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Lifted and reattached behaviour of laminar Premixed flame

under external acoustic excitation
Lukai Zhend", Shuaida Jj Yang Zhan
2 Nanjing Institute of Technology, Nanjing 211167, China

b University of Sheffield, Sheffield, S20 1AH, United Kingdom

Abstract

The flame chemiluminescent emissituctuationsand the vortex structure of the lifted jetrfla
under acoustic excitation westudied in this investigatiorBy employing highspeedvisualization
and DFCD(Digital Flame Colour Discriminationjmage processing method, the fluctuation of the
instantaneous mixture fractit)sbeen found highly correlated with the lifted height variationsat
been observethatduring the flamalrifting to downstream, there is no obvious shifting on the mixture
fraction.Howeverwhen the flaméravelsback to upstream, tael mixture haseen evidently diluted.

In addition,the stabilisation mechanisoan be further explained by analysing the velocity fluctuation
of the vortices in the shear layga PIV. Measurements show that, tluiebulent stretchingt the shear
layergenerated by thexcitation leading to the flame iéff. on the other handheKelvin-Helmholtz
vorticesin the unburn part play a key eoln preventing flame lifoff. But, the excessive external

acoustic excitation leads to blow-off due to over dilution and increased lifted.heigh

Keyword: Acoustic excitation, Premixed flame, Flame lift-off, Kelvin-Helmholtz vortices.
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1 Introduction

In most industrial applicatian jet flame lifted off is always been regarded as the most
undesirablénstability problem asit’s unstable and easy to blaif abruptly. Hence, the stabilization

and extinction mechanism have bed@dely investigatechumericaly and experimeatly.

A non-premixedet flame has a tendency to lift off from the burner nozzle position when the
jet velocity of the flamés overa critical value ofU, [1]. With the increasing of the jet velocity, the
lifted height willincreaseand when it's beyond certain critical heigimd theflame will be blown off
[2]. Therefore, thetability of the lifted flame is an important parameter for basic combustor design
Scholefield and Garsitetheol [3] claimed that the transition to turbulence is a prerequisite for the
lifted diffusion flame stabilization and the flame anchors at a pwihérethe flow is turbulent.
Gollahalli [4] argued that the flame will tend to stable at the position where the local flowtyeloc
balance the normal flame propagation veloclavarreMartinez and Kronenburd5] have
demonstratedhat the excessive turbulent stretghiat the nozzle leads to the {dtf andthey also
claimed that autagnition can be used to promote the flame stabilization mecha®sgently the
observation from Kiran and Mishsa[2] visual experiment proved theafhe liftoff height varies
linearly with jet exit velocity. They presented a semipirical correlation between the normalized lift

off heightto thenozzle exit diameter

H U
L _18x103L
Dy Dy

H,: lift-off height
D;: diameter of the fuel tube
Uy: fuel jet velocity

In addition to the velocity effect, The stoichiometric burning on the physical misaomna
blowout has been investigated by Broadwell et[@l.and Pitts[7]. According to their studyn
diffusion flame the fresh air entrained by the vortices structure cools down and over dilutizsrtbe f

jet, which leads to the flame extinction
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For alifted flame, it has beeshownby many resear@msthat, the rollingup processes of
vortices structure generated by the bluff body or acoustic perturbation willnprieelifted flame
from propagating downstreaj@12]. Flame response to specific external excitatiothe terms of
frequency and amplitude was studied theoretically and experimentaeimare and Baillof13].
They concluded that secondary vortices are sufficiently powerful to makdatne propagate
oppositely. The flamelifting and reattaching characteristics and hysteresis zone where the flame
anchoring may occurasbeen noticed by Gollahall in 198@] The study ofliffusion flame stability
mechamsms in the hysteresis region by acoustically exciting the unburned components has been
investigated by Lin e#l.[14] and [9], The most significant effect was found when the acoustic
frequency matched the fundamental frequency of the vortex. Clahdchave demonstrated that, the
acoustic excitation at certain frequencies could extend the blowout limit by remme26%][9].
Moreover, the stability method of acoustic excitation on lifted flame also kagibeved to be faible

for soot suppression and emission cofitf+17].

