation speed in both the rich and lean premixed zones of
the lifted triple flame.

Introduction
The behavior of triple flames has been extensively

studied because of their role in flame stabilization,
flame spread, and re-ignition in turbulent combus-
tion [1]. Lifted flames in laminar jets can provide a
basic understanding of turbulent flame stabilization;
these lifted flames often exhibit a triple flame struc-
ture at their base [2–5]. Chung and Lee [2,3] showed
that for non-premixed laminar jets, propane and n-
butane flames can be lifted while methane and eth-
ane flames blow out directly from a burner-stabilized
mode. Their analysis demonstrated that the Schmidt
number (Sc) plays an important role in flame liftoff,
and stable lifted flames are possible only for fuels for
which Sc � 1 or less than 0.5. Kioni et al. [4] estab-
lished lifted triple flames using nitrogen-diluted
methane fuel and investigated the effect of strain
rate. Ghosal and Vervisch [5] recently extended
Chung and Lee’s work and demonstrated analytically
that a lifted laminar flame is possible for 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 and can
only survive in a narrow parametric region.

Liñán [6] showed that there are two possibilities
for the stabilization of non-premixed flames in lam-
inar mixing layers: the flame can be either stabilized
near a splitter plate, or it can be stabilized farther
downstream in the form of a lifted flame. The liftoff
height for typical laminar jet flames is usually on the
order of 1–10 cm, and exhibits a highly nonlinear
behavior with jet velocity and nozzle diameter. The
lifted triple flames in the cited references are all sta-
bilized in the far field of a jet flow. The behavior of
lifted flames near the burner exit is different from
that in the far field and is often associated with flame
stabilization. Takahashi et al. [7] investigated the sta-
bilization mechanism of non-premixed laminar
flames, and reported no triple flame structure at the
base of lifted flames. Instead, they proposed that a
reaction kernel of high reactivity provides the radical
flux and serves as a stabilization point that is located
in a small premixing zone. A quantitative comparison
was not possible because of the lack of experimental
data.

Our objective is to examine the behavior of lifted
triple flames near the burner exit for an axisymme-
tric jet flow and provide further insight into the
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Fig. 1. Comparison between the experimentally ob-
tained C2* chemiluminescence intensities (left) and the
predicted heat release rate contours (right) for attached (a)
and lifted triple flames (b). The chemiluminescence image
has been modified by multiplying each pixel intensity by a
constant value defined by the ratio of the maximum specific
heat release rate to the maximum pixel intensity.

stabilization and liftoff mechanisms. We have estab-
lished lifted laminar triple flames at relatively low jet
velocities by introducing a nitrogen-diluted rich
methane-air mixture from an inner tube and a lean
mixture from a concentric outer tube. A time-de-
pendent, implicit numerical model with a detailed
reaction mechanism is used to simulate the phenom-
ena. The numerical results are validated through
comparisons with experimental measurements and
are used to investigate the effects of flame stretch,
curvature, and flow dilatation on the stabilization of
lifted triple flames.

Experimental and Numerical Methods

Atmospheric, partially premixed methane-air
flames were established using an annular concentric
burner that consists of a central tube with an inner
diameter of 4.5 mm and an outer diameter of 6.1 mm,
surrounded by a concentric tube with a diameter of
11.4 mm. The burner is made of brass and has a
length of 200 mm to ensure fully developed Po-
iseuille flow at the exit. An acrylic cylinder with a
diameter of 120 mm was placed concentrically
around the burner to minimize the effect of outside
disturbances. Methane-air fuel-rich mixtures and
fuel-lean mixtures were introduced from the inner
and outer tubes, respectively.

The excited C2* free radical species is considered
to be a good indicator of the reaction zone, and its
light intensity varies linearly with the volumetric
heat release [8]. The C2* chemiluminescence images
were obtained using an intensified CCD camera.
The temperature measurements used uncoated
50-lm diameter R-type wire thermocouples with a

junction-bead diameter of 140 � 30 lm and were
corrected for radiation heat losses. Thermocouple
measurements have an absolute uncertainty of 70 K.
Major species concentrations, namely, CH4, O2,
CO2, and CO, were measured using gas chromatog-
raphy. The species were sampled at various locations
using a narrow-tipped quartz microprobe of inlet di-
ameter of 0.2 mm at the end and an orifice diameter
of 100 lm. The sampling and analysis are described
in detail elsewhere [9]. The relative uncertainties in-
volved in the measurements lie between 5% and
10%.

