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This study investigates the flame transition velocities at various intercylinder separation distances for side-by-side
dual blowing cylindrical burners. The flame transition velocity is defined as the airflow velocity at which the enve-
lope flames over the two burners transform into two separate wake flames. The transition velocity increases as L

decreases through the range of 1.2D = L = 2.5D (D is diameter of cylindrical burner). When L > 2.5D, the transition
velocity remains constant because the two flames do not interact with each other.
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I. INTRODUCTION

This study investigates the flame transition velocities at
various intercylinder separation distances for side-by-side
dual blowing porous circular cylindrical burners (Tsuji
burners). Methane is the type of fuel used, and it is ejected
from the entire porous surface of the burner. This study
is an extension of [1, 2], which experimentally investigated
counterflow diffusion flame behaviors over a Tsuji burner.
The primary goal of this investigation is to conduct an ex-
periment to measure the flame transition velocity, which is
an inflow velocity that causes an envelope flame to trans-
form into a wake flame. Therefore, the flame transition ve-
locity is a function of the intercylinder spacing (L) between
the dual Tsuji burners at a fixed fuel ejection rate. The ex-
perimental configuration is schematically depicted in Fig-
ure 1, and it is identical to the set-up that was used by [3, 4],
except that an extra burner is mounted in the wind tunnel.
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Fig. 1. Schematic configuration of the physi-
cal structure

The flame transition velocity over dual Tsuji burners was
first examined in 1995 by [5] and [6], and they found that
the flame transition velocity is a function of intercylinder
spacing (L). In 2005, a numerical study by [1] explored
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counter-diffusion flame behavior over twin Tsuji burners
as a function of intercylinder spacing from 1.2D to 4D. At
large separations, the dual flames burned separately, simi-
lar to two individual flames. At moderate spacing, the two
counterflow diffusion flames connected in the wake region
and exhibited an “N” shape. When the intercylinder spac-
ing is small, the two flames eventually merge and form a
single diffusion flame. Additionally, the corresponding com-
bustion efficiency is a strong function of the separation dis-
tance.

Numerous studies have theoretically and experimentally
explored the Tsuji burner flame. [7] conducted an intensive
review of the literature on the counterflow diffusion flame
over a Tsuji burner. In their investigation, they employed
the two-dimensional model to simulate this topic. [8] mod-

step chemical kinetics method rather than one-step overall
kinetics. In this study, one more burner is added to the test
section in a side-by-side arrangement. The goal is to mea-
sure the flame transition velocity over dual Tsuji burners.
The intercylinder spacing (L) is varied while the fuel ejec-
tion rate is fixed. In the experiment, the multiple side-by-
side flame structures are captured with digital video.

II. EXPERIMENTAL APPARATUS
The experimental setup in this investigation is an extension
of the basic setup of [1]. The major difference is that an
extra burner is introduced into the test section of the com-
bustion tunnel. The apparatus consists of three major com-
ponents: the wind tunnel, two Tsuji burners, and the mea-
surement instruments, whose configuration is depicted in
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Fig. 2. Schematic drawing of the overall experimental system

A. Wind Tunnel

The wind tunnel is composed of five components: the
blower, diffuser, flow straightener, contraction, and test sec-
tion. Most of the design concepts for this type of wind tun-
nel are taken from a NIST (National Institute of Standards
and Technology) study [9]. Furthermore, the design satis-
fies the AMCA 210-85 standard [10]. At the rim of the test-
section entrance, seven holes can be used to install sensors
that confirm the uniformity of flow (Figure 3). These sen-
sors are hot wires. If the values measured by the hot wires
are approximately uniform, then the flow is essentially uni-
form and stable ahead of the burners, as displayed in Fig-
ure 4.
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Fig. 4. Inflow velocity at each position in the test section

