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Presence in Pulsating Diffusion Flame

The present paper shows experimental results about soot suppression on a laboratorial
scale jet free diffusion flame of liquefied petroleum gas submitted to acoustic
oscillations. The experiments were conducted to verify the influence of amplitude and

frequency of oscillations in the regions of soot formation and suppression through the
flame. To quantify the soot presence the laser induced incandescence was utilized. The
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Introduction

The pulsating combustion process has been objentpafrtant
researches because it may offer several advantfmgesnergy
generation, such as: fuel savings, lower partiakidized pollutant
formation, increased convective heat transfer raéesl reduced
investment when compared with conventional techgiek (Zinn,
1996). Pulsating combustion can be considered aenabustion
process in which the state parameters are subntitexscillatory
conditions; therefore, they change periodically hwitme (Zinn,
1986). For pulsating flames, the temporal or spexdaelations are
organized and higher amplitudes are reached (L#iny Williams,
1994).

In 1777, Byron Higgins (cited by Zinn, 1986) relhtthe first
example of pulsating combustion, the singing flathevas a flame
anchored in a hydrogen burner positioned in a calrtiube,
generating a considerable high amplitude soundoasegjuence of
the excitation of the fundamental acoustic modeone of the
harmonics. The pulsating combustion occurrence mttpen the
burner characteristics, the flame structure and ftihee. The
phenomenon has been known since 1777, but theafiestnpts to
use the advantages of pulsating combustion pram@gshappened
in the beginning of the twentieth century, influedcby the
development of internal combustion engines. Th&t fipplications
were in propulsion systems and gas turbine povantgl

Some combustors are especially designed for thetn in
which the combustion is the responsible for theitation of the
acoustic oscillations, for example the Rijke-tub@mbustor
(Carvalho et al.,, 1989). On the other hand, for veotional
combustion chambers, an external actuator is nages$s induce
the oscillations, such as speakers strategicallitipoed in the
burner or on the chamber wall. The external actsatan also be
used in chambers where the flame is sufficient nduce the
oscillation; the idea is to amplify or to diminigshe amplitude,
because those self-pulsating-chambers have namgplitade and
frequency ranges.

In addition, to the increase the combustion efficie other
important characteristic of pulsating combustiothis possibility of
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low pollutants emissions. The presence of osaitatienhances the
rate of reactants mixing process; so that, it issgme a combustion
process with reduced presence of partial oxidapolutants, as
soot, carbon monoxide (CO), and unburned hydrocer{tyHC).
Consequently, several researches have been codduitie
understand how the presence of the acoustic dgmilaan change
the flame structure and the impact on the pollstagmissions.
Yoshida et al. (2001) have studied the presen@n aicoustic field
in turbulent jet diffusion flames, and they observhat at the
resonant conditions the transient from laminaruidotlent flow is
enhanced, and consequently the turbulent intenditghe flow
increases markedly. But the long predominantlyudiffe flames are
normally not able to auto-excite acoustically thenfined
combustion, neither to amplify the oscillations ithe case of
external actuation, as presented by Ferreira ¢€2@06). However, a
previous work of Ferreira et al. (2005) shows tHkEmes
predominantly diffusive are more susceptible theanpxed flames
to strong changes in the combustion gases composithen an
external acoustic field is applied. When the adousscillation is
applied to an originally diffusion flame, the tradnal structure of
this kind of flame changes to look like a predominaremixed
flame, with large quantities of oxygen into the fie¢l side, as the
results presented by Rocha et al. (2006).

The present work is concerned to the soot supesby
acoustic oscillated combustion of laminar diffusidlames of
Liquefied Petroleum Gas (LPG). In spite of the Igp&actical
application of laminar diffusion flames, it is figgntly used as a
research tool in fundamental studies of soot foionatin
combustion systems and, hence, has a large literatssociated
with it (Turns, 1996).

The chemistry and physics of soot formation inwgifbn flames
are exceedingly complex, but they (chemistry angsims) can be
summarized in four steeps: 1) formation of precurspecies
(polycyclic aromatic hydrocarbon — PAH); 2) parichception; 3)
surface growth and particle agglomeration; 4) smddation. For
more details of soot formation in combustion, Ghaas (1998)
provides a general review.

