
  

Proceedings at The Instltute oi Acoustlcs

INTERACTIONS BETWEEN ACOUSTICS AND COMBUSTION

S. M. Candel and T. .l. Poinsot

E.M2.C Lab.,CNRS, Ecole Centrale des Arts 9! Manufactures,
92295 Chatenay-Malabry,France.

ABSIRASII

Combustion oscillations and instabilities occur in many practical systems such as power plants, mmjets. jet
engine afterbumersaockel motors. These phenomena are exu'errtely uoublt-some as they lead to large amplitude
vibrations. enhanced heat-nutsfa' to the combustor walls. struentral damage of components artd in extreme cases
total loss ofthe system. Mechanisms involved in combustion instability are complex and diverse. Dispite a large
amount of resurch. these mechanisms are far from being completely understood. In many situations acoustic
intuactiorts play I determining role in the unstable combustion process. Many studies wncem the acoustic
fabrics of the non-steady process. However. until recently much less information was available on the fluid
dynamics ofaooustinally coupled Recent experiments have yielded new insights on the nature of the
procas. It has been found that in many circumstances the flarne front exhibits large scale motions. identifiable
patterns and coherent vortex strucnues. Acoustic wave interact strongly with the combustion region. modifying
the instantaneous flow field and changing the mean flame moire Titisexperimental evidence is reviewed in the
pope. Finally control methods ofeombttsdoq'irtstahilities are presented Techniques based on active control are
more precuer described because of the large n‘urnbo- of recent and inan studies performed in this field,

W

Acoustic intaactiona leading to combustion instabilities occur itt many practical systems such as mmjet engines.
afterburrters rocket motors. industrial furnaces 'I'htse instabilities induce large oscillations of the now
parameters and have marry eonsequerm : __

-theperferrnartceottheeombustionsystem is'modified
-mechuucalvilndomaregenmredleadingtoutaeasedsumanlsnain
- noise emim‘on is enhanced
- heatnartsfa'isaugmentedandlocal overheating ntaybe induced
~flasltbackeatirtctionorblow-otfphurornennmayafl‘ectorteoraflflames
- electronic systems controlling combustion may fail due to high vibrations or temperature levels and lead to

thelossofeontrolofrhesysterrt. .
Combustion instabilities have been studied extensively during the last founy years. mainly in the aeronautical

and mu propulsion domain. 11re first general conclusion of these studies is the large variety of instability
mechanisms and the necessity of a one by one analysis. The diversity of combustion instabilities is qualitative
(ie. low. medium and high frequency) bu ‘t-is first of all. the consequence of the physical phenomena involved :
ntrbttlatee. acoustic modes. hydrodynamic instabilities. thermodill'usive effects. chemical Hucdcs,

For a proper perspective we will begin this review with a classification of instabilities based on the ideas of
Banereand Williams(l968) andPuntam (l971).Threemain classescanbedefined:

l) System instabilities involving the whole system from the reservoir to the exhausL As their characteristic
wave length is high. the frequency ofthese modes is low (typically less than 200 Hz in aircraft engines). A well
known example is the P000 instability where the structural vibrations of a rocket couple with the combustion
oscillations in the ehambu‘. ‘
2) Chamber instabilities : these modes are generated by mechanismsoccuring in the combustion chamber only.
‘lheir frequency is higher (300 Hz to 10 KHz).
3) Intrinsic instabilities independant of the chamber geometrical configuration. These oscillations are intrinsic
functions of the flame mum: and dcpendon transport and chemical phenomena accruing inside the flame zone.
This classification. based on the characteristic lengths involved is rtot the only possible way of describing
combustion instabilities It is also useful to consider physical mechanisms involved in a given combustion
irtstability. Generally speaking, combustion instabilities are the rcsull of a resoth interaction between (at least)
two oscillatory mechanisms occuring in the system : an excitation mechanism and a feedback effect. in
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combustion systems. tlte mechanisms that may be considered as potential excitation mechanisms are: turbulence.

hydrodynamic perturbations. chemical effects. thennodiffusive phenomena etc... which may all produce

oscillations but lend to combustion instability only if they couple witlt some resonant feedback effect. This

feedback effect must be induced by the excitation mechanism and act on the perturbation.

As an example, suppose that vortioes are formed in a combustion chamber 3 a consequence ofacoustic transverse

velocity oscillations (acoustic sloshing). If these vortices entrain freslt gases which burn after a certain delay. a
feedback effect may be induced by the associated pressure pulse emiued by the burning vortex. This wave

propagates upstream and triggers another vortex shedding. lf cmain phase conditions are satisfied. the process
may be amplified and lead to combustion instability. This is a typical acoustic instability of the kind investigated

by Rogers and Marble (1956). It usually features a high frequency sound radiation and is designated as "scroeoh'

in the jet propulsion literature. Because this instability has generic characteristics it is duct'ibed in more detail

later on. This simple example reveals an important feature of combustion instabilities: the feedback process

must be able to relate upstream to downstream regionss of the flow. As a consequence physical mechanisms

like convection or diffusion do not constitute adequate feedback paths. In practical situations. structural

vibrations and acoustic waves are the most common feedbxk process. This review will beautterulcm acoustic

instabilities. Structural vibrations effects are important in many situations (for example for the P060 efleet in

rockets) but tltey will not be considered here. This review will be centered on acoustic instabilities. A partiwlar

class of instability is obtained when the acoustic wave and the heat released by the combustion are strongly
coupled and lead to the fortnation ofa shock wave. In some cases. hydrodynamic appear to be the
predomutantexcitationmechanismbutitshouldbekqninrnindlhatthefeedhockpeth isgenaallylinkedtothe

pressure variations in the system. even if acoustic waves are not explicitly apparent. The thermodiffusive

instabilitirsoflaminarflamesmoneexception tothisntle. lntltisspecialcase: panu'hutiomarenotconvected

becausethereisnomean flowandan unstableperutrbatioucangtowontheflame frontandleadtoinstability

without any feedback often.

WW

System instabilities are usually found in the low frequency range. “they involve the entire combustion system

that is, the storage tanks. the supply lines. the combustion chamber. the gas exhausts. Gtaneteristic lengths

associated with system instabilities and the corresponding wavelengths are usually large compared to the

dimensions of each component of the combustion system so that each of these elements an be considered and

modelled as a compact element of a vibrating system (Pumam 1971). For example. the prasure in the

combustion chamber will be supposed to be a function of time only (andnot of the location of the dumber

po'utt where it is measured). Acoustital phumtena are often involved in system but their analysis is
largely simplified by considering only longitudinal plane waves or lumped parameter components. Although

system instabilities may appear in all combustion systems. they are most often encountered in rockets and large

scale powerplants. Typical frequencies and amplitudes of rocket system instabilitiu are in a range of 40 to no

Hz pressure (Barrereand Willimas I968. Barrere and Corbeau 1964. Harrje and Reartlon 1973). Time modes are

strong and have. in most cases. destructive effects. Theoretical studies based on the sensitive time lag concept
(Crocco 1965. Tsien 1952. Marble and Cox 1953. Cheng I954) allow satisfach prediction of insmbility '

frequencim but notof amplitudm. '