The computational model is based on the algo-
rithm developed by Katta et al. [10]. The simulation
method is described in detail elsewhere [11]. The
methane-air chemistry is modeled using a detailed
mechanism that considers 24 species and 81 ele-
mentary reactions [12]. The mechanism has been
validated for the computation of premixed flame
speeds and for the structure of non-premixed and
partially premixed flames [13]. The outflow bound-
aries in both directions are located sufficiently far
from the respective inflow and symmetric bound-
aries so that the propagation of boundary-induced
disturbances is minimized. Fully developed pipe
flow in the inner tube and boundary layer velocity
profiles outside the inner tube were used for the
inflow boundary conditions. The computational do-
main of 100 � 50 mm in the axial (z) and radial (r)
directions was represented by a staggered non-uni-
form 191 � 81 grid system.

Results and Discussion

Triple Flame Structures

Triple flames were established by introducing
methane-air premixed mixtures at equivalence ratio
�in � 2.5 through the inner tube, and by introduc-
ing a fuel-lean mixture �out � 0.35 through the
outer tube. The inner tube exit velocities Vin were
varied in the range of 0.20–1.23 m/s, while the outer
tube velocity Vout was kept constant at 0.50 m/s. To
lift the burner-stabilized flames at a relatively low
Reynolds number, the inner fuel-rich mixture was
diluted by nitrogen at 25% by volume. Flames with-
out any dilution directly blew out from burner rim
before liftoff as the flow velocity of the inner and
outer flows was parametrically increased. This is in
accord with Chung and Lee’s results [2], that is, that
pure methane cannot be used to establish stable
lifted flames since its Sc has a value lower than unity
but greater than 0.5. However, liftoff became pos-
sible by adding nitrogen to the inner fuel-rich mix-
ture. Through gradual variation of Vin the flames
could be lifted by 5.5 mm.

Figure 1 presents a comparison of the experimen-
tally obtained C2* chemiluminescence intensities
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Fig. 2. Profiles of measured (symbols) and predicted
(lines) temperatures, and of major species (CH4, O2, CO2,
CO species) concentrations along the centerline for a lifted
flame. The predicted heat release rate (q) and sum of C2
species mole fraction are also plotted. The flame was estab-
lished for the conditions: Vin � 0.6 m/s, Vout � 0.5 m/s,
�in � 2.5, �out � 0.35.

Fig. 3. Liftoff height (H) and flame length (L) with re-
spect to inner-flow velocity for lifted triple flames. The
flames were established for the conditions: Vout � 0.5 m/s,
�in � 2.5, �out � 0.35 with varying inner-flow velocity.
The open symbols represent the data corresponding to the
second kind of oscillation.

(left) with the predicted heat release rate contours
(right) for attached and lifted triple flames. The im-
ages clearly exhibit a triple flame structure for both
the attached and lifted flames, with a non-premixed
reaction zone located between a rich premixed and
a lean premixed reaction zones. All three zones
merge at the flame base. Because of nitrogen dilu-
tion, the lifted flames exhibit lower chemilumines-
cence intensity than their burner-stabilized undi-
luted counterparts. However, the two flames are

similar with respect to overall topology, that is, the
flame shapes, locations, and overall flame heights.
While the predicted inner flame heights and the lo-
cations of the rich premixed and non-premixed re-
action zones are in good agreement with the spatial
profile of the measured C2* intensity, the predicted
lean premixed reaction zone has a much higher in-
tensity than that shown by the measurement. The
predicted liftoff height is in excellent agreement
with the measurement. However, the predicted
flame base is somewhat thicker and more rounded
than the measurements, and we ascribe this to the
low signal-to-noise ratio in the experiment. The
lifted flame base is slightly inclined toward the axial
centerline coordinate, and this has an effect on flame
stabilization that is discussed later.

