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1 Introduction

One approach to the study of turbulent diffusion flames is to study the response of
laminar flames to specific perturbations. In the course of examining the response
of a simple jet diffusion flame to axial acoustic perturbations, an unusual flame phe-
nomenon has been observed. At specific excitation frequencies the flame can be driven
to bifurcate into a central jet and one or two side jets as shown in Figures la and
1b. A perpendicular mirror view is also shown. The bifurcation is accompanied by a
partial detachment of the flame from the nozzle exit, a shortening of the flame by a
factor of two, and a change from the common yellow color of soot radiation to a clear
blue flame. The corresponding unexcited flame is shown in Figure lc.

The ability to control soot production or product species in a diffusion flame using
an open loop forcing technique is potentially quite useful.

While the study of perturbed diffusion flames is an active topic (Schadow et al.
1990; T.Y. Chen et al. 1993; L.D. Chen et al. 1992; Lasheras et al. 1992; Chao
and Jeng 1992) this bifurcating flame phenomenon has not been reported, to our
knowledge. However, a similar phenomenon was observed by Tyndall (1875) who
studied the response of ‘naked’ (unconfined) gas jet flames to sound: “A long flame
may be shortened and a short one lengthened, according to circumstances, by sonorous
vibrations. The flame shown in Fig. 125 is long, straight, and smoky; that in Fig.
126 is short, forked and brilliant. On sounding the whistle, the long flame becomes
short, forked and brilliant, as in Fig. 127; while the forked flame becomes long and
smoky, as in Fig 128. As regards, therefore, their response is the complement of the
other.” These figures are reproduced in Figure 2.

The analysis of this phenomenon is at an early stage. The preliminary results
presented here are the conditions known to produce the bifurcation, including the
range of flow rates, forcing frequencies and amplitudes, and a brief investigation of
the effect of nozzle shapes and lengths.

2 Experimental Description

The experiment consists of an axisymmetric methane jet formed by a short length of
4.5 mm inner diameter stainless steel tubing. A schematic is shown in Figure 3. The
pipe is connected to a large cylindrical plenum chamber surrounding a bass reflex
loudspeaker enclosure. Three pipe lengths have been used: 8.23, 11.6, and 24.9 cm.
A range of flow rates from 13 ml/s to 70 ml/s have been studied, and for these flow
rates the pipe flow is not expected to be fully developed. The Reynolds number,



based on pipe diameter, ranged from approximately 240 to 1000. The flow rate was
measured with a rotameter.

The excitation was provided by a 16.5 cm 8 ohm cone type loudspeaker (Alpine
model 6267GX), driven by a Yamaha MX-80 200 watt amplifier, driven in turn by a
sine wave function generator (HP 651B). The flame was observed as the forcing fre-
quency was varied from 40 to 1000 Hz. The response of the speaker system decreased
rapidly above 1 kHz.

The flame was recorded using a Nikon F4 35mm camera with ISO 400 Kodak
Tmax and Ektachrome films, at shutter speeds from 1/60th to 1/15th sec. These
photographs can be considered time averaged with respect to the forcing frequency.
Both color and b/w video images were also recorded.

3 Results

The bifurcation behavior was observed at all flow rates ranging from the lowest mea-
surable flow rate, 10 ml/s, to a flow rate just above that of lift-off, 95 ml/s.

The behavior ocurred at 246 +/- 20 Hz. This frequency range was found to be
insensitive to the flow rate. It was also found to be independent of forcing amplitude
and nozzle length. Bifurcation was seen at other frequencies up to 750 Hz, but
the behavior was not repeatable. With an earlier configuration using a different
manufacturer’s loudspeaker in the same enclosure, and a marginally longer plenum
section, bifurcation was seen at specific higher frequencies which were dependent on
nozzle length. Slight modifications were made to the plenum to facilitate speaker
replacement, since they are often driven to failure. Since then, bifurcation has only
been found repeatably near 246 Hz. This frequency is close to 240 Hz, a standing
wave mode of the plenum using the speed of sound in pure methane and assuming
1.5 wavelengths in the plenum, that is, one closed and one open end. The Helmholtz
resonance mode for the nozzle and plenum combination was 4 Hz, well below any
examined frequency. \

Outside of these frequencies the flame appeared to be an unremarkable transitional
diffusion flame, although the flame height showed some sensitivity to the excitation
frequency, particularly at low flow rates.