On the other hand, Kim et glL8] and Kartheekeyan et dll9] have observedhat, for
premixed flame, the flow oscillaticaffectsthe local strain ratat theshear layerswvhich contributes
to the fluctuation of haaelease rate and mixing rate. Additionally, the unsteady vorticial structure
passby can stretch and quentite flam¢20]. However, the variation of the local fuel to air ration by
these vortices cannot be ignored as it will be demonstrated in this &hdg. and Zhang has
experimentally investigated the nonlinear coupling characteristichffenent equivalence ratiosf
propane/air flamg21]. It has showed the existence of complex nonlinear frequency components

created by the coupling of buoyandriven instabilityandthe acousti@xcitation.

While the acoustic excitation has been widely investigated from two aspextscoustic
stabilization mechanisior diffusionflame andheflame shear layer dynamic experiment§ll9,22—
26] or numerically{27] for premixed flameThere is lack of the knowledge on the transient dynamics
of thelifted andreattached phenomenon for the premixed flahte present work investigates a
conical laminar premixed flame in a rectangular tube excited by acoustic Avaeenprehensive

analysis on the premixed flanperiodicallylifted and reattached phenomenon induced by external
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acoustic excitation with the combination of diagnostic methods, colour imffhgschlieren and
PIV methods The periodicalmechanism has been addresgedhftwo aspects: the velocity field of
the vorticity at the shear layers and premixed flame stoichiometry burmipggation preferenc&€he
Digital Flame Colour Discrimination (DFCD) techniqueaisinique method to analysis equivalence
ratio fluctuation and the transient flame shear layer dynamics. It provideseaintuitive evaluation

on the fuel concentration distributicd@ombined with the KelvirtHelmholtz vortex structure observed
from the schlieren mbhod, the resuls provide a good explanation for the flame reattachment progress.
The oscillatory behaviour of laminar flame dynamic structure and lifted heighéxg@erimentally

investigated witliime resolvedcontour line detection method.

2 Experiment seup
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Figure 1. (a) The experimentalapparatus; (b) Schematic of the geometry of the square tube
and loudspeaker
The schematioof the experimental apparatus shown inFigure l1and the actual picture of the
setup is showkigure 2 The experimental setupainly contains two syems:a burner systerand an
acoustic generating and sound acquisition system. In the burner system, the gaseadsaiuelra

supplied from a propane cylinder and air compressor. The flow rate islthtoy a rotameter. The
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fuel and air are connedavith a mixing chamber to produce a premixed flame ag¢dfaevalence ratio

of 1.4 (GHs 0.12L/min; Air 2.046L/min). The nozzle position can be adjusted within the top end
opened tube, which is made with four glass panels and braced by four steel brackets. idezleiel

is customized built, and the main dimensions are listed imthiggure 2the unit of mm. The shell of

the nozzle can be separated into two parts, named top holder and bottom holder. These tveo parts a
sealed properly when flame on. Inside of the shell, it ipaiontains a swirler to stabilize the flame

and a honeycomb to smooth the fuel flow.
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Figure 2 Actual picture of the setup

The dimensions of the tube ar€00 mm in length and1¥4 mm in width of the squa. A large
chamber is deliberately chosen so that the feedback mechanism from the flaroaritbelminimised.
The detailggyeometry of the square tube is showrrigure 1(b). It consists the transparent top tube
and steepyramidaltube at the bottom. As the top end of the tube is open, to avoid the disturbance of
the ventilation system in the lab, the nozzle position should keep a certain distagdeoan the top
end. Considering the field of observation andrépeatabiliy, the flame pattern ande sound pressure
have been recordeudthin the rangef the tube from 40 mm to 8@ mm. The acoustic generatoas

placed at the bottom end of the tube and fixed on a computer contrdllema8erse system. The
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frequency of the acoustic generating systeas controlled by LabVIEW and the output voltage (V)
of the amplifier was fixed at 3V. The reading of the sound pressure was collecéeahibyophone
which is mounted at the nozzle and recorded by the National Instruments DADhmamdeasurement

uncerainty is presented in Table 1.