To validate the numerical model, the measured
and predicted temperature and major species (CH4,
O2, CO2, and CO) concentrations for the lifted
flames are compared along the centerline in Fig. 2.
The predicted heat release rate (q) and C2 species
mole fraction are also plotted to demonstrate the
flame structure. The thermocouple temperatures in
the region upstream of the flame are higher than in
the prediction, which may be due to the conduction
heat transfer along the thermocouple wire. The mea-
sured maximum temperature is slightly higher (2010
versus 1945 K) than the predicted value. Within the
bounds of computational and experimental errors,
the measured and predicted temperature and con-
centration profiles of the major species are in good
agreement. Therefore, we conclude that the vali-
dated numerical model can be used to provide de-
tailed insight into the triple flame structure. The
CH4 and O2 mole fractions decrease rapidly in the
preheat zone (in the region from 15 to 20 mm along
the centerline). The CO concentration peaks in the
inner premixed reaction zone, and is gradually de-
pleted downstream as it is transported and con-
sumed in the non-premixed reaction zone. The CO2
concentration shows a peak in the highest tempera-
ture region, which is located downstream of the in-
ner premixed reaction zone. Comparing Fig. 2 with
Fig. 1b, it is apparent that the flame height deter-
mined using the heat release rate as a marker differs
from that inferred through the maximum tempera-
ture isocontour.

Characteristics of Lifted Triple Flames

Figure 3 presents the experimental results show-
ing the effect of inner-flow velocity on the liftoff
height and flame length for the lifted triple flame.
The flame length, which is defined as the height of
the inner premixed reaction cone, increases linearly
with Vin. Unlike the previously reported nonlinear
behavior for lifted flames stabilized in the far field
of a jet [2], the liftoff height of the triple flame con-
sidered herein increases linearly with Vin in the
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Fig. 4. Simulated CH4, H2O, and OH mass fraction
isocontours and heat release rate (that begins at 50 J/
(cm3 s) with a 100 J/(cm3 s) interval) for three cases: (a)
T1, Vin � 0.4 m/s; (b) T2, Vin � 0.6 m/s, and (c) T3,
Vin � 0.8 m/s. The thick solid line represents the stoichio-
metric mixture fraction nst � 0.383. The flames were es-
tablished for the conditions: Vout � 0.5 m/s, �in � 2.5,
�out � 0.35. Y represents mass fraction.

range 0.2–1.1 m/s. For Vin � 1.1 m/s, the flame
becomes unstable and oscillates, with blowout oc-
curring occasionally after some periodic displace-
ments. For Vin � 1.23 m/s, the flame directly blows
out.

The lifted triple flames are very sensitive to dis-
turbances in either the inner or outer flows. Two
kinds of oscillations are observed using a high-speed
video camera (Kodak EktaPro) in the velocity ranges
from 0.6 to 1.1 m/s and 1.1 to 1.23 m/s, respectively.
The former velocities have a uniform frequency of
roughly 16 Hz despite their different inner-flow ve-
locities, and the corresponding flames are relatively
stable at their base. These disturbances oscillate with
a maximum amplitude of �0.5 mm at the base and
�1 mm at their tip, and are assumed to occur be-
cause of flow instabilities. The other oscillations have
a lower frequency of �4 Hz, but larger amplitude.
These are dominated by buoyancy effects and have
been reported by Won et al. [14] for highly diluted
propane flames in the developing region from the
burner exit.

For the undiluted methane-air mixture of �in � 2.5,
the Schmidt number (Sc) lies in the range 0.64–0.78
(with a mean value of 0.71), while for flames diluted
with 25% N2, Sc has values in the range 0.72–0.82
(with a mean value of 0.77). For methane, Sccr � 0.8
[5] so that these values are still subcritical. Flames
with higher N2 dilution have larger Sc values
(e.g., for the flame diluted with 50% N2 by volume,
Sc � 0.91) and can be lifted up to 5 cm.

Parameters Characterizing Lifted Triple Flames

We now focus on the structure of lifted triple
flames, emphasizing the effects arising because of

flame stretch that characterize the flow field on the
flame-displacement speed. Three flames with differ-
ent inner-flow velocities, respectively, 0.4, 0.6, and
0.8 m/s (corresponding to cases T1, T2, and T3), are
discussed. The outer-flow velocity for these flames
is 0.5 m/s.

The mixture fraction n is defined as a linear com-
bination of the elemental mass fractions on the basis
of the formula suggested by Bilger [15], namely,

12Z /W � ⁄2Z /W � (Z � Z )/WC C H H O,2 O O
n � 12Z /W � ⁄2Z /WC,1 C O,2 O

(1)

where Zi denotes the mass fraction of the element i
of atomic mass Wi, the subscripts C, H, and O refer
to carbon, hydrogen, and oxygen, and the subscripts
1 and 2 refer to the fuel and oxidant reference states.
The stoichiometric value, nst, obtained by applying
this definition provides a value of 0.383 for all three
cases.

