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1 Introduction

The flame propagation in a tube has been investigatensively by many researchers, because of its
practical importance in different types of combaostdevices. As fundamental aspects of propagating
flames, the shapes of flame fronts investigateddcdisplay the most reliable features to provide a
general insight into combustion waves. There anaraber of inherent instability modes in premixed
flames [1]. Diffusive-thermal instability, initiateby unequal diffusion of reactant and hdag<(l),
may occur when the flame curvature is comparabkiag¢coflame thickness. Hydrodynamic instability
was first recognized by Darrius in 1938 [2]. Whdre tflame front is wrinkled with moderate
amplitude, the flow of unburned mixture in front tfe flame surface undergoes divergence and
convergence at convex and concave states of thwe ffeont, respectively. This was experimentally
identified by Clanet and Searby in 1998 [3].

Acoustic influences on combustion systems are iatportant to understand the dynamic behaviors
of flame fronts in a combustion tube. The gendnabty of acoustic instability was established by
Rayleigh in 1878 [4]. It was shown that if changekeat release are in phase with the acoustiesyav
acoustic oscillation will be enhanced cycle by eycl

In a classical study of the acoustic instabilityitube [5], Serby reported distinct regimes otaiple
flame behaviors. These can be categorized intoA @)rved shape with a large cell, just after igmit
Overall the flame speed is twice its laminar bugnirelocity due to the increased flame area. At this
moment, the acoustic amplitude (acoustic veloditgyeases significantly increasing the total flame
area. (2) Primary acoustic instability with a fli@me surface. It features an almost planar flaroetf
After regime (1), the primary acoustic instabilityformed with a relatively stable level of acoasti
pressure. (3) A violent secondary acoustic ingtgbiith a sudden formation of cellular structums
the flame surface. (4) Turbulent motion. As a dethinvestigation of the above observations [6],
Searby and Rochwerger developed theoretical predgthrough stability diagrams in terms of wave
numbers and acoustic intensities, and have verifiedstability diagrams with experimental data.
They used a loudspeaker at the bottom, producistalale planar flame that was classified as the
primary acoustic instability in [5]. Then, the tBheld of the parametric instability leading to the
turbulent motion of the flame front was given dsirgction of the frequency and flame surface’s wave
number of the imposed acoustic field by using thedlspearker. In a theoretic study of the acoustic
instability Pelce and Rochwerger [7] investigathd position of occurrence of the primary acoustic
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instability by predicting the growth rate of the

Laser beam(3.3mm)

acoustic pressure. The analysis was limited tdlsma Shutter

amplitudes of cellular flames. Both researche<][6, Lens 1l Mirror
considered only small amplitudes of the flame fro. 0 i AN

waves as the interface of two different densitles. T ,
some cases, the amplitude of the flame front, o N =
however, changes very much, which could be a 'g“iterf: ...... N<—Flame
further factor to control the transition process in  [Tml™

actual flames. High speed camera . Propagation
This study attempts to establish and observe the (4;3?:@
transient process to the parametric instabilityhwit L= erophon

the sudden increase of flame surface area. We

initially form a flat flame as a default state [8hen, Figyre 1 Schematic outline of the experinagnt
CQ; laser light is irradiated normal to the flat flamgetyp.

[8]. The laser irradiation into the unburned mietur

deforms the flame shape, resulting in a suddere@se in the flame surface area. The shape of the
deformed flame is strongly dependent on the lassvep and beam diameter, which allows the
generation of a desired flame wave number and wavgitude of the flame structure. The object of
this paper is to establish criteria for transitfoom the primary to the secondary instability imte of
laser power and to investigate how the flame caméiion arising from the laser light absorption
affects the onset of the secondary instability.

2 Experimental setup

The experimental apparatus is schematically owtlime Fig. 1. The propagation tube (transparent
acrylic tube, 45.0 cm long, and 5.0 cm inner diarnas set vertically and is filled with the testgas
(Table 1) at atmospheric pressure. Ethylene gasus@g as it is the main absorption medium of, CO
laser light according to the NIST chemical datalj8$eCarbon dioxide was selected as an inert gas t
reduce the burning velocity. Since the Lewis nunmhera/D,,, a: thermal diffusivity of the mixture,
D,. :mass diffusivity of the insufficient componerg)less than unity, the flame front may be unstable
with some disturbance on the flame surface. In ékperimental arrangement here, there is an
automatic opening device powered by an electro-miagnd a mechanical spring at the upper end of
the tube. When the spark igniter is activated ekigaust part is simultaneously opened. The premixed
gas inside the tube is continuously exposed toldeer beam (beam diameter 3.3mm, SYNRAD
Firester v20, wavelength 106n) from 0.8 seconds after activating the ignitard dhe CQ laser
beam preheats the unburned mixture at the centeneghanical shutter is set in the laser path to
control the exposure timing of the laser beam. ifindion of the flame fronts is captured by a high
speed camera (3200 fps). The moment of laser #tiadi is defined as t = 0 ms. Two microphones
(Onosokki M1432) are placed one near the open addae at the bottom end to observe the sound
pressure fluctuations (data sampling rate, 10k Hz).

