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Abstract

A flame formulated in a mixing layer has a typical structure of a tribrachial (or triple) flame. The propaga-
tion velocity of a tribrachial flame is much higher than the laminar burning velocity of a stoichiometric premixed
flame, and the propagation velocity usually decreases as the gradient of fuel concentration increases. A separate
experimental study that used a jet flow in an open space reported that there is a maximum propagation velocity
at a critical fuel concentration gradient coupled with the enhancement of a diffusion flame branch and that the
critical concentration gradient can be varied even by the difference in velocity variation near the flame. This study
investigates how a confined flow field affects the structure of a tribrachial flame. The mean velocity and the con-
centration gradient of fuel were controlled by a multislot burner. Laser diagnostic methods were used to measure
the velocity variation, the OH radical, and the temperature variation. Even in a confined geometrical space, the
existence of the maximum propagation velocity was confirmed. Moreover, the critical concentration gradients in a
confined channel were larger than those in an open jet case; that is, the role of the diffusion flame at the maximum
propagation velocity becomes more significant in a confined structure due to the enhanced convective diffusion.
This result shows the importance of the diffusion branch in a confined (or squeezed) stream tube.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction on flame propagation in a horizontal methane—air
stratified mixing layer in order to simulate mine ex-

A tribrachial (or triple) flame can form in a mass plosions. Phillips showed that the propagation veloc-
diffusive mixing layer with a flammable concentra- ity of a tribrachial flame (PVTF), or V¢, is much larger
tion. The tribrachial flame consists of a lean premixed than the laminar burning velocity of a stoichiometric
flame, a rich premixed flame, and a diffusion (or non- mixture. Ishikawa [2] observed similar flame struc-
premixed) flame. The junction of the three reaction tures through experiments on the transient flames that
branches is called a tribrachial point. This structure formed in a stratified methane-air layer in a chamber
was first reported by Phillips [1], who experimented with constant volume. In an analytical study, Dold [3]

recognized the importance of the tribrachial flame for

turbulent modeling.
* Corresponding author. Fax: +82 2 814 9476. A number of studies have since been conducted
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dependency of the PVTF on the gradient of the fuel’s
mass fraction (or concentration gradient), which is an
important issue. Although Phillips reported that the
propagation velocity decreases as the mixing thick-
ness decreases, the concentration gradient was not
quantitatively evaluated.

Kioni et al. [4] connected a multislot burner to
a slightly diverging channel and strictly controlled
the concentration gradient of methane. They used di-
luted methane (with 55% N»), and their results also
showed that the propagation velocity of the tribrachial
flame was much larger than the laminar burning ve-
locity. However, the propagation velocity in their ex-
periment increased slightly as the concentration gra-
dient increased. The discrepancy in the correlation
between the PVTF and the concentration gradient has
been attributed to the confined geometry of the chan-
nel.

Ruetsch et al. [5] analytically explained that the
ratio of the PVTF to the laminar burning velocity of
a stoichiometric mixture asymptotically converges to
the square root of the density ratio of the unburned
mixture to the burned mixture when the concentra-
tion gradient approaches a very weak concentration
gradient. They expressed the ratio as

Ve~ SPv/pu/ P, (1)

where SE is the laminar burning velocity of the stoi-
chiometric mixture, py is the density of the unburned
mixture, and py, is the density of the burned mixture.
Their results are extremely valuable in terms of un-
derstanding the characteristics of typical tribrachial
flames. They explained the mechanism of the increase
in the PVTF in terms of the upstream flow redirec-
tion, which is due to the volume expansion near the
tribrachial point [5,6].

The approach of Chung and his research group [7—
10] revealed that the base of a lifted diffusion flame
can be explained by the structure of the tribrachial
flame and helped to explain the essential mechanism
of turbulent lift-off flames. To measure the PVTF, Ko
and Chung [9] used the propagating flames of a small
diffusion jet and relied on analytical results derived
from a boundary layer theory. Their PVTF was much
higher than the laminar burning velocity and it de-
creased as the concentration gradient increased. This
result agrees well qualitatively with the estimate by
Ruetsch et al. with regard to the limit of small concen-
tration gradient. However, the ultimate state of a zero
concentration gradient needs to be reconsidered. If the
concentration gradient becomes zero, then the mix-
ture becomes a well-premixed gas. Thus, the flame
in such a mixture becomes a premixed flame—not
a tribrachial flame. The propagation velocity of the
premixed flame must then be of the same order as

the laminar burning velocity, which is much smaller
than the value asymptotically estimated by Ruetsch et
al. [5].