In spite of the complex mechanism of soot formatiamd
oxidation, works as Santoro et al. (1987) have shtwat the soot
formation in jet diffusion flames occurs in a vergrrow region and
confined to a restrict range of temperatures 13d®60 K, in the
inner zone between the flame and the jet center, Wwhere the
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oxidant concentration is close to zero and expdeethe bath of
species from pyrolizing fuel. At some instant, goot particle can
pass through an oxidizing region of the flame; tie tase of jet
flame this region is invariably the flame tip. Tefare, the total soot
emission is the difference between the soot forimethe flame
inner region and soot oxidized in the flame tip.

As the presence of oscillations increases the terige level
(Yoshida et al., 2001) and the oxygen in the irside of the flame
(Turns, 1996), there are expectations of lower $oohation and
enhancement of soot reduction. Saito et al. (1988 studied the
soot suppression by acoustic oscillated combustidree diffusion
flames. The authors pointed that for laminar floegion the
efficiency of soot suppression is 50%, while thiicefncy exceeds
90% in the turbulent flow region. The experimentsSaito et al.
also showed that the flame temperature for acoussillation
combustion was higher than non-oscillated combaostand they
considered that the acoustic oscillation enhanhedmixing of the
fuel gas and surrounding air. Therefore, these hew aspects,
more temperature and oxygen, caused the re-oxidatio soot
particles.

In this context, the present work shows the expemia
investigation of the soot presence in a LPG jet fléfusion flame
with and without the acoustic oscillation to verifye influence of
frequency and amplitude of oscillation. The fuebwl was
acoustically excited before the burner exit by eader strategically
positioned. The experiments were conducted for @/s4of LPG.
To quantify the soot presence the laser inducirgaridescence
induced (LII) was utilized.

Experimental Setup

Figure 1 shows the LPG laboratorial scale burrmethé burner
inner duct 0.14 g/s of gas fuel flows, measuredyappropriated
rotameter, and at the base of this duct a speakerosupled to
acoustically excite the flow. In the duct exit arfle holder disc was
positioned to maintain the flame close to the buyrespecially in
the case with acoustic oscillation. The signal oKiatler 7261
piezoelectric pressure transducer at 3.0 cm ahbowespeaker was
considered as the reference of acoustic excitatmmdition. The
concept of the burner was developed by CaldeimshRit al. (1999).
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Figure 1. Schema of LPG laboratorial scale burner. The burner dimensions

are in millimeter.
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The speaker was fed by a sinusoidal signal gerterbie a
Hewlett-Packard - HP 3310A function generator, angblified by a
Proximity-750AP (100/300W) amplifier. The speakemgr was 50
W and the impedance was 16 Ohms. The piezoeleptdssure
transducer signals were amplified by a Kistler 500érge amplifier
and monitored by a Tektronix 7633 oscilloscope. Plezoelectric
pressure transducer specifications are: measuaimger-1 to 10 bar,
maximum pressure 12 bar, resolution 1.5 X b@r, sensitivity 2200
pC/bar. Figure 2 shows the system of the acoustication and
amplitude identification.
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Figure 2. Experimental setup.

The frequency was adjusted on the function generatal this
value is the reference for the experiment. The uaicgy adopted
for the frequency is the equipment uncertainty, imaxn 1% for the
range performed here. On the other hand, the ardplis measured
by the piezoelectric pressure transducer and iterainty was
determined by calibration. The present work trassduand a
standard transducer are coupled into a chambebyed pulsed
flow, and results are compared for different fratgies and
amplitude. The uncertainty is calculated for theinpoof 95%
probability in “Students t” curve:

1A95=1000A = A+ 2+ 200, | 1)

WhereA is the average amplitude,is the SD and the subscripts
1 and 2 are
respectively. For the frequencies and amplitudefopeed here, the
maximum uncertainty for the acoustic pressure aomgbéi was 5%.

To observe the soot presence in the flames it wiized the
laser inducing incandescence (LII), which princifébased on the
interaction between the laser radiation and thé¢ gaxicles (Vander
Wal et al., 1997; and Schraml et al., 2000). Theogttion of laser
radiation for power density equal or higher thax 10’ W.cmi?
increases the soot particle temperature to 4008tkthis level of
temperature the particles issue radiation (incacete®) is close to
the emission of a black body. The intensity ofigseied radiation is
linearly proportional to the soot concentration fidar Wal et al.,
1997).