Recent advances in experimental methods have allowed studies of the response ofreacting flow fields to synem
instabilities in the case of gaseous combustion. Campbell. Bray and Moss 1983 Ind lee 1983 used seltlieren

visualizations of the flame front movernait in a laboratory afterbumu to audy a system milky designated as

"buzzing". In their configuration. a premixed gaseous flame is stabilized in a rectangular duct by aV-gutter

obstacle.
Under certain operating conditions a strong instability at 60 Hz appears Cbuuing'). Schliuen views of the flante

front (Fig. l 1) reveal a periodic destruction and renewal of the whole flame pattern . While this mode corresponds

to a low frequency oscillation. the response of the flame is quite complex. This behavior is the first difficulty

encountered in the analysis of system instability : even if pressure is supposed homogenenous in theomnbustiou

chamber. a complex fluid flow pattern develops in the flame region and prevents any simple meddling of the

combustion chamber. Moreover. secondary mechanism like vonex shedding or acoustic modes (at higher

frequencies than buzzing) may also play arole in the dynamics revealed by the sehliercn photographs. Picture 4

in Fig.1 I shows that small scale structures are superposed to the mean “buzz” structure. Theeffect of these

perturbations is not yet clarified.
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  Fig. I l: Visualiutiun of buzz (Campbell el nl 1983)
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Fig. I 2: Visualization of chucking (Keller at a] [98])
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Another example of system instabilities of a gasoous eombustor has been discussed by Keller et at ( 1981) in the
ease of a backward facing step combustor. These combustors are geometrically close to ramjets and more
generally to many industrial furnaces. They have been the subject of many studies (Marble and Candel 1978.
Parker etal 1979. Fill and Daily I983. Smith and Zultosld I985). Dump eomhustors are characterized by the fact
that the flame stabiliuttion is prodmed by a sudden increase of the duct cross section. In the experiment of Keller
et al. this cross section variation corresponds to a backward facing step (it my also be produced by jeu flowing
into a large cavity (Darabiha et al 1986. Poinsot et at 1987). Hot gases recirculating behind the step (or steps)
constitute a continuous i ition source for the fresh gases and allow flame stabilization. Dump combustors
exhibit numerous instabil y modes. One of these modes. studies by Keller et al I98) and called "chucking"
corresponds to a system instability mode at 55 Hz. This mode is the strongest unstable mode of the system and
leads to a periodic flash-back ofthe flame upsuum of the stabilizing step (Fig. I 2).

[lull I “1..

Chamber instabilities are generated by mechanisms occur-ing inside the combustion chamber. In many
circumstances. the distinction between system and chamber instabile is not clear : most chamber instabilities
ittvolve mechanisms occuring outside the flame zone. For example. chamber acoustic instabilities in the low
frequency range usually correspond to longitudinal modes propagating upstream and downstream of the
combustion chamber but their wavelength is of the same order as the chamber dimension and the spatial
mmofthepresstueperutrbationsisitnportantinotherwordsmepressurecannotbeassumedtobecmstant
indtechantbuasintheeaseofsysteminstabilities.
mnemainchssesofchamberinstabilitiesrmybedistinguished

(a) Acoustic instabilities
(b) Shock waves instabilities
(c) Hydrodynamic instabilities

 

I 2 1. Acoustic lnrtahlllrler

The most common instabilities are purely acoustic. The frequency of' these instabilities correspond to the
eimnfrequmcies of the chamber. These frequencies scale like the velocity of sound in the combustion gases and
like the invuse of the characteristic sire of the chamber. 1h: first combustion instabilities reported in the
literature are 'organpipe' acoustic oscillations where the characteristic size imposing the frequency is the
chamber length. An early observation of such amode was made by Higgins in 1877 (see Putnam I971) in the
case of a diffusion time placed in a tube open at both ends. Higgins indicates that the system produced
otillations and noise for certain lengths of the fuel supply line This 'singing flame" instability has been studied
by many authors. Rayleigh (see Rayleigh I945) was the first to propose a criterion for combustion instabilities
and to present an analysis of the singing flame experiment . Review papers on singing flames are due to
Richardson (1922). Jones (I945) and Firm ([97]). Typical instability domains are presented in Fig.1 3
(Jones I945). Experimental results may be simply interpreted with analytical models us‘rtg two assumptions}:
I) The oscillation frequency must satisfy Rayleigh“: criterion at the fuel supply line end. which means that
presure and heat release variations must be in phase. An important parameta for this criterion is the time lag
between flow and heal reluse fluctuations. As discussed later. this parameter is a weak point of Rayleigh type
models bemuse it is not a result ofthe calculation but is to be obtained orestimated from expu-iments.
2) 11!: oscillation frequency must also be an eigen-frequeney of the combustion tube. This explains why such
modes are called 'orgatt-pipe' oscillations (Putnam I971). The sormd emitted by the Home in the tube hm the

4 same frequency as the tube would have in an organ (taking into account the variations of temperature and speed
ofsound).
he: two aspects are clearly related to the excitation mechanism (heat release variations due to velocity changes
in the fuel supply line). the feedback effect (acoustic modes of the combustion tube) and the phase conditions
between excitation and feedth (Rayleigh‘s criterion).
Organ pipe instabilities occur in many combustion systems and often exhibiB large amplitudes. They have been
found in afterbumers. ramjets. rockets but also industrial hunters like residential heaters of blast furnaces
cowpcrs. A review of organ-pipe oscillation experiments is given by Putnam(l97l) and Putnam and Dennis
(I954).
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Fig, l 3: The singing flame enpériment (Jones I945. Putnam [9711)
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Organ-pipe oscillations are some of the simplest cases or amusLic instabiliLics. They am usually associated to

longitudinal low frequency standing waves. However, many other acoust instahiiiLi$ may he encountered which
involve tangential or radial acoustic modes. Travelling waves and spinning modes are often observed. In many
industrial cornhttstors the geometry is so complex that it is not possible to follow the classical description of
longitudinal. tangential and radial modes. The appearance of acoustic instabilities in practical systems is
determined by the dterncteristic combustion times and the geometricnl configuration of the reactive zone, For
example. longitudinal modes will be obtained for reactive zoos located at one duct abscissa and independant of
transverse comm-ates while emotive zone located on the ex'u of mecornbustor cavity may posiny excite radial
modes. The high frequency combusn'on instability called 'scroech" oscillation already mentioned above is a
classical example. This instability occurs in :fterhumera at frequencies greater than 1000 Hz and it has
destructive effects on the engine structure. it has been the subject of many experimental and theoretical suidies
(human and Newton 1955.131me et a1 1955). The best description ufsclwch was prom by Rogers and
Mable 0956). These authors show that the "screech' instability is the result of an interaction between vortex
sheddingand the firsth transverse modeoftheducttFig. I 4). Inthecaee of stablecombustion, the flame
is “Wired by hotguea rocircuialing behind the Hun: holder ('thJ 4:). Underccruin operating conditions.
Illa-mating vortices are shed from the flatne- holder lips at dumb frequency (Fig. I 4b). Rogers and Marble

the following mechanism for screech:
1) A vortex is famed, dueln thesioshing motion induced by die-caustic mode
1) This vortex cumin: trash gases and can-lune reactants into the hot recirculating wake zone ofthe [June
holder.
3) Mteraoenain characteristictimeneedodformixinglnd igrtition.tlteficsh gambum Indgenmteapressure
wave which emits titeantixymrnetric duct mode. This particular mode is favored became the vortices are formal
Indootwectedin Ihenoiyhbodtoodofthcdnclwalls.
4) This antisytnmenic mode triggers moths; vortex shedding and the cyc|e is self sustained if certain phase