Table. 1Experimental Uncertainty for Control Variables

Measured Quantity Measured Range Total Measurement Uncertainty 9
Fuel Flowmeter (L/min) 0-320 +3%
Air Flowmeter (L/min) 0-5 +3 %
Microphone (Pa) 0 -500 +1%
Amplifier (V) 0-5 +1%
3D Traverser (m) 0-1 + 2%

According thePrevious researatone by Chelf29], the four resonant frequencimsthis ductare
63.61Hz, 218.01Hz, 385.11Hz and 547.71Hhese results are measured at the room temperature
condition without the flame on. The standing wave in the duct caffdeted by the temperatuaad
the flame.Therefore the experimental measurements of the acoustic responses were made along the
length of the tube using a microphowéh the flame onThe pressure value has been recorded at
different position from 40mm to 8@mm with 2 mm intervals through the whole tube and the
measurement point was in the centre of the tube. The range of excitation frequefi®mm20 Hz to
600 Hz in increments of 5 Hz, with a voltage amplitude of 5 V. The experimental obsem&igure

3 indicates that the first four modes of the present rig are 90 Hz, 200 Hz, 380 Hz, and 500 Hz.

Standing Wave in Tube

500Hz
380Hz

Amplitude

600hz

© 200hz
Frequency

Figure 3 Experimental measurement ofpressure response to position and frequency with
flame on
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The acoustic induced liftedff behaviour is more evident under the high excitation frequandy
high-pressure condition. Hee, the acoustic excitation frequencies of 380 Hz and 500 Hz were set a

main frequencies for further investigation.
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Figure 4 (a) colour imaging recording setup; (b)Schlieren systemsetup; (C) PIV system
setup
The optical recordsetupconsists of a PhotreB8A4 high speed colour camera with Sigma zoom

24-70mm lens and the computer control and recording system. Both of the colour and schlieren image
were recorded byhe high-speed camera at the full frame of 1024x1024 pix&tg colour image
recordingmethodis shown in Figure 4a). To avoid thdackgroundoise signals affecting the weak
flame signal detection, the experimemre carried out ina dark room in addition to using black
background behind the flame. To ensure the accuracy and general2@fidommagesvererecorded

at ashutter speedf 2000 images per second at each condition.iflages weranalysed by MatLab.

A singlemirror schlierenimagingsystemwasapplied to visualise the flow dynarsiand vortex
structureWith this configuratio, vortices in the hysteresis region and the-delinated flame were
bothclearly shown in the schlieren imag@&he setup foschlieren system is shown in Figuréb). It
consiss of a point light source and ongl0 parabolic mirror with 75 mm diameter and 75 cm focal
length. A knife edgés placed at the focal point, just in front of camera, to ddhes brightness and

contrast.

The flow field is measured by a PIV system which consists of a laser sheet generator, éskaser pu
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synchroniser, a seeding generator, a data acquisition system and data analyais sbftwn in
Figure 4(c). A doublepulse ND: YAG laser, operating at a wavelength of 532 nm, a pulse rate of 15
Hz and an energy per pulse 30 mJ is used in this experiment and it is synchronized with a TSI
PowerviewM Plus 4MP Camera used to capture particle imafgesLaserpulseSsynchroniser model
610035 from TSI is a timing control unit for the PIV applications. It automates contitod diming
between laser pulses, camera, camera interfaces and image acquisition. For Plgmegasuthese
signals are controlled by the synchronizer via Insight 3G data acquisitioysiargadd display software.

A solid particle generator araderage3 pm titanium dioxide Ti@seeding particles angsed in this

experiment. These seeding particles are injected into the tube with thedzet together.

3 Results andAnalysis

3.1 Hysteresis Behaviour

Figure 5(a) presentdhe sequence of photographs from the simgieor schlieren settingt an
excitation frequency of 380 Hz and forcing intensity of 40 Pshtmwvthe hysteresisegionand the
sel-illuminated flame with shutter speefi1/50 s at equal intervalsinder thestrongexcitation, the
periodical liftedoff and reattachment process of the premixed flame can be clearly observed in the

visible flame area. The motion is concurrent withdhgvity of the hot gas region.