3 Result and discussion

3.1 Dynamic motion of flame front
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Figure 2. Still images of the temporal evolutiorflame
fronts without laser power.

ﬂ

Propagation

Regime 3

Figure 3. kgure 3. Still images of flame shapes wit
laser power of 18W.

To be able to observe the transition process to
turbulent motion initiated by flame front
distortion by CQ laser absorption clearly, it is
desirable to have a completely flat flame prior
to the laser irradiation, as a default flame. Upon
ignition, a large soft flame front propagates
downward due to hydrodynamic instability.
And then, the flame front rapidly becomes flat
at the upper part of the tube. Figure 2 shows a
downward propagating flat flamein the
combustion tube without laser power
application, this is the primary acoustic
instability state in Ref. [5]. Once the flat flame

is established in the tube, the flat surface is
maintained during the propagation. In the
experiments the propagating flame is irradiated
with the CO2 laser beam as described in Fig. 2.
Then, the ethylene in the unburned mixture
absorbs the laser energy just ahead of the flame
surface along the center axis. The local flame
velocity of the preheated unburned mixture
increases and distortion of local flame shape
occurs. In cases of low laser power, below a
critical value, there is no transition process as
discussed below although we do not present
the data here.

Figure 3 shows the typical behaviors of a
propagating flame after the laser irradiation
with Le<1 mixture as used in this study. When
the flame front has a positive curvature, it is
exposed to diffusive-thermal effects increasing
the flame tip velocity in addition to the effect
of local heating by the laser light absorption.
Thus, the flame tip shows unstable behaviors
in regime 1 in Fig. 3. Details of the flame
characteristics in regime 1 can be found in Ref.
[8]. Then in regime 2, the corrugated flame
front structure appears as seen in the figure.
This corresponds to the secondary acoustic
instability noted in Refs [5, 6]. Finally in
regime 3, the flame front shows strong
turbulent motion with breaking up of its
cellular structures and explosive acceleration

of the flame front. Figure 4 depicts (a) temporafiations of the flame tip position, (b) the flatiye
velocity with a laser power of 8W and (c) the vétpavith 18W of laser power. For the laser power of
0w, the flat flame front propagates to the bottomtlee tube with constant average velocity
accompanied by periodic back and forth motion. Flape of the flame tip position after 95 ms
increases when there is absorption of laser lighe initiation of laser irradiation is at 0 ms, and
around 95 ms of induction time appears to elap$erddhe local acceleration takes place. Figure 4
shows that strong acceleration of the flame tigtprsand a gradual increase in the periodic motion
appears in regime 1 for both the cases of 8W aid [B8er light irradiation. Diffusive-thermal effact
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and acoustic influences may be the main causeli®fatceleration. In regime 2, there is a sudden
decrease in the amplitude of the flame tip velofiitpctuation followed by a gradual increase to the
total area of the flame front to equal that in negil finally, this is the secondary acoustic ingitsb

3.2 Thresholds of transition

3

I @

@

— 0w
L| — 8W

1I8W

Fame tip position, em

~
T

G
g

y M

80

L L . . . .
100 120 140 180 180 200 220

Time, ms

1000 |-(b)

Flame velocity, cm/s
=)

-1000 |

-2000

—
il

Regime 1 'Regime 2 Rlcgimc 3
L " : n

75

s
100 125 150 175 200 225

Time, ms

2000 -

1000 -

Fame velocity, em/s
o

-1000 -

Regime 1 Regime 2 Regime 3

-2000
75

Figure 4.(a) Temporal variations in th
flame tip position, and (b) flame tip

.
100 125 150 175

Time, ms

Practically, the combustion processes in most caiidou
devices encounter energy feedback of the reactioe mto
the acoustic field. Thus, detailed information dfet
thresholds of the parametric instability must bevpied to
more fully understand these explosive transitidgtigure 5
shows definition of the moment when the flame tip
curvature changes from convex to concave. When the
Lewis number is less than unity and the curvatige i
positive, acceleration of flame tip additional tbat
provided by the laser absorption effect is induced.
Therefore, the structure of Fig. 5 is not attaivathout
acoustic field. With the presence of acoustic ftuations,
the negative curvature as seen in Fig. 5 may heett by a
positive pressure gradient. In a positive presgpeslient
along the tube axis, the curved flame tip beconilée f
with low density burned gas which is selectively
accelerated to the open end of tube and it chatoyése
concave structure. Here we wish to define thesitiam
time to the secondary instability as the time t@iatthe
situation of Fig.5 from the moment of ignition, bese
once a structure like that in Fig. 5 is attainedirdy the
propagation, the corrugated structure and following

explosive turbulent phenomena occur imediately.eBasn
the experiments reported above, we measured thsittom
time to the secondary instability based on the nitéin
above with various laser power inputs.