It hmmieatmsutueaeechhnptuelyloounicptmmmflmex shoddingismtduenuteclam'ca:
hydrodynam'x: instability of the write of the bluff body but in the sloshing velocities It tlle fllmc holder lip
gmtedhyaneeoulticumereemode. Anotherintercsdngfeantreofscreech isthelmv frequencyoomponenr
induaed'bythehi‘hfieqmywoustic modewhinhlevulsthoflmngnmlincafltirsofthephetwmmm, Similar

high and low froqmy combinations are found in other experiments (Zt'kflrotrt u al1986).

r 1 2. Shut Iva" tinnitus"

Incmnincombustionlystetnsheatreleasemechenisrnsaresuongenoughtoirtduoesltockwaveslftheaeshock
waves have a feedback effect an the canto-slim pm. shock wives instabilities may appear. Such instabilities
Ireusuallyobeervediurocketmomwhemmchemimlreacuonisparficularlylntemmammcum
1964). In some cases, shock wave constitute the limit cycle form of an acoustic wave growing
widuxttdampingdfecm'l'heymyflsohcgatmtedbyahcaldetomionoravidcntigruuonphmmbuic
phenomenadescrihingdteinla'nctionbemeenaflmtehumlndlshockwevehavebeenreviewedhykudinger
(l958)andmeroeentlyhy0rluend(iartha(l981).

I 2 3. Hydrodynamic instabilities

Early and inure recent experiments reveal the importance of hydrodynamic instabilities and of organised strucutres
in pertained reacting flows.
In the use of non reactive sheerlaycrs. experimental investigations have shown that large coherent shut-turns are
intrinsic frames of turbulent mixing layers (Brown and Rothko 1974. Winant and Browartd 1974). A review of
shear: layer instabilities given by Ho and Home (1984) summarizes many important featums. These Kelvin-
Heltnhohz type instabilities moharmtecizul by discrete oscillation peaks and the [medal of coherent structures
at [reqmcics which may be pru‘licled through simple Suauhnl rules basal on the initial momentum width ofthe
shear layer and the velocity difference between the flows forming the mixing layer. Art intuesting feature of time
phenomena is the downstream evolution or voniocs and their possible coalescence and pairing. Even without
combustion, experimental results have revealed feedback effects correlating. in a nonlinear fashion, the
downstream coalescence of vorticcs and their initial formation in Line initial part of the mixing layer. Laul’er and
Monkewitz (1980) have proposed feedback laws to relate initial vortex shedding and the feedback effect due to
coalescence. Basically. these laws indicate that the initial vttncx shedding frequency and the number of
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 ll-‘ig. I 4: Visualization of screech in a simulated al‘lerburner (Rogers and Marble
956)
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dawnsueam coalescing vortices are adjusting their values so Lital the. sum of the Limo [or convection [mm the
sheer layerorigin to the merging location and the time for acoustic propagation upstream. back to the shear lays:
origin be an integer multiple of the merging period (He and Huang (1982). A special case of such interactions is
obtained in the "edgctone‘ experiment where a jet impinging on a solid walge produces a loud tune. Coherent
fluctuations shed in thejet ‘loclt-in" with Icounic waves generated by merging vortices impinging on the solid
sharp edge Ind an “instability” appears (Ho and Nusseir 1981). Direct numerical simulation of shear layers and
wakes (Grinstain et a]. 1987. Knurta eta] 1937) have confirmed. these nonlinear effects and revmled the influence
of misfit: waves on vertex shedding and coalescence.
Most reactive flows involve shear regions and it is therefore expected that hydrodynamic instabilities will play
an important tale in many siutations Furthennore. the leedbwk elfect demonstt-ated in cold sheer layers is clearly
we important when combustion may take place in vertices and gaterate large amplitude pnesaure perturbation
As indicated previoulsly. hydrodynamic oscillations in flames lead to strung instabilities only if they are coupled
with an acoustic feedback path. Experiments have shown that hydrodynamic phenomena are indeed, primary
mechanisms in cmain combustion (see for sample Bray et al 1983).
Blackshrar (1956). performed linear stability analysis oftuctive shear lanes and thawed that the results obtained
were applicable to certain oscillation modes appearing in stabilized flame experiments. For example, the.
frequency ntaome oftitmemm could be predicted by a modified Stmuhal scaling rule However it is important
to notice that. in mostettperirnents. hydrodynamic instabilitiet and purely acoustic instabilities may appear in:
the same opu-ating conditions and that Shutthal laws are not applicable to purely muslin instabilities (like
acmech, (ample). luau-rem. hydrodynamic inmhilitieainmm staph-tenet with lower frequency
acoustic mode: and giverise to a special nonlinear coupling (Poiusot et 8.1987)“ An extendedshear layer
stabilityanalysistalcing intoacoounttheell'eetofacoustic mvel haebeen WMWUMIBWI
the "lack in“ effect: ofahear layer instability and acoustic waves in solid rocket moans. Nonlinear effects due to
mergingvodeesuermhwludedesmodelaMndhwtdeafiunofvmmmmmin:
flame region uppers today as the best prediction tool for these phenomena. Such models are I’mnally similar In
the simulation of the utisymmeu'ic jet of Grinstein et al (1981) but should include combustion effects
(Knilnsanath et Il 1985).

[ll IT.

Intrinsic insutbilitiesare related Inchemistry andminim mechanism. Their characteristic lengths are of
theaurtteuniu'as Iheflatnefimthinhmflbeyaredimcfly ittfltuncedbydtereacuntsinvuived. Oneclassical
eunupteofmhinxichmbflityohflamfiwismdmndimtsivemmfilhyofplm laminarflantefluc the
review papers of Sivasbinslty 1983, Ciavin 1984). In this n'tnpie case. subliin is conditioned by the ratio of
thermal diffusivity to malecuiar diEusiviry (Lewis number). ForLewis numbers larger than unity. the flame
from is regular while itbeeolnel cellular for Lewis number smth than unity (Fig. I 5).
Premixta‘I laminar llama also exhibit hydrodynamic instabiiities as shown indepatdentiy by Darrieus
(was)qu (1944). Mamin(l95l)IeVisedtheinitiaIt!-earyofbarfieuannd landautamintnaeeount
eta-venue effects. A modern perspective iagiven by Clnvin (1984). The effect of such instabilities in the m of
turbulent! “ante: with high celivectinn velocities is not yet clarified.
Anothezexarnpienfinn'inaic instability isobtainetlin solid pmpellnntmclms. The interactinnbetwun lheflow
field atthepropellautstrl‘aceand lhembustion rate is the setuceol'oscillatimtwhichcan lead toinstabil' ' _
Numerous studies have been aimed at the determination of the velocity (or pressure) responses or solid
propellants tn predict melt instabilities.