Discrepancy between the PVTF and the concen-
tration gradient motivated the study of Kim et al. [11].
They were the first to investigate a tribrachial flame
stabilized in a potential core of a large jet in an open
space (that is, an open jet). Under such conditions, a
unique mechanism of flame stabilization is the flow
redirection caused by the flame itself. This mecha-
nism is the main reason for the increase in the PVTE.
In addition, the lift-off heights were sensitive to the
mean velocity and the concentration gradient. Thus,
the blow-off conditions of a tribrachial flame with an
open jet, which were defined as the maximum veloc-
ity for flame stabilization, could be a good method
for measuring the PVTE. Kim et al. [11] showed that
there is a critical concentration gradient at which the
PVTF reaches its maximum. They suggested three
causes: the limitation of the burner, the nonuniform
velocity profiles, and the additional volume expansion
by the diffusion flame.

Briefly, the limitation of the burner implies that
when the size of the burner is not sufficient to estab-
lish an “ideal tribrachial flame,” the flame edges close
to the flammable limits are eliminated and the overall
propagation velocity of the tribrachial flame is under-
estimated. Here, the ideal tribrachial flame is defined
as a tribrachial flame that has been stabilized in an in-
finite uniform velocity field with linear concentration
profiles that cover all flammable conditions from the
lean limit to the rich limit [11].

According to the results of Kim et al. [11], this
critical concentration gradient varied when the flame
was near the nozzle’s exit. This result raised questions
about the effect of the flow deflection on the charac-
teristics of the tribrachial flame. In regard to this, the
differences between the theoretical tribrachial flame
and the flame in the confined channel have not yet
been clarified, even though confined channels have
often been used in this research field. Furthermore,
neither the difference between the planar mixing layer
and the round jet nor the effect of the shear layer
has been distinguished clearly. We therefore inves-
tigated the tribrachial flames in a slightly diverging
channel as the first step in elaborating the effect of
the velocity field. In such a channel, flow divergence
is expected to be suppressed and the concentration
gradient maintained at a higher level, resulting in en-
hanced mass diffusion, especially behind premixed
flame branches.

Our two primary objectives were to investigate
whether a tribrachial flame in a slightly diverging
channel has a critical concentration gradient for the
maximum PVTF as observed in the open jet and to
explain the difference between a tribrachial flame that
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has stabilized in an open jet and one in a confined
channel. To experimentally investigate the PVTF and
the structure of the flame, we used various laser diag-
nostic techniques, the results of which can expand our
understanding of the characteristics of the tribrachial
flame.

2. Experimental method

We used methane (with a purity of 99.95%) and
propane (with a purity of 98%). Fig. 1 shows the test
section with a slightly diverging channel. The diverg-
ing angle of the channel was set to 3.5° on each side,
which is the same angle chosen by Kioni et al. [4]. We
connected a multislot burner with a contraction nozzle
to the diverging channel and named the starting point
of the channel the nozzle exit. Details of the burner
have been presented elsewhere [11]. Fig. 1 shows the
coordinates for the direction of the flow (x), the con-
centration gradient (y), and the depth (z).

test section

Fig. 1. Experimental apparatus (HC: honeycomb, PG: parti-
cle generator, MC: mixing chamber, length unit is mm).

Our two experimental parameters were the mean
velocity and the concentration gradient (that is, the
gradient of the fuel’s mass fraction). There were 14
slots in the y-direction for the premixed mixtures and
two additional slots for the side nitrogen in the z-
direction. By adjusting the flow rate and the equiv-
alence ratio of the mixture in each slot, we could
strictly control the overall flow rate and the concen-
tration gradient.