To obtaina better observation of the flanperiodically lifted behaviour, higher shutter speed
1/2000 s has been carried out for the visible flame imaging showigime 5(b). The samples of
series images in successive 4/2000 seconds display the visible flame front strutramsition of
lifted-off and reattachment. Under the acoustic forcing, the flame front exhibres¥ermation with

evident wrinkle fluctuationseparated flame bubbles and flame iftssd-up.
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Figure 5 (a) The sequence of photographs from the singlairror schlieren at a shutter
speedof 1/50 s; (b) The samples aduccessiveolour images in 4/200Geconds; (c) Three
sequential samples of the flame front contour lines with 1/2000 s interval

A MatLab based contour detection algorithm has been employed to define the conicéidtame
and theextractedboundary line areshown in Figure &). The three sequential samples of the flame
front contour lines with 1/2000 s interviadm the 380 Hz frequency excitation case are drawn in each
of theforcing pressure conditions, 30 Pa, 40 Pa and 50 Pa. The root segment of the front exhibits a
noticeablepositionshifting in the vertical directionThe contour linedllustrate that the fluctuating
amplitude of lifted heighkeeps growing with the increase of the perturbed pressure. In addition, the
flame front exhibits an asymmetrically irregular geometry which is simagawhat mentioned by
Bourehla et gI30] andGollahalli et al[4]. These observations demonstrate that thesdlidiff behaviour
of premixed flames sensitive to the external excitation. Taemation ofhysteresis and reattachment
processes will be investigated and identifiogdits dominant flow characteristin this experimental

study.
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Figure 6 The variation of flame height H; and lift-off height H; of acoustially excited

flame

Thediagrammatic geometryf a 2D flame captured kthe highspeed camera atshutter speed
of 1/2000s with the seldgk colour enhancement technique is showRigure 6(a). The redooundary
line of the flamepresented the smoothing of the boundary gained through the application of the
interpolation points principle. The centre point (0, 0) of the coordinate systecaiedaat theentre
of the nozzleexit. The flamelength H; is defined as the nedimensimal distance between the Top
Point and the Bottom Point calculated by the number of pixalgeindirection shownFigure 6(a).
The lift-off height H; is defined by the distance ihey direction between the Bottom Point and the
nozzleexit. Thevalueof thevisible flamelength H, andthelift -off height H, are the average of 500
selectedmages for each test caseder forcing frequencied 380 Hz and 500 Hat differentexternal
acoustic forcing intensifyshown inFigure 6 (b).The measurement of sound amplitude ranges from
the initial sign of liftoff to blow off point. Therefore, themplituderanges fotheforcing frequencies
380 Hz and 500 Hz depended on their resistance of-bfj\22—50Pa and2—30 Pa respectively.
The flamelength Hy exhibits adescending trend for both frequency groups. Tiner doar presents
the standard deviation éibme lengtls fluctuation amplitude. As can be obviously noticed from the
graph,the externasound pressure promotes the flalegthfluctuation This is mainly contributed

by thegrowingflame lifted heightombined with the generation efparated flame bublsleMoreover,

10
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the growing rate of flame lifted height from 500 Hz frequency excitation is htgha that from 380
Hz frequency excitation, which indicated theemixedflame is prone to bdisturbed ad quenched
suddenlyunder high frequencgcoustic perturbatiocondition.The observatiorsiat variance with the

results of the non-premixed flanfrem Cheh31].

Attached flame Lifted flame Blow off |

(a) (b) (c)
Figure 7 Sample schlieren pictures for three perturbance conditions
Figure 7presents the sample schlieren picture at the salient feature point for each of thdee sou
perturbance conditions at 380 Hz, including attached flame (20 Pa), lifted flama)(8bd”blow off
(50 Pa). Although the vertical orientation of the knife edge is only sensitive todia dansity
gradients, th&elvin-Helmholtzvortex structure become visible on the unbursietar layenear the

nozzle.