 

In the next sections we will examine instability experiments invlring acoustic inrerctianr. Classical
studies and more recent results are reviewed. The last section dcsctibes recent developments in passive and active
control at tnstabilitics, Active cunt-tot will be emphasized because of its lundantcrttal interest and practical
applications.

Proc.|.O.A. Vol 10 ParlZ (1988) 1 1 1  



 

   

 

   

   

   

Proceedings at The lnstltute at Acoustics

INTERACTION BETWEEN ACOUSTICS AND COMBUSTION

  

2" a ("£1 ‘4

Fig. I S: Laminar flame instabilities (Sivashinsky 1983)
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This chapter summarizes some recent experimental studies of acousucal combustion instabilities. Descriptions of

experiments pa’formod before two may be found in Putnam (19H) or Barrére and Williams (1968). The goal of
this presentalion is to highlight progress made in recent years. In many cases. modem oplical diagnostics and data
pmcming have allowed imponant experimental findings.

This section is subdivided in two pans. Nan excited (natural) Instability modes are examined in Section
II I while excited model are considered in Section II 2. Excitation devices are commonly used to study
combustion instabilities. These devices are used for example to trigger non-linear instabilities (Barrére ct Corbeau
1964. Baum et a] 1983) but they have also been employed in many other circumstances to determine uansfer
functions of flames (Baum et al 1980. Matsui I98]. Narayanaswami et al 1985). measure reflection responses of
turbulent ducted flames (Poinsotetal 1986) or excite cotnbusmr cigcnmndes (Sklyarov and Furletov 1983. Keller
el al 1981. Zikikmtl et a] I986). ResulLs obtained with excitation devices convey information which complemean
that found in audios of natural modes but the connection between natural and excited modes must be assessed in
cach specific case. In this paper. cmesponding results will bepresentcd separately.

We:

Goumeoies which have beenmost frequently considered are summarized in Table II I.

IanLlLl

Geometry Authors

Backward facing step lCeller at nl 1931
Parker at 31 1979

“a and Daily 1981.83

Smith and Zukoski I985

mp combusth ts.
s in; flames

  

   

 

  

   

 

  

Sterling and Zukoski 1987
Vaneveld e! a! 1982

Banhavgr at 31 1978
Clark 1 82. 84
Poinsol at El 1986. 87
Yu ct a! 1 987
Lang 1986
Mugridge 1980

    

 

Campbdl cl al 1983
Dowling and Bloxsidgc 1984
Ynmaguchi cl ul 1985
llcgdc cl 3] I987
Sivuscgram and Whilcluw I987
Putusmct at I987
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Fig. H l: Turbulent cnmhnstor (Poinsot 2! II 1987)
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Three main classes may be distinguished: (1) Simple dump combustors such as backward facing stop combitslots
are extensively used because their geometry is close to that round in many practical systems like ramjcts but also
to fundamental experiments on cold shear layers (2) Dump combustors configurations and more generally
geometries where gases are inuodttced in the combusz through sudden expansion are considered quite often.
Singing flames experiments, where combustion is stabilized behind perforated plates also belong to the same
configuration type although they areusually laminar (3) Flames siabilizod on V-gulm am also or inter-m because

of rm application to aflerbumera.

Results obtained for each of these classes are now examined from a physical point of view. The three classes (1).
(2) and (3) exhibit many common [centres and the analysis will not be done for each of them separately. We will
first emphasize the importance of statistics in many unstable situations (Section I! t l). The effect of

instabilities on the not: floats structure and on the flammability limits will be considered in Section
1] 1 2. Section II 1 3 gives some infomation on the other unchanisnr which may caupit with
acoustic water not! induce instabilities.

ill). Acoartia interaction:

The first future which clearly appears from studies pruented in Table II 1 is the in
instability mechanisms Most modifies described hi this Table are acoustically controlled and tbejreqasrtcy
of nrciilaiitrtrl my be predicted by linter acoustic calcuiarinttr of tits system ctgsuatndss,
It is worth that in most laboratory systems acoustic eigenmodes are llul'tmus and lend to different
wupflngeflecuhtdtemiumafim.Asmmmplc,cmsidumedumpwnhmm sntdiedbyDanbihaetal
(1985) (FigJI I). A misuneof airand mane is injected through along duct into the oornbusu'on chamber. 111:
injection pllrte comprises five narrow injection s10: separated by [our bmkward lacing steps. Each slot has a
rectangular Cross aeotiou of 3 by 100 mm and the blockage is 35 it. An experimental exploration of the flow
tegirncaofthc systun isaeeompliabedby varying theairflowratc and theeouivalenoeratio F(definedasthc
fuellsir ratio divided by the fuellair ratio under stoichiometric conditions). “me existence of instability is
characterized by acoustic monitoring. C2 radical emission detection. Schlieren visualizations and gas analysis.
The following results are obtained:
For low values of the Equivalence mm; ( F < 0.8). the combustion regime is smooth and stable. the sound
presswe level is low andsmud spectral analysis reveal a broadband spectrum with stew discrete peels. Spark
Sommth show normal turbulent mixing and spreading ofthe fresh mixmjets (Fjgjl 2).
For higher values of rite equivalence ratio ( F > 0.8), the combustion regime becomes unstable. the sound
pressure level is increased to [40 - ISO dB in the upsueam duct and discrete peaks in the spectrum become
predominant. In unis situation I preferred mode of oscillation is excited and concentrates must of the acoustic
pow. The frequency of this mode is not far [tom the well known quarter wave frequency of the combustion
clwnba'.

[(Quanu wave) - Cmmla L) = 500 Hz
where Cmund is the sound velocity in the combustion chamber and L is its length. However, a more precise

investigation of instability and associated ttarne structure meats that [our different oscillations at 440. 485. 530
and 555 Hz are obtained depending on the operating conditions. For each of these modes. the flame structure itself
is diffan For enmtlle‘ the 440 Hz mode correspctnds m a breathing mode otoscillation of the jets displayed in
Fig.1” whereas the 53032 is associated to the periodic iunnation of large vonioes behind the steps (Fig. l14).
Thedotnains ol'operating parameters whereeach at these modes appears. aredisplayed in Fig. ll 5 in an air flow
talc » equivalence ratio plane.
Now. it is possible to determine the {muencics oftitt: acoustic eigenmodes oi the system in a precise way. In
particular. variations of temperature and sections from the air supply let the exhaust syslcm may be taken into
aeunt to precisely determine all the longitudinal modes of the system (See Chapter ll). Such an analysis was
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Fig. [I 2; Stable combustion (Polnsol cl II 1981)

 0 Hz: breathing made (Pninsul el al 1987)    
   

Fig‘ I] 3: Unstable cnmhuslion ll 44
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Fig. [I 4: Uustnllle combustion It 530 Hz: vrlex mode (Pninsot el al 1987)
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applied to the combustor of Fig II I and Table ll 2 presents the frequencies of these cigenmodcs along with the
masured frequencies.