The effects of side nitrogen layers were examined
by varying the flow rate of the nitrogen. As a re-
sult, even though a small deviation was found for the
lift-off heights of the flames, the overall trends were
similar regardless of the flow rate. Thus, the mean
flow velocity of the nitrogen was regulated such that it
had the same mean velocity as the main stream of the
mixture. All flame shapes then had negligible devia-
tion in the z-direction compared with the flame width
and the scale of experimental fluctuation in the lift-off
heights. Thus, all flames in this study were considered
to be two-dimensional structures.

For the luminous intensities of the tribrachial
flames, we used an intensified CCD camera. The
maximum intensity was obtained near the tribrachial
point. The lift-off height was defined as the dis-
tance between the nozzle exit and the location of the
maximum luminous intensity. To measure the lift-off
heights, we averaged more than a hundred images.

A hot-wire anemometer (Dantec CTAS6C17) was
used to measure the velocity of the cold flow, and a
particle image velocimeter (PIV) was used to measure
the velocity of the reacting flow. We also used a dou-
ble pulse Nd: YAG laser (500 mJ, 532 nm) with a pulse
interval of 224.9 ps. We installed a 532-nm band-
pass filter (with a bandwidth of 10 nm) to exclude
the flame luminosity. The seed particle was 0.5 pm
of AlpO3. The concentration gradient of the methane
was measured with the aid of mass spectroscopy (HI-
DEN HPR20).

To detect OH radicals, planar laser-induced flu-
orescence (PLIF) techniques were used. The laser
pulse was generated by a second harmonic Nd:YAG
laser (500 mJ, 532 nm), and a pumped dye laser with
a frequency doubler was tuned to 283 nm with a
pulse energy of 12 mJ. An intensified CCD camera
(512 pixels x 512 pixels) was equipped with an FG-
09 filter and an FG-01 filter.

For the temperature, the shapes of the coherent
anti-Stokes Raman scattering (CARS) spectra of ni-
trogen were used. The spectra were taken with a
monochrometer equipped with another intensified
CCD camera (1024 pixels x 256 pixels) over a Ra-
man shift frequency range of 2260 to 2350 cm™ !, For
that, we used a single-mode Nd:YAG laser (532 nm)
to generate a pump laser and a modeless dye laser to
generate a Stokes laser [12].
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Fig. 2. Photographs of tribrachial flames: (a) direct images of a methane flame, Vi, o = 102.5 cm/s; (b) direct images of a
propane flame, Vi o = 120 cm/s; (¢) visualization of streak lines (methane, Vi, o = 105 cm/s).

3. Results and discussion
3.1. Flame shapes and lift-off heights

Fig. 2 shows direct images of the tribrachial flames
with the concentration gradients for fixed mean ve-
locities. The concentration gradient at the nozzle exit,
VYF,o, was measured, and the mean velocity at the

nozzle exit, Vi o, was defined as the flow rate divided
by the cross-sectional area of the channel at the nozzle
exit. Figs. 2a—2c show images of the methane flames
and propane flames, as well as the Mie-scattering
images of the streamlines near the methane flames.
In all results of this study, the left-hand side was
fuel-lean and the right-hand side was fuel-rich. As
the concentration gradient increased, minimum lift-
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Fig. 3. Variation of the lift-off height with the concentration
gradient at the nozzle exit and the mean velocity at the nozzle
exit for (a) methane and (b) propane.

off heights existed for fixed mean velocities, and the
width of the premixed flame branch in the y-direction
decreased to less than the width of the channel. Thus,
the curvature of the flame was enlarged as much in
an open jet, and the luminous intensity of the dif-
fusion flame was also stronger than that of an open
jet, even for a concentration gradient smaller than
the critical gradient. The streamlines near the flame
in Fig. 2c show that the flow divergence is signifi-
cantly restricted when the concentration gradient is
small (compare with Fig. 4c in [11]). The flame po-
sition was noticeably disturbed with particle seeding,
and the images in Fig. 2c were chosen when the dis-
turbances were small.