The amplitude of forcing at 246 Hz required to cause bifurcation varied with
flow rate, with the lower flow rates being more sensitive to forcing. Details of the
bifurcation shape also varied with flow rate and forcing amplitude. A mode map
showing these sensitivities was determined for three flow rates, 14, 34 and 61 ml/s,
and is given in Figure 4.



At the lowest flow rate and highest excitation level, with 35 volts peak to peak
(Vpp) into the speaker, the flame formed two or three distinct co-planar jets, hopping
between these bi- and trifurcated modes. The flame was pure blue, with no visible
soot emission. At a moderate forcing level, the bifurcated mode dominated. The
flame also emitted a hissing noise, audible even above the acoustic forcing. During
the bifurcation, the position of the side jet was sometimes stable and insensitive to
room air currents, and at other times the side jets would revolve slowly or rapidly.

At a lower forcing level, 15 Vpp, the flame formed a ‘tri-mode’, with three bulges
equispaced azimuthally. No yellow soot emission was observed, even at the tips
of the bulges. At lower forcing levels, the flame formed a ‘monomode’ in which
the side jet was not clearly delineated, although the flame emission was pure blue,
and the flame height was half of the unexcited jet. This mode was not stable and
would give way to the unexcited, sooty jet flame mode. It was sensitive to additional
perturbations, such as gentle blowing or hand-waving, and could be induced back to
the monomode. Below 6 Vpp such perturbations were not effective and often resulted
in flame extinguishment.

At an intermediate flow rate (34.2 ml/s) the flame was again bi- or trifurcated
at the highest forcing levels. This flame exhibited some yellow soot radiation at the
tips of the blue flames. As the forcing level was decreased to 24 Vpp, the monomode
became predominant, with a clear bifurcation seen around 10% of the time. As
the forcing level was lowered further, the bifurcated mode dominated again, but
became intermittent with the unexcited mode. Below 13 Vpp external perturbation
was required to cause the bifurcated mode, which would last a few seconds before
reverting to the sooty mode.

At the highest forcing level, the bifurcation persisted as the flow rate was increased
until 61.3 ml/s. At that flow rate and lower excitation levels, external perturbation
was effective at inducing bifurcation. Spontaneous bifurcation decreased as the ex-
citation level decreased until 16 Vpp. Below that level perturbation was required to
cause bifurcation. The minimum forcing level at which bifurcation could be obtained
for this flow rate was 12.5 Vpp.

At flow rates above 81 ml/s the flame was a lifted, turbulent non-premixed flame.
-No combination of acoustic forcing and external perturbation could induce a clear
bifurcation, but the monomode could be excited spontaneously.

Several lip conditions of the stainless steel tubing forming the nozzle were inves-
tigated. It was quickly determined that a nicely machined, flat lip such as that in
Figure 5a resulted in a flame that would not bifurcate under any conditions. On the
other hand, a crude cut made with a dull tubing cutter, as shown in Figure 5b, is able



to produce a bifurcating flame under the wide range of conditions described above.
The significant burr seems to be responsible for the flame behavior. It is interesting
to note that although the burr was not uniform, with the inner diameter ranging from
2.8 to 3.2 mm, the side jets exhibited no spatial preference for any feature of the burr.

Three nozzle lengths were used. The flame behavior was identical for the two
shorter lengths, 8.2 and 11.6 cm. The bifurcations ocurred at the same frequencies,
but seemed to require higher excitation levels with the longest nozzle of 24.9 cm. This
effect was not quantified, however.