At the low sound amplitude levethe configuration of theflame front presentsas a wavy
boundary befordlame lifted With the increase of the external perturbation,wha&es overturn the
vicinity air andgrow into billowsin the unburning hysteresis regionhish leads to the intermittent
flame holding.In the burning flame part, theonvolutionsstructure become distorted agdadually
dissipaté. Becausette formation of the vortices structusesubsidedasthe presence of the flame
according tothe studes by Gollahalli[4] and Chad9]. Based on the observation of the massive
schlieren pictures, is shownthat the highest stabilized position is most @atab at the top of the
second pairing of the coherent vortices. Stabilization mechanismof the Kelvin-Helmholtz vortex
structurewill be further analysed in 3.3 and 3.4. Withitherincreasing the sound pressure level causes

the server interference tife surroundingir and fuelThe excessive frentrained cold fresh air from

11
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the votices cooldown the hot products, which results in thduction in heat releag@2] and flame
extinction eventually. During the blewff procedure shen in Figure 7c), theorganized strearwise
vortices pair graduallgpreado largerscale structure further downstream, whicimigccordance with

the observatiolhy Demare et dii1].

3.2 Nonlinear Coupling of Lifted Flame and Acoustic \ave

12ms 14ms 16ms 18ms 20ms

(b)

Non-dimension H;

a
o Poa o™ -
Voee, / b, ¥ Sy age?

50 60 70 80 20 100

Time (ms)

Figure 8 (a) Colourimages for circle processhe attachment, lift-off and reattachment; (b)
The trajectories of the flame lifted height
Figure 8(a) shows the sequence of the colour iesigr the flamein thetransition circle
process of attachmerlift -off and reattachment. The successive fraaresit equal intervabf 2ms.
According tothe coordinate systemstablished idrigure § the trajectories of the visual flame lifted
height, showed ifrigure8 (b), was recorded at 2000 fps in 100/s obviouslyshown in the graph
besides of the oscillations of liig and reattachment, there was anothigh frequency oscillation

throughout the time.

To determine the principle of the oscillations, F&ifalysiswas applied to the data of various
acoustic intensities from the two frequency cases, showigure 9 The FFT lines graph illustrates
the dynamisof lifted height under various acoustic perturbations. The frequency compgpeéiaisn

differently at different external excitation frequencies and intensities. Demare dlud BAi| claimed

12
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that the liftedoff height fluctuated randomly despite under the periodic forcing. However, as shown
in the results, generally for all the casatsparticular excitatiorthe single pealof lift-off frequency

f. dominate the flame dynamic can always be detected in the raB@éHafto 40 Hz. Thandicates

the fluctuationof the lifted heights not randomand it actually correlates theformation conditions

of theKelvin-Helmholtzvortices and flame burning speéthe excitation frequencie§ show more
evident peaksinder thegenderacoustic forcing intensity. There is no nature flame flicking frequency
can bedetectedwhich indicates the buoyandyiving forcedoesn't have areffectonthe flame lifted

fluctuationat thislow jet velocity (Re= 557).

External excitation Frequency 380 Hz
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o N
AN
g2 TN
g \S
", bl
0 e Ll n 1\-\.1_' , _B
e Y S E\ ,
45 o~ |
) . =g, 1900
nd p,, 35 _ =

g
g
J<

Exc'\tat'\c’“ Fr

External excitation Frequency 500 Hz

Ambplitude

el e
Sound Pre 15 10 “6 K =
Ssure

Figure 9 The frequency of the lifted height for various acoustic excitation conditions

At themild excitation amplitude in both cases of 380 Hz and 500 Hz, the sets of the fore and after
peaks that accompany the dominated and harmonic frequeficteaf; have been detected. The sets
of accompanied fore and afgeeaksf, + nf; are explained by nonlinear coupling theory, which has

been reported bWang [21]recently. The two frequencies components can be simplified into wave
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signals, shown in below:
Yexcitation(t) = Xesin(wet) and Yyfeeq(t) = x,sin(wyt);
The nonlinear coupling results in the creation of the frequency component as
Veoupting (t) = ksin(w,t)sin(w; £);

This can then be broken down into the following equation:

Veoupting (£) = k[cos(we — wy) t]z— [cos(w, + w,) ]

Hence, this is the mainly explanation for the nonlinear coupling relationship ¢f thef; .