The variation in the lift-off height with the concen-
tration gradient is shown in Fig. 3a for the methane
flames and in Fig. 3b for the propane flames. As the
concentration gradient increased, the lift-off height
decreased and then increased, depending on the con-
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Fig. 4. Velocity distribution of a nonreactive flow in the
channel (Vi o = 100 cm/s).

centration gradient. Lift-off heights reached a min-
imum value at the critical concentration gradient.
Compared with flames that stabilize in an open
jet [11], flames in a channel stabilized more eas-
ily, since flame stabilization can be obtained even
with much higher mean velocities or at greater lift-
off heights. Moreover, for the same variation of the
concentration gradient, the resultant variation of the
lift-off heights was much smaller than that in the
open-jet case. As a result, blow-off was not observed
under the experimental conditions of this study, al-
though it could readily be observed in the open jet
experiment [11].

3.2. Definition of the mean velocity and the
concentration gradient

The essential differences of a flow in a confined
channel are the variation in velocity and the concen-
tration gradient of the nonreactive flow. We measured
the velocity distribution of a nonreactive flow using a
hot-wire anemometer in the channel. Fig. 4 shows the
results. We found that uniform velocity profiles were
maintained near the center. However, the width of the
uniform velocity grew slightly as the height increased
but the mean velocity decreased inversely. This phe-
nomenon is mainly due to the conservation of the total
flow rate and the increase in the cross-sectional area
of the channel. Although these results are not novel,
the trend and the relation to the concentration gradient
should be checked in order to validate the experimen-
tal limits and characteristics.

The depth of the channel in the z-direction was
55 mm, and the width of the channel in the y-direction
can be written as W (x) = Wy 4 2x tan 6, where W is
the channel width at the nozzle exit (Wy = 50 mm)
and 0 is the slope angle of the wall (6 = 3.5°). The
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ideal mean velocity, Vi, x, can then be written

Vm,x = Vm,0Wo/(Wp + 2x tan6), 2)

where Vi, ¢ is the mean velocity at the nozzle exit. In-
stead of using the measured velocity at the center, we
obtained the mean velocity at the nozzle exit, Vi o,
from the ratio of the flow rate to the cross-sectional
area. This definition is more reasonable because the
total flow rate is conserved in the channel regard-
less of the existence of the flame. Such a definition
is also close to the physical meaning of the prop-
agation velocity of a premixed flame in a confined
channel. An additional strength is that the same de-
finitions have been used as representative velocities
in previous studies conducted in channels or in open
jets [1,4,11,13].

Fig. 5 plots the variation of the ideal mean velocity
and the measured velocity at the center of the cross-
sectional area, and the results are compared with the
experimental results for the open jet [11]. All the re-
sults have the same flow rate of the mean velocity of
100 cm/s at the nozzle exit. The axial mean veloc-
ity in the channel decreases with the height, while the
axial mean velocity of the open jet is almost constant.
The measured velocity at the nozzle exit is 1.14 times
the ideal mean velocity estimated from the flow rate.
Even though the measured velocity in the channel
is similar to the ideal case in their trends, the devi-
ation between the experimental and ideal velocities
increases in the direction of the stream, probably due
to the growth of the shear layer near the wall.

As with the velocity variation, the concentration
gradient also varies in the direction of the stream, gen-
erally by two mechanisms: the convective diffusion
due to the diverging flow field and the mass diffusion
due to the concentration gradient. However, variation
in the concentration gradient by the mass diffusion is
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Fig. 5. Variation of the velocity of a nonreactive flow in the
axial direction (Vi o = 100 cm/s).

negligible since the concentration gradient is constant
within the area of interest in which flames are formu-
lated; i.e., the derivative of the constant concentration
gradient is zero. By assuming that the fuel concen-
tration of each stream line is maintained, the ideal
concentration gradient can then be written

VYg x = VYE oWo/(Wp + 2x tan0), 3)

where VYE ( is the concentration gradient at the in-
let of the channel. We used the measured concentra-
tion gradient at the nozzle exit, VYg q, as the initial
concentration gradient on the basis of Eq. (3). The
local concentration gradient, VY ¢, was estimated at
the tribrachial position xf. As a result, we found that
the dependency of the concentration gradient on the
mean velocity was negligible under our experimen-
tal conditions because the residence time in the test
section was sufficiently short compared with the dif-
fusion time scale of a cold mixture across the channel
under the weak concentration gradient in this experi-
ment.