Figure 6 depicts the transition time (time to aiténe
structure of Fig. 5 from time of ignition) with vaus laser
powers, limited to the laser powers from 8 to 18\heve
the transition phnomena are observed. In Fig. & th
transition time decreases with increasing lasergooww a
minimum value at 12W. In the case of a laser pa@&W,
deformation of the flame tip is the smallest in tested
range. Nevertheless, the increased surface are@Wat

eprovides feed back of thermal energy to the acofigtid in

velocity with a lasemower of 8w, an the tube and it satisfies the Rayleigh criterioh [hen, it

(c) 18W.

goes on to the transition to the secondary instabil
condition with a given delay time as seen in Figwéen

the laser power increases to 12W, the growth ratheoflame surface area becomes faster and the
time to reach the secondary instability becomestsho
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Figure 5.Definition of the moment of transiti
To the secondanacoustic instability. (a) la
moment of regime 1, (b) initiation of
secondary instability.
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After the minimum transition time at 12W in Fig. 6,
the time to the transition increases as the laserep
increases. This may be explained by the non-linear
increase in the local flame velocity with the irase
in premixed gas temperature with the very strosgila
power (also see Fig. 8). The non-linear increased
flame velocity overcomes the effect of the positive
pressure gradient for a longer period even with the

faster growth rate of the surface area.

For a futher understanding, the measured acoustic
frequency at each regime was determined as a
function of supplied laser power and the results ar
shown in Fig. 7. The changes in acoustic frequencie

suggested by Fig.7 are consistent with Fig. 6. tRer
8W laer power, the measured frequency increasds wit

time (increasing regime number). The tube usedhen t
experiment was excited at the 1/4 wavelength
longitudinal mode. The acoustic frequerfiyt=c/4L,
increases due to the increases in sound speasl(the
flame front aproaches the closed end of tube. Toere
the earlier regime results in a lower acoustic ety .

In figure 7, the acoustic frequency at regime 2
decreases at laser powers lgean 12W. This is
because the transition time (time to appearance of
negative curvature at the flame tip as seen in big
decreases at the laser powers less than 12 W. Tieen,
volume of total burned gas at the start time ofmeg2
is less than that of the lower laser powers cagbigh
causes low average temperatures and low acoustic
frequancies. After the minimum at 12W, the traositi
time again increases and the ratio of burned galseat
start of regime 2 increases with increase in thserla
power.

To elucidate the situation of the increases in the
transition time and acoustic frequency at laser ggew
larger than 12W, we tried to count the temperature
change along the center line by absorption of (a€er.

By using Beer's lawA/A=exp(acL)) for the length of
penetration of the laser power, whekds the energy
after the absorption media aAglthe energy before that.
Thea, c andL terms are the absorption coefficient
(1.5 atm cm*, C,H,), partial pressure (0.09 atm,

C,H,) and the path length of the laser light respebtiwith this, the penetration length and
temperature distribution can be calculated consigegnergy conservatiod{A.=CmAT, c: mixture's

heat capacity, m: mass of control volumeT: temperature increase). The calculation resulthef

18W condition is shown in figure 8. The maximum parature is established right ahead of the flame
front. The preheating effect ahead of the flametfrenhances the local flame velocity non-linearly
and increase the transition time to the concawetire. To verify this hypothesis, it is planned to
investigate the changes in flame velocity dependimghe laser power intensity by calculation furthe
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4 Summary

An artificial induction of the transition from
propagating flat flames to turbulent flames in a
combustion tube has been conducted by usi@Pa
laser method and an attempt was mexeetermine
the threshold of the transition in terms of lakgit
intensity and supply time. The results may be
summarized as follows:

(1) There is a minimum laser power (8W with 3.3mm

2
=]

[=]

Temperature, K
§ 2

400 beam diameter in this study) necesstryattain
300 the transition. Below this power, flame tips do not
T T grow to reach the secondary instability.
Istance fram the flame fremi, cm (2) The transition time is defined as the time of the
first formation of a concave structure at the flame
Figure 8.Calculated temperature distribution tip. The time with this definition corresponds well
unburned mixture with a laser power of 18W. to the time taken to develop the turbulent motion

because the structure is always followed by the
immediate appearance of the secondary instability
and the resulting turbulent raoti
(3) The transition time showed a minimum value at arlg®wer of 12 W. At lower and higher laser
powers than thisthe laser intensity results in longer times tille ttransition occurs. The

mechanism of this dependence is still not satiefdgtexplained, although possible explanation
is provided in the text.
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