The stabilization mechanism of the vortices has been reported by many resi@a,84é¢sThe
researchers noticed thé&by the lifted flame, at the hysteresis regitime vorticesplay an important
role for the flame stabilization and reattachmeiiherefore in the following paragraphhe
phenomenon dcoustic inducetifted flame propagation proceduvéll be analysed mainly from two
aspectsthe velocityand vorticity field with PIV measuremeand the flame propagation preference

based on flame chemiluminescence detection.

3.3 PIV measurements

It’s welkknown that when the jet velocitydJlarger than the burning velocitysldn, the flame
detaches itself from the nozzle and stabilizes at the WhereUburn in the downstream. The lifted
height is unstable, as the hysteresis zomeligerable to the external interference. PIV has bpphel

to measure the velocity distribution of the jet with or without the vortices.

14
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Figure 10. Velocity vectors and the vorticity contour maps of the instantaneousropane—
air flame flow at the excitation frequency of 38(Hz.

The contour maps of the velocity and vorticity for the premixed flame flow field under 380 Hz
have been plottemh Figure 10. Three perturbance flame features induced by three sound intensities
excitation levels have been investigatethriRe without excitation (a &g excited attached flame (b
& b’) and exited lifted flame (c and’k are showrfrom left to rightin Figure 10 Under the external
excitation condition, both of the fuel jet and the ambient air are disturbed bgdbstic wave. With
the increase of the sound amplitude, the more obvious disturbance has been shown in the maps
especially for the area near the nozzle position at the coordination (0,0). From the (@iptsnaf (b),
it’s very interesting to notice that, before the flame lifted off, the velocity otitiget at the upstream
is smaller comparing with the ambient air and the relative velocity at the flame ayeahés been

enlarged with the increase of the sound amplitude. Albaglownstream, the air flow motion of the

15
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hot gas above the flame gradually further accelerates due to the buoyancy effectrdhieneher
increasing the acoustic disturbance until the relative velocity at the shear lagresréiae critical

value U., and then the jet flame starts to lift.off

Contrary to thamild excited caseafter the flame lifteebff, the relative velocity fiel condition
reversedthe velocity of unburned jet flow is much larger than that of the ambieahdihe velocity
disparity results in the forationof Kelvin-Helmholtz vortices, which has been clear illustrated in (c).
There is much more intensive vorticity region concentrated abftwenozzle. According to its
corresponding velocity mam (C), at the KelvinRHelmhdtz rolling up region, there arebvious
downward velocity vectors in the flow patteffhis observation is mateld with Chads [9] and
Demareés[13] result. Chao et cl. claimed that the local velooitjhe vortex core region is higher than
the nature jet, but the outer edge of the layer and the mean velocity of thenggaveNe has been
dramatically decreased. Therefore, the roHupgvortices effectively prevent the lifted flame from
propagationupstream.Demare and Baillot presented velocity field of both the vertical and the
horizontal views. They found that the vortex radial velocity of the excited jetaitynalf of the
natural jet and the rogheansquare valués 25% lower[11]. Therefore, the KelviiHelmholtz ring
structure provides a suitable circumstance for the flame reattachmergowdgr hese vortex
structures not onlyminimise the velocity disparity atehshear layer, but also promdates further
mixing between the fuel and the ambient air. Thigture fractionwill be further analysedby the

DFCD image processing method on tlarfe chemiluminescence.
3.4 Flame Chemiluminescence

The experimentatlatameasuredy Gu [35] provedthat burning velocityfor premixed flame
reacles its maximumvalue when the equivalence ratio is around 1. In additiwalchshofer has
concludedhat thdifted flame is stabilized close to tkarface stoichiometric mixing conditiof6].