The second mechanism of mass diffusion is not
significant because a linear distribution of species
does not cause a change in the local flux. Only an
overall shift in concentration may occur from the rich
side to the lean side with the order of the characteris-
tic diffusion length (Durc)o's, where Dy is the mass
diffusivity of the unburned mixture and 7. is a convec-
tive time scale. The mass diffusivity of the unburned
mixture was on the order of 107> m? /s. The con-
vective time scale was less than 10~! s based on the
length of the test section and the mean velocity. The
characteristic diffusion length is subsequently on the
order of 10™3 m, which is negligible compared with
the spatial resolution of this experiment.

However, the mass diffusion becomes significant
when the concentration profile has a stepwise dis-
tribution; that is, the concentration of the rich side
has a finite value and there is a drastic variation be-
tween the lean and rich sides near the stoichiometry.
This situation may occur when a small number of
slots are connected directly to the channel, as often
adopted in other experiments. The concentration gra-
dient then decreases from an infinitely large value to
a small value; moreover, it does not depend on the
cross-sectional area of the channel but on the diffu-
sion velocity. Under such experimental conditions, as
opposed to those of the present study, the variation
of the local concentration gradient along the stream
should therefore be evaluated in conjunction with the
increase in the mixing thickness of the species.

As shown in Fig. 6, we used mass spectroscopy to
evaluate the concentration gradient of the methane—
air mixture without flame along the stoichiometry
line. The trend in the experimental results is simi-
lar to the trend in the ideal concentration gradient of
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Fig. 7. Velocity variation in the direction of the stream, as
measured by the PIV method (propane, Vi, o = 120 cm/s).

Eq. (3). Moreover, as with the velocity variation in
Fig. 5, the deviation between the ideal concentration
gradient and the measured results increases in a simi-
lar trend with the height.

3.3. Propagation velocity

When there is a flame in the channel, the velocity
field near the flame is deflected. The velocity dis-
tribution near the flame was measured with the PIV
method and the results are shown in Fig. 7. Along
the same line of height, the minimum velocity was
plotted at the upstream, while the maximum velocity
was plotted at the downstream. The velocity decreases
slightly at the nozzle exit and then decreases steeply
in front of the thermal layer. The minimum velocity
in front of the flame is known to be in the same order
as the laminar burning velocity [5]. For detailed study

of the local burning velocity, measurement with high
resolution is required in front of the thermal layer, but
this task is beyond the scope of this study.

Across the premixed flame, the velocity increases
drastically due to thermal expansion. However, be-
hind the premixed flame, the velocity continually in-
creases. This likely can be attributed to the addi-
tional volume expansion from the curved surfaces of
the premixed flame downstream from the tribrachial
point, or from the diffusive reaction behind the pre-
mixed branch. In a confined geometry, the volume
source generates velocity increases in the direction
of the stream, as with a flame in a tube. When
the concentration gradient is small, the curved pre-
mixed flame lengthens in conjunction with the en-
larged overall scale of the flame. Thus, the velocity
behind the premixed flame accelerates with the con-
tinuous heat release from the flame. Another effect is
concerned with the development of the flow. The ve-
locity field which has been already disturbed by the
flame develops to a new velocity field in the channel,
and it increases the velocity along the stream at the
center of the cross-sectional area coupled with the in-
crease of the viscosity of the burned gas. In addition,
as a minor reason, a small portion of the continuous
increase in velocity may also be attributable to the
buoyancy effect.

Even though the ideal mean velocity and the ideal
concentration gradient do not correspond with the
real velocity and the real concentration gradient, they
can be representative values coupled with the strong
similarity between the mean velocity and the con-
centration gradient. Thus, the lift-off height, x¢, was
converted to the PVTE, V4, against the concentra-
tion gradient, which is based on Egs. (2) and (3).
Fig. 8a shows the results for the methane flames, and
Fig. 8b shows the results for the propane flames. All
the experimental results agree well with each other,
and the critical concentration gradients were 0.0054
for methane and 0.0085 for propane. These values
are about twice the values of the critical concentra-
tion gradients, which we obtained from the blow-off
conditions of the open jet experiment: 0.0025 for the
methane and 0.0047 for the propane [11].