 

.IaltleJLZ

Frequencies ofacoustic modes (calcuIaIadXHz) Frequencies of unstable combustion modes (Hz)

"it. 350 '
390 390
440 440
435 485
532 530
586 590

Results show that all {our erodes appearing during unstable combustion (440, 485, 510, 585
Hz) are acoustic elgenmlu of the complete ryrtern. All these modes are close to the quarter-wave
mode of the combustion chame itself but the nature of the fluid mechanical phenomena associated to these
oscillations differ from one mode to the otlter. The frequency jumps appearing under unstable combustion
eonspond to transitions from one acoustic mode to the other. These jumps an only be explained by taking into
account the complete stntcutre of realistic waves in the system.
11w previous example indicates that the whole system acts on the instability and that these acoustic interactions
should be carefully investigated even if one is interested only in chambu instabilities. Furthmnore, it indicates
that prediction: oi combustion inrlnblllty [requrneiar based only on 'quarrer wan' eslimates
should be only wet! as a first guess because they do not take into aeoountthe whole systun. Results obtained by
many authors confirm this point as they show that the choice of the characteristic length imposing the frequency
is not clear: this latgth can be the gas supply channel length. the oombusion chamber length or the whole duct
length. in the general case. the arbitrary Separation of the burner in different parts (from exhaust to flameholder.
from flatneholder to inlet. etc)can nothejttslifted. The influence ofgeortteu'ical parameters was carefully examined
by Sivnegratn and Whitelaw (1987). Changes in the length of the upstream duct modify the flammability and
stability limits of conruted premixed flames stabilized behind axisymmetric blulf bodies It is concluded that. in
moo eases. combustion instability is acoustically controlled and associated to quana wave frequencies based on
the upstream pipe length and their harmonics (a similar result was obtained by Yu et at 0987) in a rnmjet
experiment.) Extensive permeate studies were perfumed to demmine the effects of upset-am cone-action and
upstream duct length. However. I complete analysis of low ftuluency acoustic modes was not done.
The saute authors also consider oscillations in uisymmetric dtunp eombustors and distinguish two situations:
(I) When the ratio R of the downstream duct to supply duct lengths is larger than 1.5. oscillations are mainly
controlled by the downstream duct length (combustion chamber length). However. the oscillation amplitude is
even enhanced when a harmonic of the longitudinal frequency of the full length of the combustor is equal to the
dornitutntftequemy. >_
(2) When the ratio R is less than 1.5, the upstream length controls the oscillation frequency and combustion
instability is observed only when the acoustic intimacy of the full length of the oombustor matches the dominant
frequency.
Another interesting contribution is due to Mugn'dge (1980). It concerns combustion driven oscillations in a
laminar cornbustor. Premixed gases are injected through a 65 port inlet into the combustion chamber. Mugridgc
studies the effect of supply tube and combustion chamber lengths on the instability frequency. it is shown that
experimental results do not confirm earlier theoretical calculations brood on Mark's model (I956). The length of
the combustion chamber appears to be an insufficient parameter to predict the existence of instabilities. This
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length remains however an important parameter as shown by Lang (I986) who made experimental studies of at
similar burner (Fig. fl 6) and showed that for a fixed set of operating conditions. the frequency ufjnstability of his
device was I direct function of the combustion chamber lenglh L This author indicates that this frequency is
submiucd to jumps when the chamber length is changed and that no instability occurs for small values of L. In
all cases. unstable modes have aprcssurc antinode at the flame holder and. a pressure node at the open exit. The
effect of supply utbc length is not investigated but the acoustic structure measured by the audior and displayed in
Fig. ll 7 reveals Ibat the unstable mode also correspOnds to an eigenrnode ofthc complete system with ahalf wave
from system bottom to fiameholderand another quarter wave froth flameholrlcr to exlrausl plane.
These results and many others such asthose of Smith and Zukoski (1985) or Raghu and Srecnivusan [1937).
Poinsot et a1 (1987) show that a ryrrznruu'c analysis of the longitudinal modes of a given
cambrrsror taking into account the complete syslcnl poor the air supply la the exhaust
constitutes it simple and powerful tool to predict the properties of the acoustic cigrnntadrs
of the system and their influencc on combustion oscillations .
All mlculated acoustic frequencies of a given system do not appear during combustion. Acoustic eigenrnodes
impose discrete vnlues offiqu for which acoustic feedback is possible buttlreexactrange in which coupling
may occur is duerminad by lite characteristic firms of convection nnd combustion. These times are
mainly function of the fluid mechanical processes taking place in the combustion choir-nu and
cannot be predicted by global models. One of the mar: difficult questions in the prediction of combustion
instabilities is the detenninntion of these limos. Experimental cases where Ihcse timu were measured and the
associated phenomena was identified, areprmerrted later.

If 12. Flammability limits (It: In instabilities

Arr important effect of instabilities is to struneg affect the flammnbility limits of cornbustm-s. in many practical
systems like nmjets or afterbumera, instabilities are the limiting performance factor. They induce vibrations.
overheating and thrust variations but they also may lead toextinction through blow~oifor flash-back all single or
a group of flames. Results obtained by Sivasegrarrr and Whitelnw (1987) show that rich extinction limits in
confined premixed disk rtnbiliced flames are due to low frequency combustion instability, Mngridge (1980)
indicates that combustion instabilities in his dump laminar combustor were strong enough to extinguish the
flame.
Zikikout et al (1981) consider the effects of combustion instability in a nonspremixed turbulent nit-propane
combustor. The flammability limits and the stability domains are determined as u function of the operating
conditions (air flow rate and equivalence ratio). Results displayed in H5118 show that extinction occurs at high
valucs of the air flow rate and extreme values of the equivalence ratio. fig 11 8 presents two maps of sound
spectral amplitude in the low lmqtlcncy range (f1=360 Hz and P2: 230 Hz) plotted on a grey scale level. The
frequencies fl and [2 are the two dominant low frequency modes appearing in this eomhustor. Dork regions
correspond to high values of the sound intensity and therefore to combustion instability. In both regions where the
flame reaches extinction. Fig. [I 8 meals that the flame becomes unstable just before extinction. The
flame is blown off become of low frequency instability. In the case of a low equivalence ratio, extinction is caused
by a 230 Hz rrrodc minted to the fomulion of well defined puffs behind injectors. Rich extinction is due to use
360 Hz oscillation.
Kellu et el (1931) investigate the mechanisms leading to flashback in n turbulrmt backward facing step combustor.
The flow pattern is recorded by high speed schlieren cinematography. Many different instability modg are
identified: humming. chucking, buzzing. Kellcr's results may be surnrnnrized as follows:

- instabilities are generally due to high values of the Quivalence mtio.
- the basic modes leading to combustion instabilities are present at stable operating conditions but their level is
low. The same result was obtained by Poinsut (1981) and Zikilmut et al (1987) but its interpretation is not
snaiyitiorwurd.
- one of the three combustion instability modes could be acoustically excited by loudspeakers. This mode rclcrrod
[D as humming is displayed in Fig.1] 9. The concsptmding frequency is 160 Hz,

- the two other modes [chucking and buzzing) are due to large flapping motions of the flame front. The frequencies
associated with chucking are of the order of SSH: and tho effect of acoustics on chucking could not be asserted.
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Chucking is the strongest mode {Fig.1} l0) and could lead to flame flashback,

These results provide one example of the effector combustion instabilities on the flammability limits and exhibits

one possible mode of interaction. Other examples or the eliocts of combustion oscillations on the mean flame

stmcture are given in Darnbilta et al (1985). These authors present correlations between the amplitude of pressure

oscillations and the mean structure of the flow measured by computerized gas analysis. Their results show that the

mean flame structure is influenced by combustion instabilities and that a strong correlatiort could be evidenced

between a given mean combustion regime and the corresponding intensity of pressure oscillations for tilts regime.

1”]. What or: the mechanisms involved?

In many combustion instabilities. acoustic coupling appears as the first and mostevident mechanism. However. if

one wishes to understand and predict combustion instabilities. one has to connider the other procure:

involved, mainly in: fluid mechanical processes. Studies based only on correlations between the

acoustic characteristics of a given combustor and the existence of instabilities are clearly insufficient. 11:

complete response of the reactive flow must be analyzed. Many studies have been aimed at the detailed study of

mechanisms determining butsimt combustion. Some of this work is theoretical. For example. direct numerical

simulations exhibit mechanisms by which flames stabilized by steps respond to external excitation and provide

ducriprionsofflow fields which reproduce features trimmed in experiments (Jon andRiley WET. Kailmmlh etnl

1985. Dan and Boris 19M. Ghoniem at al [957). While these studies give a wealth of information. the

comparison with experiment: is difficult because clear indications on the most important prooeaaea (with the

exception of acoustics) are usually not available. The silinrtiou is made even more complex by the great variety at

experimental aonfigumiorts. it is however instructive to examine the clearest experimental data.

11 l 3 l. instabilities dominated by essentially acoustic modes

Purely acoustic modes have been identified in different aunties. Fer these modes, instability commands to system

oscillations where acoustic waves induce large fluctuations of the flow rate entering the combustion chamber.

These new rate perturbations generate combustion oscillations which produce feedback efl'ecta. No natural

hydrodynamic mode is involved. Frequmcies are generally low (from 10 to 500 Hz).

Purely acoustic hinder are the most common pressure oscillations in systems where scoutic waves can freely

propagate upsuram and downstream of the combuniott chamber. in some circumstances. these modes are even

difficult to suppress when one wishes to study other kinds of interaction (Yu et II 1987). Such model are

examined by Smith and Zukoslti 1985, hang 1986, Keller et a] 198]. Sterling end world rm. Poinsot at II

(2987) have made a detailed analysis of an acoustic coupling in the dump combnatnr of Fig. [I 1, In this

combusror. the most intense mode of instability, which appears at a frequency of 530 Hz. is associated to large

vortices shed behind the steps (Fig. ll 4).In this regime. pressure signal: are almost sinusoidal and conditional

mustaemenm are poible. A phase average imaging merited was used to obtain nuns ol‘ the local instantaneous

reaction rate at right dflferent instants of the oscillation cycle. The grid need for these maps contained 41 by 4]

points. Spark Schlieren visualiutions of the flow field at the same instants were also obtained. Fig. 11 11 shows

the Schl‘teren visualization and the phase average maps affliction rule at the first seven instants. The time interval

between each view is 0.23 ms. The inlet plane is at die right of the window and the flow is directed from right to

left 'fitese views show how the vorticcs shed behind the steps are canveeted downstream and where combustion

takes place. The following elements can be deduoul from these data:

(I) the phenomenon determining the instant at maximum combustion is the interaction berm” vurrices

issued from neighbouring jets. This occurs at time t6 (th, II II). This result is the basic fluid mechanical

information required to predict combustion instability, The characteristic time of "unsteady combustion in lhis

system is the time T needed for a perturbation to travel from the jet lips to the regions where jcts interact. As a

result. the instability period will he ol‘ the order at 2T as shown by Crocco and Cheng (I956). It is worth adding
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that this time is rarely easy to predict Smith and Zukoslti (1985) have studied instability in a backward facing step
combustor and they have shown that for this configuration, the fluid mechanlCal time T corresponds to the time
needed for pcruu'bations lobe convected from the combustor inlet to the combustor wall. When penrrrbations reach
the wall. strong mixing and combustion take place. This mechanism is somewhat similar to that of interacting
vortices in the work of Poinsot et a] (1987).
(2) little combusfion takes place on the vortex cap. Phase average images show that the reaction rate is maximum
in the wake of the vonices. This result suggests that Schlieren pictures should not be used to predicr where and
when combustion takes place.
(3) a local Rayleigh integral can be evaluated at each measurement point of the grid. Fig. 11 l2 presents the time
variations of presure and local heat release at four different points A, B, C and D. The pressure fluctuations are
assumed to be equal at time points because the wavelength of the acoutic mode is large compared to the reaction
zone dimensions. Fig. ll I2 shows that the Inca] Rayleigh integral takes negative or positive values. 11»: sign of
this quantity depends 0n the position of the observation point

POINT _ A B C D

Pime between
Mute and 90 180 270 290
heatrelemet“)

At point B, the premure and heat releue signals are out of phase and the instability is damped. At point C and D.
the is strongly amplified. Thuefore. the Rayleigh criterion is not verified everywhere in the flow and a
simple local measurement cannot be used to check the Rayleigh criterion. Similar results were obtained by

. Sterling and Zttltoshi (1987) in their study of ramjet instabilities. Thse authors showed that points located close
to the flarneholdmwere feeding energy into the oscillation wherem downstream points were damping it
(4) if one considers the globuheat release (obtained by integration of the mission signal over the whole grid). a
global Rayleigh criterion Jar the complete eantbustttr may be determined. Fig. ll 13 shows that the
pine between this global heat release and the pressure in the combustion chamber is close to 270°. Combustion
is maximum when pressure becomes positive. This feature is characteristic of combustion oscillations if the
loses ofacoustic energy from the corner are small. It indicates that an energy balance in the combustor is
achieved between zones which feed enag'y irtto the oscillation (Points C and D) and regions which extractenergy
horn it (Point 3).
(5) finally, vonex shedding is also of interest Fig. ll 14 displays the variations of the inlet velocity fluctuations
along with momenta t1. {2... l7. Frg. II It reveals that the vonex is formed at instant t2. This instant corresponds
to a maximum positive value of the velocity fluctuations at the inlet. The vortex formation appears as a
consequence of alarge positive excursion of the jet velocity. The vorte: shedding is in the present circumstance
only due to the large acoustic velocity fluctuations induced at the combustor inlet Hydrodynamic
instabilities have no influence on this process (the most amplified frequency of the hydrodynamic modes of the
incoming jets is close to 4000 Hz). A similar conclusion is reached by Smith and Zukoski (1985) or Yu et al
(1987).

ll] 3 2. Hydrodynamic mode contributions.