To define the flame surface, we need to select a
transported scalar u. There is some latitude regard-
ing the choice of the scalar property. Najm and
Wyckoff [16] used a particular value of the fuel mass
fraction to identify the flame surface. Im and Chen
[17] used a mass fraction contour of a product spe-
cies (water) to describe the reaction zone of partially
premixed H2-air mixtures. Fig. 4 presents the CH4,
H2O, and OH mass fraction contours, nst, and heat
release rate isocontours for cases T1 to T3. The H2O
isocontour represents the lean premixed reaction
zone accurately, but not the inner rich premixed
zone. The CH4 isocontour is able to represent the
rich premixed reaction zone accurately, but it de-
creases rapidly downstream of the triple point and
fails to represent the lean premixed reaction zone.
The OH isocontour clearly identifies the rich and
lean premixed reaction zones, and, therefore, we will
use it as a reaction zone marker. We find that an OH
mass fraction of 2.0 � 10�5 traces the flame surface
for all the cases considered. The triple point at the
flame base is defined as the location of the intersec-
tion of nst line and the significant OH isocontour.

The displacement speed of a flame Sd is defined
as the normal component of the flame front speed
relative to the local fluid velocity, that is [18],

1
S � � [� • (C �u) � x ] (2)d u u

q|�u|

where q denotes the density, Cu denotes the diffu-
sion coefficient for u, and xu is the volumetric rate
of generation or destruction of u. Following Chung
and Law [19], the flame stretch, j, is expressed as

j � � • V � (V • n̂)(� • n̂) (3)fluid,t flame

where Vfluid denotes the flow velocity at the flame
surface, Vflame is the flame velocity in the inertial
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Fig. 5. Simulated isotherms, equivalence ratio, and heat
release rate contours (that begin at 50 J/(cm3 s) with a 100 J/
(cm3 s) interval) at three different times: (a) attached flame,
t � 0; (b) lifted flame, t � 20 ms; (c) lifted flame, t �

100 ms. The thick solid line represents the stoichiometric
mixture fraction nst � 0.383.

TABLE 1
Flame characteristics at the triple point during flame liftoff for three cases corresponding to Fig. 4a

Case Time (ms) r (mm) z (mm) Vin (m/s)
Curvature

� • n̂ (mm�1) jh (s�1) jc (s�1) j (s�1) Sd (m/s) Va (m/s)

20 2.91 2.75 0.6 849.1 �100.3 260.0 159.7 0.31 0.38
T2 40 3.04 3.66 0.6 678.2 �35.2 232.7 197.5 0.35 0.37

60 3.10 4.22 0.6 617.7 6.7 240.6 247.3 0.38 0.38
100 3.17 4.92 0.6 577.2 39.3 228.1 267.4 0.39 0.39

T1 200 3.07 3.80 0.4 653.9 4.6 254.5 259.1 0.38 0.37
T3 200 3.30 8.00 0.8 498.1 86.5 224.0 310.5 0.45 0.43

aFor case T2, the flame characteristics during temporal evolution of the triple flame as it lifts off from the burner and
then stabilizes at some downstream location are provided at four different times. For cases T1 and T3, the flame char-
acteristics correspond to the final stabilized state.

frame of reference, n̂ is the normal to the flame sur-
face defined as n̂ � ��u/|�u|, � • n̂ is the cur-
vature of the flame front, and the subscript t denotes
the tangential component of the velocity. After al-
gebraic manipulation, we can express flame stretch
as

j � � • V � n̂n̂: �V � S (� • n̂). (4)fluid fluid d

In the relation above, the first two terms represent
the effect of a non-uniform tangential flow field
along the flame surface and we use the term hydro-
dynamic stretch jh to represent them. The last term
in equation 4 represents the effect due to the un-
steady propagation of a curved flame surface and is
the curvature-induced stretch jc. It is useful to ad-
dress the effects of these two kinds of stretch on the
triple flame propagation speed.