Fig. 9 compares the PVTF in this study with the
flame stabilization conditions of the open jet exper-
iment, along with other relevant measurements. In
the open jet experiment, the blow-off conditions were
suitable for measuring the PVTFE. Thus, the extrapo-
lated line of the blow-off conditions agreed fairly well
with the analytical value, MA, for a zero concentra-
tion gradient, especially in the case of methane [5].
The results of Ko and Chung [9] were smaller than
the analytical value MA. Furthermore, the results by
Kioni et al. [4] present quite a different trend, which
will be explained later. One notable result is that even
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Fig. 8. Propagation velocity with the concentration gradient
for (a) methane and (b) propane.

in the open jet, the critical concentration gradient
shifted to higher values as the flame approached the
nozzle exit, and the values were close to the criti-
cal concentration gradients of the present experiment.
In conclusion, the PVTF of the flame in the chan-
nel is close to the results of the flashback in the
open jet, which was defined as the condition where-
upon the flame base moves into the contraction noz-
zle.

Even in the case of the open jet, the flow diver-
gence near the nozzle exit is restricted by the contrac-
tion nozzle. Thus, the flow situation near the nozzle
exit is similar to the flow in the channel. From these
results, we can extend the discussion on the flame in
a confined channel to the situation where the flow
divergence by the flame is partially suppressed due
to the external flow around the flame. For example,
if there were an additional coaxial flow around the
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Fig. 9. Comparison of the propagation velocities of propane
and methane flames in a channel with other results. PA: the
analytic value of a propane flame [5]; PB: the mean veloc-
ity for the blow-off of a propane flame [11]; PF: the mean
velocity for the flashback of a propane flame [11]; MA: the
analytic value of a methane flame [5]; MB: the mean velocity
for the blow-off of a methane flame; MF: the mean velocity
for the flashback of a methane flame; Ko and Chung [9];
Kioni et al. [4].

open jet, the flow divergence near the flame in the
open jet might be equally restricted. We can then ex-
pect the propagation velocity to decrease as it does
in the channel or near the nozzle. Based on these
results, it is believed that the task of measuring the
PVTF with an open potential jet is the most reason-
able among all experimental methods that have been
suggested thus far, because it is less affected by the
given velocity disturbance by a confined channel or
shear layer.

Before investigating the reason for the maximum
PVTE, we will briefly discuss flame stabilization
from the viewpoint of the response of the PVTF to
the concentration gradient. When the mean velocity
is matched to the propagation velocity, a stationary
flame is obtained. Considering a slight disturbance in
the flame position, €, we can express the variation of
the mean velocity and the concentration gradient from
Egs. (2) and (3) as follows:

VYF,x+£ _ Vm,x+£ (4)

Y YF,x Vm,x
To estimate the sensitivity of the propagation velocity

to the disturbance of the concentration gradient, the
PVTE, V;, was presented as being proportional to the
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concentration gradient to the power of a as follows:

Vf,x+s _ (VYF,x—i-s)a _ (Vm,x+a)a 5)
Vf,x vYF,X Vm,x

The response rate a becomes a function of the con-
centration gradient and determines how the propaga-
tion velocity responds to the concentration gradient.
A flame slightly disturbed upstream (& < 0) confronts
an increased mean velocity and its propagation veloc-
ity decreases inversely if a is negative. In most of
the literature, a is negative. The flame then moves
downstream, resulting in a stable flame. That is, the
variation in the PVTF is smaller than that of the mean
velocity caused by a perturbed distance. Thus, the
variation in the lift-off heights is small when the con-
centration gradient is larger than the critical value as
shown in Fig. 3.

If a is positive, on the other hand, there is an
increase in the propagation velocity of a flame that
is slightly disturbed upstream. Consequently, the re-
sponse of the flame is more sensitive than when a is
negative. Furthermore, if a is greater than unity, the
flame will become unstable because the increase in
the propagation velocity may be larger than the in-
crease in the mean velocity; i.e., the flame slightly
disturbed upstream propagates farther upstream, and
the flame propagation cannot be prevented by the in-
crease in the mean velocity. When the disturbance,
&, becomes infinitely small, the response rate can be
written as follows:

_dnVp)  VYps dV¢
T dVYe ) Vp dVgeyp

(6)

Fig. 10 shows the response rates for the propane
and methane flames. We used the fitting lines of the
propagation velocity in Fig. 8 for Eq. (6). The re-
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Fig. 10. Response rate of the propagation velocity with the
concentration gradient.

sponse rates are much smaller than unity for all ex-
perimental results. Thus, the tribrachial flames can be
stabilized in a channel regardless of the sign of a. In
the overall trend, the response rates decrease as the
concentration gradient increases, and the variation in
the response rates becomes small.