Many studies concern the possible effects of hydrodynamic instabilities on combustion instabilities. These studies
are sometimes inconclusive because hydrodynamic effects are noteasily separated from purely acoustic effects. In
the case of the vortex driven combustion instability studied by Poinsot et al (I987). hydrodynamic oscillations
were shown to have no effect because their preferred frequency (4000 Hz) wasfar from the frequency of the most
unstable mode (530Hz) found in thccxpcrimcnt. Hydrodynamic oscillations induce in this case secondary effects. It
is for example possible to distinguish hydrodynamic pcnurbations growing on the incoming jets (Fig. ll ll).
Sivascgrntn and Whitclaw (1985) studied the relationship between shedding and acoustic frequencies in confined
disk stabilized flames and concluded that shedding was imponant only in the small range of equivalence ratios
where transition takes place from stable to unstable combustion. Yu ct al (1987) consider vortex—exhaust nozzle
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Fig. I! 16: Collec ive interacliun phenomena in a V.guller slabiliud flame. (Poinsm cl
al 1987)‘ ‘
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interactions to describe ramjot instabilities. Their results reveal no hydrodynamic coupling but only exhibit

acoustic eflccts. The system appears to be controlled by a half wave mode oscillation upstream of the combustion

chamber. This purely acoustic mode concentrates the available energy and prevents the development of any other

oscillation.
Examples of hydrndymxmicauy caupled combustion oscillations are found in backward facing steps

combustots. Kellu er al (1931) describe flapping madons of flames in the absence of acoustic effects, This mode

referred to as buzzing is explained by the audtors on the basis of both experimental data and of a Random Vortex

Simulation as a purely hydrodynamic interaction of the recirculating gases with the flame sheet. While acoustic

waves may not be dominant in this case. they are certainly present as indicated by the name chosen for this

instability ('burz’). Fig, 11 15 presents Schlieren photographs corresponding to this case.

Poinsot er a1(1987) study hydrodynamic modes and collective interactions of vortices in a flame stabilized behind

a V—guner. ln their experiment. voniccs were shod from the flamehoder lips at. a frequency fl close to the that

laya' hydrodynamic frequency (f1:40“) Hz). These vorlioeo are convened downtown. and Schiifiell finalisation:

show that they coalesce by eight or nine to form a large vortex (Fig. I! [6). A spectral imaging method applied to

this phenomenon shows that little combustion is taking place in the high frequency hydrodynamic range.

Hydrodynamic vortices coalesce before burning, Downstream combustion of the large structures formed by

coalmmeexcitc a lowfiequency anonsticwavcofdtecornbuslorandinduceoflap‘pingnrotim ofrheflamesbeet

at frequency f2=470 Hz. Thescuarnples reveal how hydrodyrumit: and acoustic mon can be nonlinearly coupled

and confirms that simple comparisons of hydrodynamic and acoustic frequencies are insuffith in the prediction of

combustion instability.

112E.| ]. .u.

Extemal excitation is used to characterize many fealurcs of combustion instabilities. In nonlinear oscillations,

excitation devices area basic experimental element (Ban-ere and Corbeau 1964, Baton «111983). These nonlinear

oscillations are encountered mainly in rocket motors. In the case of rarnjets or drunp ontnlnottors, wbt-re neutral

inmhilities do not love to be triggncd. excitation devices have beenused to study mine particular foams of the

combustor response. In this chapter we will only consider 'parlrire excinrrtirnr' which are used to excite a

particular oscillation mode in a stable combustion regime. 'Negattve' oscillations (active control for ertunple)

which allow the suppression of a given combination instability by making use ofan external control loop will be

dcsu'ibed in Citaixerlll.

The effect of acoustic waves on flames has been widely studied (Ptrmam 1971). Recently. Sltlyarov and Furletov

(1983) comidued Iheelt'ect ofastnnding wave on a uirhulent flame and showed that-caustic excitation generated

vorticcs andperiodit: oscillations of heat release this suggesting posible coupling effects. Marsui (198]) excited a

premixed laminar flame with a lnudqreaker to measure the transfu function of the flame and compared his mulls

with transfer functions suggested by Merit (1956). He also derived another madtahatical model of premixed

ducted flame to predict pyro-acouslic amplification by the flame and obtain I new transfer function, A similar

study was performed by Lear: (1979). Poinsot et al ([937) used an array uffourtrunsducerslocated upsmm of the

flame none to measure the reflection coefficient of a premixed turbulent ducted flame. Their results reveal that the

reflection coefficient of the flame increases with equivalence ratio and reaches raider beyond unity in

Ihe transition region between stable and unstable combustion. Funhermore the frequency providing a maximum

reflection coefficient corresponds to one of the frequency of instability. The later rerrrlt suggests that reflection

coefficient measureman could be used In characterize the stability margin of cornbustors. Heckl (1931) also used

a low microphone method to identity acoustic waves upstream and downstream of a Mating gauze in a Rijlte

experiment and determine the transfer functiou of the gauze. This method provides prccise and reliable

mwsuremfllu of the transfer functions but it is difficult to apply to llama mouse of practical considerations.

Keller et a1 (1981) used loudspeaker circulation to increase the ampliLudc of 'humrning' modes in abackde facing

step combustor and proved the strong coupling effects between acoulics and combustion oscillations. Zmn and

coworkers 0982) dcvclopcd impedance luhc techniques to measure the amplificalion effects providcd by solid

propellants during combustion instabilities.

A difficult problem associated with moasurcrncnts of flame transfer functions is Lhc t'lranglyI nonlinear
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response or the system in many circumstances. Excitation is an attractive experimental method for high

frequency oscillations because it increases their amplitude and makes measurements easim'. Now, in turbulent

l'lumes. the icvcl of excitation must be high enough to provide saltsfnctory signal to noise who. Under these

conditions. nonlinear effects are possible and the determination of a transfer function becomes questionable.

Examples of nonlinear coupling between high and Iowvfmqumcy oscillations may he found in the early studies of

Rogers and Marble (1956), These authors indimte that high frequency oscillations in afterbumers ('scroech') are

aIWays coupled to low-frequency oscillations. A recent example of such nonlinear coupling elfects is given in

Poinsot et al (1987). In this study, the dump combustor shown in Fig ll 1 is excited with aset of loudspeakers at

a frequency of 3820 Hz. This frequency is close to the hydrodynamic frequency of the jets of fresh gases and [he

acoutic excitation induces I sinuous motion of the jets (Figt ll 17). The wavelength of vortices displayed on Fig.

ll 17 corresponds to the frequency of excitation. Now. when the amplitude of the acoustic high frequency

excitation is low. the response of the combustnr is linear. Fig. ll Iii shows that a microphone located upstream oi

me combustor inlet plane indicates some reduced activity in the low—frequency range but no coupling. If the level

of the acoustic excitation is Masai beyond a given threshold (Fig. ll 19). the high frequency excitation induces a

low frequency oscillation 1470 Hz which may be directly rented to a flapping motion ofthejets superimposed to

the vortex shedding occurring on each individual in. This mode is studied by Poincotet I1 (198'!) and results show

that the response of the system is governed by nonlinear mechanism at interacting vortices n‘ginating from

neighbouringjets. This kind of mechanism clearly prevents any mmrernent of transfer functions and should he

considered when such measuremmus are performed.
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In many practical situations. a detailed understanding of combustion instability mechanisms is not an

engineering objective. Simple and complete suppression of all instabilities is the rule in most eombustor

development programs (except in cenain devices like pulse combustors which are specifically designed to

operate in the nonsteady mode). This is achieved in many situations by a process of trial and error which does

not include any detailed dwcription of oscillatory phenomuta.