B. Uncertainty Analysis

Uncertainty analysis is conducted to evaluate the uncer-
tainty in the experimental results. Formulae for evaluat-
ing the levels of uncertainty in the experimental results
can be found in numerous reports [11, 12] and textbooks
[13, 14, 15]. Accordingly, Table 1 summarizes the results of
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TABLE 1
SUMMARY OF UNCERTAINTY ANALYSIS
Parameters Uncertainty
D;, D,,Lg,a,b £0.5mm
A +1.267%
Apurner +.084%
\Y £0.09%
T +0.5C
P +1 torr
Qfuet +1%
Uin +2.54%
Vw +2.31%
Re £3.04%
RH +2.5%
T, +0.2%

C. Experimental Repeatability

104

Table 2 presents the experimental repeatability of transi-

Error of transition velocity

—— Error (%) at Vw=123 (cm/s)
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Fig. 5. Errors of experimental repeatability
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tion velocities at each separation distance. The error is de-
fined as the ratio of the absolute difference between the
maximum and minimum values among the three data to
their average. The errors are clearly acceptable and are
shown in Figure 5.
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TABLE 2
EXPERIMENTAL REPEATABILITY

Intercylinder Transition Transition Transition Average value Error (%)
spacing (L) velocity  (1st velocity (2nd velocity (3rd of three times

measured) measured) measured) (%)

(m/s) (m/s) (m/s)
1.2D 0.87 0.87 0.85 0.863 2.3
1.5D 0.71 0.7 0.716 0.709 2.25
2D 0.68 0.685 0.678 0.681 1.02
2.5D 0.65 0.64 0.66 0.65 3.07
3D 0.65 0.645 0.653 0.649 1.23
3.5D 0.65 0.66 0.635 0.648 3.85
4D 0.65 0.64 0.655 0.648 2.31

III. RESULTS AND DISCUSSION
A. Flame Transition Velocities at Various Intercy linder
Spacing
This experiment measures the transition velocity as a func-
tion of intercylinder spacing (L) under a fixed fuel ejection
rate of 1.23 cm/s. The flame transition velocity is defined as
the airflow velocity at which the envelope flames over the

two burners transform into two separate wake flames. Fig-
ure 6 shows the results for this experiment. The transition
velocity is 0.87 m/s for L = 1.2D, 0.71 m/s for L = 1.5D, 0.68
m/s for L = 2D, and 0.65 m/s for L = 2.5D. Figure 6 demon-
strates that when L < 2.5D, the transition velocity increases
as the gap between the two burners decreases. When L =
2.5D, the transition velocity remains at a constant 0.65 m/s.
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Fig. 6. Transition velocity as a function of intercylinder spacing (V.

=1.23 cm/s)

When the intercylinder spacing is 1.2D, the transition ve-
locity is 0.87 m/s, which is the highest in Figure 6. The two
almost-combined burners behave as a sole bluff body and
can substantially retard the incoming flow intensity by fur-
ther incorporating the forward ejection fuel. Consequently,
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the flame can be sustained under high-velocity airflow. Fig-
ure 7 plots the flame variation process as a function of air-
flow velocity in this case. In Figure 7, both of the enve-
lope flames that surround the two burners are quite similar.
However, the flame stretching effect can still be observed.
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Asthe flow velocity increases from 0.48 m/s to 0.83 m/s, the
flame becomes thinner and the merge point moves slightly
downstream. Notably, an extra blue zone exists just behind
the merge point in Figure 7 that is not present in Figure 7.
Clearly, the air can now penetrate the gap and mix with the

(©)
Fig. 7. Series of flame configurations as a function of inflow velocity (L = 1.2D,
w=1.23 cm/s), (a) Ui, = 0.48 m/s (b) Ui, = 0.83 m/s (c) Ui, = 0.87 m/s

(d) Uin =0.91 m/s (e) Uin = 1.85 m/s (f) Ui, =3.79 m/s

As the velocity increases to 0.87 m/s, the envelope flame
front is blown off from the forward stagnation point, form-
ing two wake flames downstream. Because the high-
velocity flow can now penetrate the narrow gap, the wake
flame fronts in the inner part are slightly downstream of
those in the outer part. Now, the point where the two flames
merge seems to move further downstream and out of the
visible area of the test section. Therefore, two separated
flames are observed again. The wake flame front exhibits
the character of a premixed flame and, hence, appears blue.
Downstream, the luminous yellow zone of each wake flame,
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fuel. Subsequently, the mixture is ignited by the heat up-
stream, initiating the reaction. Therefore, the local reaction
zone expands, pushing the outer flames outward and the
contraction further downstream.
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displayed in Figure 7, is brighter and wider than that of the
inflow velocity at 0.83 m/s Figure 7 because more unre-
acted fuel vapors forward of the burners are carried down-
stream.