3.4. Structure

The existence of the maximum PVTF is impor-
tant in combustion study because it can be a bridge
or a criterion between a premixed flame and a typical
tribrachial flame. With respect to the reason for the
existence of the maximum PVTEF, three mechanisms,
the limitation of the burner, the effect of nonuniform
velocity profiles, and the effect of the diffusion flame,
have been introduced [11]. It was also shown that
the ambiguities arising from the previous two mecha-
nisms with respect to the limitation of the burner and
the effect of nonuniform velocity profiles can be elim-
inated by employing a clearer definition of an “ideal
tribrachial flame” [11]. However, the third mecha-
nism, namely the effect of the diffusion flame, con-
cerns the additional volume expansion by the reaction
at the diffusion branch, especially near the premixed
flame branch [11].

In this study, however, the flame is located in a
channel and the ideal tribrachial flame is not available.
Thus, the third mechanism was investigated mainly
in conjunction with the second mechanism. That is,
we expected the confined structure to enlarge the con-
vective diffusion, thereby manifesting the maximum
PVTE. Although more studies are needed to clarify
the effects of diffusion on the PVTF, the following
three points should be first confirmed so as to validate
the possible contribution by the additional reaction
along the diffusion flame to the PVTF:

e The experimental method must be sufficiently
sensible to detect a small variation in the PVTF.

o The reaction rate of the diffusion branch must be
enhanced in relation to the reaction rate of the
premixed flame when the concentration gradient
is under the critical value.

e The temperature variation along the diffusion
branch must be capable of indicating any addi-
tional heat release.

First, we relied on Fig. 3 to estimate the experi-
mental resolution of the lift-off height. Near the crit-
ical concentration gradient, the deviation of the lift-
off heights between the two different mean velocities
of 102.5 and 105.0 cm/s was about 18 mm for the
methane flames. In addition, the standard deviation of
the measured lift-off height was less than 3 mm under
the same conditions. Thus, the experimental has res-
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Fig. 11. The OH-PLIF signal and a comparison of the signal at the same distance from the flame base (propane,
V.0 = 120 cm/s); (a, a') Vg =101 em/s, VYg ¢ =0.0032; (b, b') V¢ =108 cm/s, VYg ¢ = 0.0081; (c, ¢/) V¢ =105 cm/s,

VYg = 0.0140.

olution of less than 0.4% and can detect small effect
of the diffusion flame if it has meaningful variation
above 0.4%.

Second, the reaction rate along the diffusion
branch was evaluated by measuring the OH radicals
near the base of the flame in order to check the ad-
ditional reaction. Fig. 11 shows the intensity of the
OH-PLIF signal, and Figs. 11a’~11c” show the dis-
tributions of the OH radical at three horizontal lines
located 10, 20, and 30 mm from the base of each tri-
brachial flame. Since the PVTF values of the three
cases have a similar order, the same horizontal dis-
tance from the flame base implies similar convective
time scales. The OH radical usually has its maximum
value along the diffusion flame and this phenomenon
is evident in Figs. 11b’ and 11c’, similar result was
observed by Won et al. [10].

When the concentration gradient was small, the
maximum intensity was observed in the lean pre-
mixed branch, whereas the diffusion branch had a
relatively weak intensity, as shown in Fig. 11a’.
In addition, when the distance from the tribrachial
point increased, the OH radical along the diffusion
flame maintained almost the same value, whereas the
OH radical of the premixed flame branch decreased.
These results for the concentration gradient, which
is smaller than the critical value, are similar to the
trends of the experimental results of Kioni et al. [13],
who observed dense OH radicals in the lean premixed
flame branch. Additionally they reported the second
peak increase in the OH signal in the direction of the
stream along the diffusion flame. However, we found
no renewed increase of OH radicals. Such a difference
is likely caused by the difference in the fuel dilution.
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Fig. 12. Variation of the maximum temperature in the axial
direction (propane, Vi, o = 120 cm/s).