The incandescence in soot particle was obtaineal flnyised C@
laser Tachisto model 550, 9.2 to 1Qui, refrigerated by water,
discharge voltage of 26 kV, and pulse rate of 6Bgaiminute. To
detect the soot incandescence, a monochromatorlg¥X of 0.5 m
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of focal distance was used. The soot radiation ewdlected using a
quartz lens of 100 mm of focal distance and a diamef 2”. The
flame image is projected directly to the monochrmmalit of 500um

for all experiments. In the monochromator outsidehatomultiplier
Hamamatsu R977 of 750 V is positioned to measwrdight intensity
in the specific wavelength, generating a voltagmadi which after

amplified is read in an oscilloscope. The resuitsoot presence are in

voltage signal (mV), what is proportional to sooncentration, and
each result presented here is the mean value sHr8ples.
The laser energy was measured with a Gentec Jaglemedel

PRJ-M and its accuracy $§10%. The measurement of laser energy is

an average of 10 lasers pulses and the deviatiananaund 10%
pulse-to-pulse.

Results and Comments

To observe burner resonant frequencies, constdiziges were
applied to the speaker (the maximum voltage alloteeithe speaker
is 10 V) and the acoustic pressures were measusedhé
piezoelectric transducer for several frequenciestq0800 Hz).
Figure 3 shows that there are two resonant ped&ksHx and 650
Hz. At resonant frequencies it is possible to rehigiher pressure
amplitude, which plays an important role in the tssagppression.
However, the soot behavior with the acoustic ostilh was also
investigated in other frequencies: 250 Hz, 4504zl 800 Hz.
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Figure 3. Acoustic pressure versus frequency of os cillation for different

speaker voltage.

The soot signals were obtained in jet center linethliree
different distances from the burner, 3 cm, 6 cng 40 cm. The
center line is not probably the region of higheotsconcentration,
but it is the most difficult soot suppression regialue to the
difficulty of oxygen presence to oxidize the fueldato reduce the
soot formation or to oxidize the soot formed. Roehal. (2006)
showed that the acoustic oscillation introducesgexyinto the jet
fuel side of a diffusion flame; however, in the tarline region the
oxygen concentration is lower. So, the center I;xan important
region to the study of soot suppression by acowostdlation.

As presented in the next figures, for non-oscillaticase
(frequency 0), the soot presence increases froom3oc10 cm,
indicating that the region of investigation is amemf soot formation
for the non-pulsating diffusion flame.
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Figure 4. Soot signal versus acoustic pressure for 250 Hz.

For a determined frequency, the pressure amplitudes
increased until it reached the limit of speaketagé, 10 V. Figures
4,5, 6, 7 and 8 show the soot presence with ttre@se of acoustic
pressure for the frequencies 250 Hz, 450 Hz, 5006488 Hz, and
800 Hz, respectively.

Figures 4 to 8 show the general behavior of soesgice
reduction with the increase of acoustic pressumvéver, there are
some particularities according to the frequency adition of
analysis. In case of excitation frequency of 250, H. 4, the
global tendency was the reduction of soot preseBcg.for the
positions 6 cm and 10 cm the soot presence wasigaticthe same
when the acoustic field was applied, indicatingt thame region
became a non-soot formation region. For 250 Hz rtfaximum
acoustic pressure was 11.3 mbar (correspondin@t¥)1 and the
soot reduction at 10 cm was from 1521 mV to 480 mV.
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Figure 5. Soot signal versus acoustic pressure for 450 Hz.

For 450 Hz, Fig. 5, the results are qualitativélg same as 250
Hz; however, in spite of the higher maximum acauptessure, the
efficiency to soot suppression was lower than 20 H
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Figure 6. Soot signal versus acoustic pressure for 500 Hz.

In the case of 500 Hz, which is a resonant frequerc
particular behavior for soot suppression is obskimeFig. 6. In this
case, the maximum acoustic pressure for 10 V irspleaker was 35
mbar. Until 15 mbar the region between 3 cm andthéaas kept as
a zone of soot formation; the soot signal increaseveen these
points. On the other hand, the region between 6aoch 10 cm
changed to soot reduction or oxidation region. Abt% mbar, there
is practically no more soot formation between 3amd 6 cm, and a
good part of the soot formed until 3 cm above thenbr exit is
oxidized between 6 cm and 10 cm. In 35 mbar, tl¢ signal in the
jet fuel center line is close to zero.