In another word, theremixedflame at equivalence ratio 1greferablydrifts towards theelatively
fuel leanerside. Many modelling work on premixed flame dynamics attempt to calculate the

equivalence ratio fluctuation response to imposed acoustic exci@fiegdO]. The recent experinmgal
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319
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322
323
324
325
326
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328
329
330

work by Kartheekeyan and Chakravartfd®] only presented a blurry configuration of the
chemiluminescence imageghe acoustic induced dilution behaviour can be quantitatmeslysed
with DFCD, whichhas beenmplemented in the present work for evaluating the distributionielf f
concentrationThis methodhas been introduced in Hudsgprevious research§8] and applied on

both of gaseous [4@nd liquid combustiongt1].
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Figure 11 (a) The schlierenimages for fame and jet flow structure during the lift ed and
reattached process(b) I nstantaneouscalculated CH*/C2* ratio colour map

the CH*/C2* ratio has been proved to hawenotonicrelationwith the equivalence ratidt can
be regarded as an indicatorreveal the fuemixing fractionlevel, in which the fuel lean flame has
higher CH*/C2* ratio and high fuel concentration flame has lower CH*/C2* raigurell (a) shows
the sequence of thechlierenimages forthe flame lifted and reattached circle procesth 2 ms
intervals TheKelvin-Helmholtzrolling-up structure can be clearly recognized in the urtpetrnegion
above the nozzle when the flame liftédgure 11 (b) presents the instantaneous colour miathe
calculated CH*/C2* ratio of theorresponding images. The ratio ranges from 0 to 7 and displays the
colour from dark blue to red. During the flame propagating downstream, the flame ateallgra
decreasesbut there is no evidence change in the fuel concentration and most of the flame area
exhibited as dark blue. As soon as the flame lifted to the highest positiordthishrand yellowish
colour gradually emerge at the bottom sectwhich indicates theortex-up configuration enhances

the mixing between the fuel and the surrounding air. During the falling period, the lifted flame
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propagates upstream as a resultartices induced local lowemixture fraction which is consistent

with flame propagation preference. It's alswrth noticingthat, beside of the predominahstribution

zoneof the reddish and yellowish points at the bottom region of the flame, ibedswsat the core of

the vortex.Therefore, based on all thigscussion above, thgstream propagation behaviour of the

acoustic excited lifted flameould beexplained by rollingup vortices stabilization mechanism and

local mixing enhancement.

4. Conclusion

This study has presented a quantitative experiahebservation on the acoustic excitation

induced lifted flame. The investigated lifted flame features include flugtuaf flame length and

lifted height, velocity field of the vortex structur@remixed flame fuel/air mixing ratio and

propagation behavioult has been observed that:

The premixed flame is prone to be disturbed and can extinct suddenly under high frequency
acoustic perturbation condition. The fluctuating amplitude of lifted héiggps growing with

the increase of the forcingtensity The flame blows off at 380 Hz/50 Pa and 500 Hz/30 Pa in
this case.

The externaforcing pressure promotes the flame height fluctuation due to the appearance of
the separated flam@ocket. The growing rate of flame lifted height from 500 Hz frequency
excitation is higher than that from 380 Hz frequency excitation

Kelvin-Helmholtz ring structure forms at the unburn jet boundary near the nozzle when flame

lifted, which can intermittently stabilize tflame. Butthe flame will blow off eventually under
the severeturbulence stretchindue to theexcessivae-entrairment ofcold fresh airto cool

down the hot products artlde flamefails to sustainable.

Under the low forcing sound pressure, the-nonstant value of lifoff frequency f;, has non

linear coupling with the external excitation frequencfgsexhibited asf, + nf;. while as,
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under thehighforcing sound pressure, the vortices dominated the lifted height oscillation
frequency f;.

Before flame lifted, relative velocity at the flame shear layer has been enlaitiethey
increase of the sound amplitude; After the flame lifted, intensive vgrtegion concentrated
at the KelvinHelmholtz rolling upregion which minimises the velocity disparity and provides
a suitable circumstance for the flame reattachment.

During the flame propagatingpstreamthe CH*/G* ratio are significant increaseat the
bottom area. Because, thmoderse fresh air entrainmentith Kelvin-Helmholtz vortices
structuredilutes the mixture fraction The premixed lame burning speed angropagation

preferencalrag the flame back to the nozzle.
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