In the case of Kioni et al. [13], fuel dilution increased
the residence time along the diffusion flame branch,
which could activate the contribution of the diffusion
mechanism.

Finally, the temperature variation in the axial di-
rection was measured using the CARS system by the
space of 1 mm in horizontal direction (or y-direction).
Fig. 12 shows the maximum temperature at the same
height for three concentration gradients. The relative
distance refers to the distance from where we mea-
sured the largest increase in temperature. Considering
the probing space, it can be said that the temperature
variation was steepest near the tribrachial point, while
the maximum temperature was located slightly down-
stream.

When the concentration gradient is larger than the
critical value, the maximum temperature decreases
to a value that is less than the adiabatic flame tem-
perature, and the peak of the maximum temperature
is closer to the premixed branch. These results are
typical of a tribrachial flame. While the concentra-
tion gradient was smaller than the critical value, the
maximum temperature was slightly higher than the
adiabatic flame temperature of the stoichiometric pre-
mixed flame. We also obtained such excess temper-
atures when the concentration gradients were suffi-
ciently small in the open jet experiment [11].

Since the flame stretch effect is negligible at a suf-
ficiently small concentration gradient, the gas temper-
ature just behind the premixed flame approaches the
adiabatic flame temperature theoretically. Then small
disturbances concerned with the energy or species
equations may cause additional temperature increase,
and the following mechanisms can be suggested even
though their estimation requires more study: (1) heat
recirculation from the burned gas to the unburned

mixture either by radiation through the gas phase or
by conduction through the burner, which is enhanced
by the size of the flame or total amount of the fuel
consumption rate; (2) additional heat generation by
the reaction along the diffusion branch coupled with
the difference in various diffusion coefficients of heat
and mass diffusion of abundant species such as O,
CO, and H,.

As the concentration gradient becomes smaller,
the intensity of the luminosity and OH radicals of the
diffusion flame decrease. Concerning the termination
of the diffusion flame under the small concentration
gradient, some studies have suggested that the effects
of radiative heat loss from the gas phase are an im-
portant mechanism. Liu et al. [14] explained the ex-
tinction of the diffusion flame at a low stretch rate or
low scalar dissipation rate, and Guo et al. [15] dis-
cussed the extinction of a premixed flame at a low
stretch rate. They reported that the radiative heat loss
from the gas phase participates in flame extinction,
in addition to the main causes of convective and dif-
fusive heat loss at the conditions close to extinction.
And it was noted that the flame is extinguished not
only by the global heat loss but also by the termina-
tion of chemical processes in such limit conditions.

Returning to the tribrachial flame in a channel,
a similar situation may occur when the concentration
gradient is small. Recently, Daou et al. [16] studied
the effect of volumetric heat loss on the tribrachial
flame, though their configuration differed from ours.
Similar to their results [14-16], a diffusive reaction
possibly has a low limit in the concentration gradi-
ent, and this concept will be applicable even for the
edges of premixed flame branches. Such low limits
of both the premixed flame and the diffusion flame
may also play a significant role in the existence of the
maximum PVTE. Such detailed investigation needed
to fully elucidate the effect of the radiative heat trans-
fer is, however, beyond the scope of this study.

4. Concluding remarks

In this experimental study, we examined the prop-
agation velocities and characteristics of a tribrachial
flame. In particular, we investigated the tribrachial
flames in a slightly diverging channel to clarify the
effect of a confined stream. The tribrachial flames
in the confined channel had a maximum propagation
velocity at a critical concentration gradient, and the
critical concentration gradient increased to a larger
value when the convective diffusion was enhanced.
The propagation velocities in the channel were close
to the flashback conditions of a tribrachial flame that
has been stabilized in an open jet. As the concentra-
tion gradient increased, the growth of the diffusion
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flame branch was revealed by the distribution of the
OH radicals using the PLIF method, and the growth
of the diffusion flame branch was confirmed by tem-
perature measurement using the CARS system. These
results highlight the need to reconsider the role of the
diffusion branch on the propagation velocity, espe-
cially under a confined (or squeezed) stream.
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