In case of 650 Hz, also a resonant frequency, FRhdivs the
same tendency comparing to that of 500 Hz frequemawever, the
region between 3 cm and 6 cm changes rapidly toomsoot
formation zone, between 6 cm and 10 cm is a sahtcteon zone,
and for 33 mbar the soot signal is practically Zerall positions.

The maximum acoustic pressure for 800 Hz was 1lb&rm
when the speaker voltage reached 10 V, and thésgmesented in
Fig. 8 show that acoustic field was not efficientréeduce the soot
presence and that in some cases, the soot sigmehsed.
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Figure 7. Soot signal versus acoustic pressure for 650 Hz.
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Figure 8. Soot signal versus acoustic pressure for 800 Hz.

The good
frequencies and the bad results for higher fregesnéor example
800 Hz, can be related to the behavior of the dmusave
displacement outside the burner. Flugel (2006) stigated
experimentally the influence of the acoustic waiepldcement in
the alcohol spray combustion excited acousticallp. this
experimental setup, the speaker excites the aibastion flow. In
case of resonance frequencies based on displacealentations, a
particle that follows the flow passes through fix@msitions close to
the burner exit more than twice, and the humbeintds the particle
passes through a fixed position intensifies whea #toustic
pressure increases. However, for frequencies hitdter 700 Hz,
the acoustic displacement is wretched, and no neatiins in
combustion gases composition were observed, mamlpartial
oxidation combustion gases, carbon monoxide andumnell
hydrocarbons. In addition, Rocha et al. (2006) shibg acoustic
excitation in diffusion flames at the resonanceg@iencies that
introduces large quantities of oxidant in the fsiele of the flame,
like a partial premixed flame. So, based on thesm®rations of
Flugel (2006) and Rocha et al. (2006) for the pres&periment, it
is possible to imagine that at resonance frequsrttigher acoustic
displacements are reached, and the mixing betweawgtants
intensifies. Then, the higher presence of oxygethénregion of soot
formation creates a competition between fuel oxtatmechanism
and soot formation that is favorable to fuel oxidiat due to faster
reactions, and less soot is observed in this reglord for soot
reduction region, the increase of oxygen concedotraaccelerates
the soot oxidation.

Conclusions

The present work is a fundamental experimentalystbout
the soot behavior when a laminar diffusion flame LHG is
submitted to an acoustic field. Different condisaof frequency and
acoustic pressure were investigated, and the saptals was
observed in the jet fuel center line by incandeseeimduced by
laser. The main conclusions are listed below:

1. In the non-excited flame 10 cm above the buma; it still

remains as a soot formation region in fuel jet eerline;
however, when the excitation for 650 Hz and 38.8amis
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imposed, practically zero soot signal was deteéte@® cm
above the burner.

The reducing of soot formation and the increasesoot
oxidation are enhanced when the acoustic pressereases.
So, as the acoustic answer is better for the
frequencies, then higher values for acoustic pressauld be
reached until the speaker voltage limit (10 V), aad
consequence, good results for soot suppressiord dmilalso
reached for the resonant frequencies 500 Hz andH&50

For higher frequencies studied here, 800 Hzf@mple, the
presence of acoustic field is not efficient to reeluhe soot
presence. It is in accordance with others auth&i§gel,
2006; and Rocha et al., 2006), that observed iitflaence of
higher frequencies to change the combustion dynamadnly
as consequence of the weak displacement of thesticou
wave outside the burner. However, this conclusiamnot be
generalized, because the present study was perdotmgl
800 Hz, and higher frequencies must be investigated

In spite of the important results observed herds ijust an
introduction to the knowledge about how the pulgattombustion
can be used to control or to suppress the sootpcesn flames, or
in combustion devices. The next step of this resea to compare
radial profiles of soot presence, temperature, eRygoncentration,
and radicals of hydrocarbons combustion &8d CH for example)
to better understand the interference of the aaofietd in the soot
formation and oxidation mechanisms.
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