As the inflow velocity increases to 0.91 m/s, as in Figure 7,
the outer flame fronts retreat downstream, and the inner
flame fronts are slightly lifted off. Additionally, the appear-
ance of two separate flames is more obvious at this high in-
flow velocity. The blue zones of the wake flames are larger
than at U;,, = 0.87 m/s because more air is mixed with the
unreacted fuel vapors, broadening the premixed zone. In-
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creasing Uin = 0.91 m/s Figure 7 to U, = 1.85 m/s Fig-
ure 7 transforms the flame configurations into small blue
wake flames with a thin blue flame presented along the rear
surface of each burner. Furthermore, the yellow luminous
zones completely disappear. The occurrence of the extra
flame sheets adjacent to the two burners’ rear surfaces may
be attributable to the induced flows, which are towards the

(©
Fig. 8. Series of flame configurations as a function of inflow velocity (L = 1.5D,
w=123cm/s),(a) U, =0.48m/s (b) U,  =0.65m/s (c) U, =0.71 m/s

(U, =091m/s(e) Uin=185m/s (f) U, =3.79m/s

Finally, as the inflow velocity increases to 3.79 m/s, as
shown in Figure 7, the wake flame fronts move closer to the
rear surfaces of the burners than at U, = 1.85 m/s. Hence,
the points of attachment move further upstream. However,
the wake flames are shortened, whereas the flame sheets
on the rear surfaces become broader. For an intercylinder
spacing of 1.5D, the transition velocity is 0.71 m/s, which
is less than the 0.87 m/s for L = 1.2D as presented in Fig-
ure 6, because the space between the twin burners is so
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flame zone in the cross-stream direction because the experi-
ment is three-dimensional. The induced flow can then bring
fresh air into the wake region to mix it with the fuel that
is injected from the rear surface, forming a flammable mix-
ture. Subsequently, the downstream flame front provides
heat to ignite the mixture to form the flame.

(d)
(€)
@

large that they cannot effectively form a single bluff body.
Consequently, the twin burners can only moderately retard
the incoming flow intensity. Figure 8 shows the flame con-
figurations for various inflow velocities. In the viewable
section, the two envelope flames can be distinguished from
each other, as presented in Figure 8. Essentially, the flame
configurationsatU, =0.65m/sare approximately the same
as those at 0.48 m/s. However, for Uin =0.48 m/s, the flame
tails merge farther downstream, a phenomenon that does
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not occur when U, = 0.65 m/s. Additionally, cold airflow
with a high velocity can pass through the gap and move
further downstream to separate the two inner flames from
each other.

When the inflow velocity is increased to 0.71 m/s Figure 8,
the envelope flame fronts disappear in front of the cylinders
and form the wake flames. The flame fronts in the inner
part of the burners move slightly downstream because of
a high velocity resulting from the gap. The yellow regions
are brighter than the regions at an inflow velocity of 0.65
m/s Figure 8, and the isolation of the two flames are more
obvious.