Flame-Lifting Process

Figure 5 presents the computed flame structure
at the base of a triple flame at three different times
during the process of liftoff from the burner wall for
case T2. For each image, the heat release rate, tem-
perature, and equivalence ratio contours are plotted.
The thick solid line corresponds to stoichiometric
mixture fraction contour. Adiabatic boundary con-
dition was imposed on the burner wall in Fig. 5a so
that the wall serves as a flame holder. At the bound-
ary where wall and flame are adjacent, the wall tem-
perature can be as high as 1600 K, which is not re-
alistic when compared with experiments. The nst
contour begins at the outer edge of the burner wall
and passes through the center of the flame. On the
contrary, the � � 1 contour is located on the rich
side of the flame and suggests that for rich partially
premixed flames the stoichiometric contour of mix-
ture fraction is more useful than that of equivalence
ratio. In Fig. 5b and c, the wall boundary is changed
to isothermal (at 294 K) and the unsteady flame lift-
off phenomenon is depicted. The flame moves
downstream along the nst contour, which is a char-
acteristic property of triple flames. After �100 ms
the flame stabilizes at a position z � 4.92 mm, which
is slightly lower than the experimentally obtained
value of 5.5 mm. There is a low axial velocity region
behind the burner rim that stabilizes the flame and
is dominated by diffusion. The base of the triple
flame becomes more rounded and wider and moves
away from the centerline with an increase in the lift-
off height.

In Table 1, we provide the values of some relevant
properties of the triple point at four different times
during flame liftoff for case T2, along with two stable
states for cases T1 and T3. When the flame moves
downstream, the curvature decreases (as is observed
from C2* images in Fig. 1) because of the flow di-
latation ahead of the triple point. Table 1 shows that
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Fig. 6. Simulated flame propagation speed Sd, axial ve-
locity Va, equivalence ratio �, and stretch rate (j, jh, and
jc) along the flame front for case T2. The dashed thick
line represents the stoichiometric mixture fraction and
the vertical dotted line represents the triple point loca-
tion. The inserted small figure indicates the locations of
points a to d.

Sd is smaller than the axial flow velocity Va at the
initiation of liftoff. jh increases from a negative to a
positive value, and jc slightly decreases. The overall
stretch is positive and increases as the flame lifts. Sd
gradually increases and becomes equal to Va that is
almost constant during the flame liftoff phenomena.

The curvature of a premixed flame influences the
upstream transport of both heat and flame radicals
[20]. When a flame surface is convex toward the up-
stream flow, heat is defocused away from the flame
and flame radicals are focused toward the flame. For
a rich methane-air flame with a large convex curva-
ture, such as at the base of a triple flame, the de-
crease in flame speed by jc surpasses the decrease
in the flow velocity that is manifest through stream-
line divergence. Consequently, this results in a lower
Sd so that such a flame is more readily lifted. Since
the local equivalence ratio near the triple point is
lower than unity (as can be seen from Fig. 5), the
effective Lewis number (Le) of the mixture is also
less than unity, and the flame propagation speed in-
creases with the increasing stretch that is experi-
enced at higher liftoff heights [20]. The flame be-
comes more inclined toward the centerline as it lifts
off (cf. Fig. 5c). This has the effect of increasing Sd,
since now only the normal component of the flow
velocity to the flame surface must be balanced
against the burning velocity. The lifted flame stabi-
lizes because of the combined effects of flame
stretch, flow redirection, and flame inclination, and
the flame propagation speed assumes a value that is
roughly equivalent to the velocity normal to the
flame front at the triple point.

Comparing the properties at the stable state of
cases T1, T2, and T3, it is seen that, in a manner

similar to our experimental results, the liftoff height
increases linearly with respect to Vin, and the flame
base moves further away from the centerline. The
values of the curvature and vst decrease, while those
of j, Sd, and Va increase.

Stretch Effects on Lifted Flames

Figure 6 presents the flame propagation speed,
axial velocity, equivalence ratio, and stretch rate
along the flame front (i.e., the OH mass fraction con-
tour of 2.0 � 10�5) for case T2. The dashed thick
line represents nst, and the vertical dotted line rep-
resents the triple point location. Va exhibits a mini-
mum at the triple point and a maximum at the flame
tip. Sd also has a maximum value at the flame tip and
monotonically decreases along the flame surface un-
til a turning point a where j changes sign from neg-
ative to positive. It then exhibits two peaks at the
point b and d, and a relatively low value at point c
(which is the triple point). The variation of j follows
a similar behavior, and demonstrates a good corre-
lation between j and Sd. For instance, from the
flame tip to point a, Sd is higher than the unstretched
flame speed value and decreases as the stretch in-
creases.