4 Discussion

Although Tyndall’s figure (Figure 2) bears a striking resemblance to our bifurcated
flame, several details of his description differ from our results. Our bifurcated flame
is not ‘brilliant’, in fact, it gives off little light, and is closer in description to another
of Tyndall’s ‘sensitive’ flames, “a pale and almost non-luminous residue of it alone
remaining.” Also, Tyndall’s work was inspired by that of Le Conte, who found that the
unconfined flame was not sensitive unless the gas pressure was almost high enough to
cause ‘flaring’, presumably a transition to a turbulent flame. In contrast, the present
results indicate that flames with a lower flow rate require less excitation than one close
to lift-off. Finally, Tyndall reports that the flames were more sensitive to frequencies
ranging from 1.6 kHz to 3.2 kHz, while ours responded to much lower frequencies.
Thus we cannot conclude that Tyndall’s phenomenon is the same as the observed
bifurcated flame.

The fluid mechanics responsible for this phenomenon have not yet been deter-
mined, since this work is at an early stage. However, there are several possibilities for
driving mechanisms. Nonreacting jets have been observed to bifurcate by Juvet and
Reynolds (1990) who have studied the combined effect of helical and axial excitation.
Due to the high forcing levels, vibratory modes in the plenum/nozzle structure could
produce multiple excitation modes. However, since the most effective frequency was
invariant with nozzle length, this possibility seems less likely.

Since the density of methane is approximately one half that of air, the possibility
arises that the observed behavior is an effect of an absolute instability of the fuel jet, as
described by Monkewitz, Becher, Barsikow and Lehmann (1990). Under appropriate
shear layer and density ratio conditions, a heated jet has been observed to throw
out ‘side jets’. These jets have been attributed to an absolute instability of the
jet. An absolute instability produces flow perturbations which, once excited, do
not convect downstream with the flow. However, such instabilities are generally



susceptible to low amplitude perturbations, unlike the observed flame perturbations.
Still, another test for absolute versus convective instabilities is that the amplitude
of the flow perturbations from an absolute instability is insensitive to forcing level,
while the amplitude of a perturbation from a convective instability is expected to be
linear with excitation amplitude. In the present flame, the size of the side jets are
only weakly dependent on the forcing level, once they are excited at all. Thus an
absolute instability mechanism may be responsible for the bifurcated phenomenon.

A third possible mechanism is suggested by the behavior of separated flow in
contractions. The flow is bistable, attaching to one side or another. Such behavior
may be responsible for the split flames.

5 Conclusion

An unusual flame phenomenon in which an unconfined methane diffusion flame splits
into two or three side jets has been observed under a range of sinusoidal axial acoustic
forcing conditions. A high level of forcing is required for continuous bifurcation,
although lower levels are capable of producing the effect for short periods of time if
additionally perturbed. The behavior was observed at a wide range of flow rates, but
not past the lift-off stage. The bifurcations ocurred over a narrow forcing frequency
range, and only with specific nozzle lip conditions.

Future investigation is planned to include phase locked flow visualization to de-
termine the state of the jet shear layer leading to the bifurcated flame under reacting
and nonreacting conditions. The level of the acoustic perturbation at the nozzle exit
will be quantified with pressure transducers. Velocity measurements with LDA or
PIV will be considered, and the product gases will be analyzed.
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Figure 2: Acoustically excited and unexcited
jet flames, from Tyndall’s Sound, 1875.
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neering, University of Colorado, Boulder, CO.
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Berkeley, Berkeley, CA & U. G. Hegde, Sverdrup Technology, Inc., Brook Park, OH.

94-045 Modeling NO, Emissions in Turbulent Jet Flames: Effects of Buoyancy and Radiation, A. E. Lutz & J. E.
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Results, J. C. Hewson & F. A. Williams, Center for Energy & Combustion Research, University of California at
San Diego, La Jolla, CA.
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tering, J. A. Muss, R. W. Dibble, & L. Talbot Department of Mechanical Engineering, University of California
at Berkeley, Berkeley, CA. 5

94-048 A Bifurcated Diffusion Flame, J. R. Hertzberg, ﬁl Cuddy, J. Cloutier, R. Eckman, B. Gebre-Mariam, &

T. Saffell, Center for Combustion Research, Department of Mechanical Engineering, University of Colorado,
Boulder, CO.
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