As the inflow velocity increases to 0.91 m/s Figure 8, the
blue flame zones extend downstream because more air is
mixed with the unreacted fuel vapors, broadening the pre-
mixed zone. In addition, the flame fronts in the inner part
of the dual burners are slightly lifted off, as was observed
when L= 1.2D Figure 8. When the inflow velocity is 1.85
m/s Figure 8, a pair of shortened blue wake flames appears
at the back of the burners. A thin blue flame is observed

© ®
Fig. 9. Series of flame configurations as a function of inflow

) ] ] . velocity (L = 2D, Vy, = 1.23 cm/s), (a) Uin = 0.48 m/s
mechanism. Increasing the inflow velocity from 1.85 m/s (b) Unn = 0.65 m/s () Upn = 0.68 m/s (d) Upn = 1.19 m /s

along the rear surface of each burner. Figure 7 shows the

Figure 8 to 3.79 m/s Figure 8 causes variations of the flame (€) Uin = 1.85 m/s (f) Uin = 3.79 m/s
configurations that are similar to those at L = 1.2D. Both
wake flames are blue, and a thin blue flame between the two
flame fronts appears along the rear surface of each burner.
For L = 2D, the transition velocity is 0.68 m/s, which is
slightly less than the velocity for L = 1.5D. The correspond-
ing variation of the flame configuration, displayed in Fig-
ure 9, is similar to that in the previous case Figure 8, except
that the lift-off of the inner flame fronts occurs as U;, = 1.19
m/s rather than U;, =0.91 m/s.

When the intercylinder spacing is equal to or greater than
2.5D, the transition velocities are nearly invariant and equal
to 0.65 m/s. This finding is unsurprising because the flame
interference is absent when L = 2.5D. Notably, the blowing
velocity from the cylindrical burners is large in the previ-
ous case. Therefore, the two flames are definitely separated
when L 2 2.5D. The major difference between Figure 10 (L =
2.5D) and Figure 9 (L = 2D) is the absence of lift-off of the in-
ner wake flame front in the present case, verifying that these
two flames do not interact with each other and behave sepa-

rately. As expected, the flame configurations in Figure 11 (L
= 4D) should be nearly identical to the corresponding ones
in Figure 10 for the same inflow velocity.

©
Fig. 10. Series of flame configurations as a function of inflow
velocity (L=2.5D,Vy =1.23 cm/s), (a) Uin =0.48 m/s
(b) Uin = 0.62 m/s (c) Ujn = 0.65 m/s (d) Ui, = 1.85
m/s (e) Un =3.79 m/s
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Fig. 11. Series of flame configurations as a function of inflow
velocity (L = 4D, Vy = 1.23 cm/s), (a) Ui, = 0.48 m/s
(b) Uin = 0.62 m/s (c)Uin = 0.65 m/s (d) Ui, = 1.85
m/s (e) Uin =3.79 m/s

B. Comparison with the Simulation of [7] (-f,, = 0.1)
Figure 12 plots the transition velocity vs. intercylinder
spacing. The non-dimensional fuel ejection rate is fixed at
-f,, = 0.1. Figure 12 demonstrates that the variation in tran-
sition velocity is the same in both studies. Quantitatively,
the experimental transition velocity at L = 1.2D is nearly
equal to that predicted by [8]. The discrepancies for L =
1.5D and L = 2D are large. The maximum difference is ap-
proximately 0.35 m/s at L = 2D, which may result from the
bistable nature [15]. Finally, the difference decreases and
remains ata constant 0.2 m/s,as L =2.5D isincreased to L =
4D. The three-dimensionality of the flow in the experiment
is believed to be the main cause of these deviations from the
two-dimensional prediction.
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Fig. 12. 12 Comparison with the simulation of [7] for the

transition velocity as a function of intercylinder
spacing (-fw =0.1)

IV. CONCLUDING REMARKS

This investigation displays the flame transition velocity
over dual Tsuji burners for various intercylinder spacing
(L). The measurements of the transition velocity as a func-
tion of intercylinder spacing at a fixed fuel ejection rate
of 1.23 cm/s demonstrate that the transition velocity in-
creases as the intercylinder spacing decreases through the
range of 1.2D = L = 2.5D. When the spacing exceeds 2.5D,
the transition velocity remains constant because of an ab-
sence of interaction between the flames over the two burn-
ers, and no lift-off of the inner wake flame front occurs.
Accordingly, when the intercylinder spacing exceeds 2.5D,
these flames do not interact with each other and behave as
two individual flames.
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