At turning point a the hydrodynamic stretch jh
and curvature stretch jc have similar absolute values
but have opposite signs so that their sum j � 0. This
results in an unstretched flame speed of 16 cm/s,
which is virtually identical to the laminar burning
velocity for a stoichiometric methane-air mixture di-
luted with 25% nitrogen. The value of jc reaches a
maximum positive value of 695 s�1 approaching
point b, while jh is near zero (�28 s�1). In the re-
gion from a to b, Le is slightly larger than unity, and
the flame experiences positive stretch. In this region,
Sd increases with increasing positive stretch although
Le � 1. This behavior appears to be anomalous in
the context of the theoretical correlation among Sd,
jh, and Le [20]. However, the region is characterized
by strong interactions between the rich premixed
and non-premixed reaction zones, and may not be
amenable to simple interpretation. In the region ex-
tending from points c through d into the lean region,
since � � 1 and Le � 1, Sd increases (decreases)
with increasing (decreasing) positive stretch rate.

Near the flame tip, the flame is subjected to large
negative stretch and |jh| K |jc|. Sd is two times larger
than the stoichiometric laminar burning velocity, and
linearly decreases with an increase in j, which is
consistent with the theoretical correlation. On the
contrary, at the flame base, that is, near the triple
point, the flame experiences small positive stretch
and Sd attains a relatively constant value. However,
in the lean premixed region following the triple point
(where Le � 1.0), Sd increases (decreases) with an
increase (decrease) in j. This is consistent with the
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theoretical correlation discussed by Law and Sung
[20] in the context of simple premixed flames.

Conclusions

The liftoff height of triple flames established in the
near field of the burner increases linearly with the
inner-flow velocity Vin at relatively low values. As Vin
exceeds a critical velocity, the flame becomes unsta-
ble and oscillates, with blowout occurring occasion-
ally after some periodic displacements. At even
higher velocities, the flame directly blows out. Two
kinds of instabilities are observed. One has a uniform
frequency of �16 Hz for various Vin values, and the
corresponding flames are relatively stable at their
base. These oscillations are assumed to occur be-
cause of flow instabilities. The other kind of insta-
bility has a lower frequency but larger amplitude,
and is surmised to be due to buoyancy effects.

At the flame base, that is, at the triple point, the
overall stretch rate is positive and increases as the
flame lifts, while the curvature decreases. The flame
propagation speed gradually increases during the
unsteady liftoff phenomena and becomes equal to
the axial flow velocity (which remains virtually un-
changed). The flame lifts off to a location at which
the combined effects of flame stretch and flow re-
direction favor its stability. The flame becomes more
inclined toward the centerline as it lifts off, which
increases the flame propagation speed. There is a
good correlation between the stretch rate, Lewis
number, and flame propagation speed in both the
rich and lean premixed zones of the lifted triple
flame. However, near the triple point, which is char-
acterized by strong interactions among the three re-
action zones, the correlation becomes significantly
more complex.
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COMMENTS

Joel Daou, UMIST, UK. The relation between local burn-
ing speed and stretch has been derived for the case of ho-
mogeneous mixtures (i.e., without concentration fluctua-
tions). Could you comment on or justify the use of such
relations in the case of triple flames?

Author’s Reply. We are not sure what relation between
local burning speed and stretch you are referring to. If you
are referring to the linear relationship as reported by Law
and Sun (Ref. [20] in paper), we did not use that relation-
ship. Since both the local burning speed and stretch are
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local properties and are defined using fundamental equa-
tions (Ref. [18] in the paper), they do not require any as-
sumption such as homogeneous mixtures.

●

James F. Driscoll, University of Michigan, USA. The dis-
placement speed that you report is an important quantity,
but it has been defined in different ways by different au-
thors. Did you determine it by using local gas velocity and
local scalar properties along an isoline near the leading
edge or the trailing edge of the flame, and is stretch the
reason why it exceeds the unstretched laminar burning ve-
locity? The stretch rate is made up of two components: one
due to strain and one due to curvature; please comment
on which of these two components is larger in your case.

Author’s Reply. As described in the paper, the displace-
ment speed is defined by using local gas velocity and local
scalar properties along an OH isocontour at the leading
edge. Stretch is the main reason that local displacement
speed exceeds the unstretched laminar burning velocity,
but the local displacement speed can also be affected by
other factors, such as Lewis number, and so forth. In Fig.
6, we show the stretch rate (overall stretch rate j, hydro-
dynamic stretch jh, and curvature stretch jc) along the
flame front. It can be seen that at the tip of the flame,
curvature stretch jc is dominant and has a large negative
value. When approaching the triple point, jc increases to
positive values and is of the same order as jh.
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