From a practical point of view. suppression of combustion instability may be based on:

(1) Passive control methods which use modifications of geometry. flow conditions. acoustic conditions.

addition of specific products in fresh gases

(2) Active control methods founded on servostabilization techniques. The flame instability is suppressed

through a closed feedback loop which return a compensating signalto the system. This method has also been

referred to as 'ttegative excitatiort'.

Active control methods are more complex than passive methods. Fia'themtore their practical application to large

scale systents is still not demonstrated. These methods are the subject of considerable interests and important

developments. Progress in this area will be reviewed in some details because active control not only

allows combustion instability suppression but also constitutes a powerful method at the

study of combustion oscillations.

WW

An extensive description of passive control methods for combustion instabilities is given by Putnam (1971).

These classical methods are only briefly described here. miv'e devices are based on simple acoustic

considerations. The objective is to increase the damping of the acoustic mode which dominates the instability

and diminish the posible coupling effects between amutic waves and nan-study heat release. This can be

obtained by quarter wave tubes. acoustic liners. damping and baffles. Typical examples of pssive supptesion

of combustion driven oscillations are givert by Sivasegram and Whitelaw (1985) in a study of the combustion

oscillations of confined premixed flames stabilized behind bluff bodies. 111ey show that time oscillations may

be suppressed by the inuoductionofa sudden contraction oflargeareatatioatapmpa‘distance upstreatnofthe

flame stabilizer. II is also found that an orifice in the upstream pan of the straight feedline was also a pmsible

way of suppressing oscillations. The same authors (1986) also consider instabilities in axisymmetric dump

combustors. In that configuration an area constriction of ratio 2 located in the upmeam duct about one quarter

wavelength from the dtunp plane could partly suppress the oscillations by diminishing their amplitude by about

10 dB. Quaner-wave tube systents are also used providing a 20 dB sound reduction arid the combination of an

area constriction with an annular coaxial quartavwave tube resulted in a 24 dB reduction of the sound level.

Recently. new passive methods have been introduced which do not affect the acoustical combustor properties

but the reacting flow properties themselves. The goal of these methods is to design combustion systems which

are insensitive to acoustic excitation. Schadow and coworkers (1987) have presented many studies of devices

designed to prevent combustion instabilities by decoupling the combustion pm from the large scale vortices

generated when one of the flow instability frequencies matches one of the system acoustic eigenfrequencies.

This frequency mismatch can be achieved in many different ways.

- The first method was tested in an axisymmctric dump cornbustor. A triangular injector system was used

instead of a circular orifice. It was shown that sharp corners in the jet injector introduced locally highly

turbulent small scale turbulence without coherent structures. When fuel was injected in these regions. periodic

heat release. which is generally caused by combustion in coherent structures. was eliminated and combustion

instabilich were avoided.

- The second method was based on shear layer passive control. A nozzle with multiple backward facing steps

was used to stabilize a free flame, The multiple backward facing steps system provides velocity profiles with

mulliplc inflection points and therefore generates many non coherent turbulence sources. The stability of this

system was tested by acoustical excitation. Planar Laser Induced Fluorescence was used to provide
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concentration maps of the OH radical and detect the lormation oi reacting structures. Even the highest forcing

levels could not generate large scale structures in the multiple step flame. This result was compared with a

classical circular burner. which under the same [low and forcing conditions exhibited large acute patterns (Fig.

HI 1).

in her study of heat sources in acoustic resonators. Heck] (1985) showed that the introduction eta mend heat

source at an adequate location in an oscillating reacting system could suppress instabilities She presented

experimental and theoretical results obtained in a Rijlte tube arrangement. This method has also been used by

Raghu and Sreenivasan (£987) to suppress instabilities in a large scale combustdr.

Wham:

Experimental investigations of combustion instability have often been based on extcmal excitation methods.

Mechanical devices like rotating valves. driver units. directed jets, small explosive loads are commonly used to

trigger instability modes and analyze their growth or decay (Cmccc ct nl I960. Culick I971), External

excitation may be used to select specific modes of oscillation. and set is reacting flow in a transverse sloshing

motion (Ziltiltout ct a] £936). It is less common to use external rourcer m strum: combustion

oscillations. The idea or active control of combustion oscillations is not new and the work of Tsien (1952).

Crocco and Chang (1956). Marble and Con (1953) and Marble (1955) contain pertinent calculations of the

servostabilicatiou of longitudinal eombumion oscillations in rocket engines. At this time these theoretical

principles were not verified with experiments.

Recent progress in the related field of anti-sound have suggested that similar methods might be used to control

combustion instabilities (Ffowcs Williams 1984, Eumtnech Colluqium 1936). In the combustion field. studies

of 1-ich (1985) an a Rijke tube configuration and of Dines (1984). Bloxsidge and Langbome (197) or

Poinsot et at (1987) indicate matactive methods could be used to damp or suppress Cflnblflliofl oscillmions

From a generalized Rayleigh criterion. Chu a nl (1988) have shown dratfunr theoretical muted: could

be rrrcd for active suppression of combustion instabilities: modifications of mass. force. treat

release and species source terms. Methods using mass control are based on flow rate periodic modifications to

suppress oscillations. Force modificatious is achieved for example with oscillating screens which damp acoustic

waves in the system. Heat addition control consists of adding energy at points where it discourages die ptesrrre

oscillations. Finally speciesperturbations can also be used to damp oscillations by modulating certain special

flow rates (like tire fuel flow rate in a non-prunixed combustor for example).

'Ibree dilferent exampm ol active control are now described:

Active control of oscillations in a Riflrc tube. Although oscillations in a Rijke tube do not involve

combustion. they are very close to many practical combustion instabilities and «institute a good test for control

methods. Another advantage of Rijlce tube experiments is that the unnsfer function between flow and heat

release is relatively well lcnowrt which is not the cage [or reacting flows (Heckl 1955. Ragilu and Smenivusan

l937). ’

Arrive instability control of practiced lrrrnr'rrar hunters. The 'singing flame' experiment is one of

the best documented combustion instability and active control was tested in such a configuration by Lang t:l II

0987).
Active instability contrai' of turbulent combusmrs. An important question related to active control

techniques is the possibility of applying such methods in large scale turbulent eornhuslors. Examplm of active

control methods applied to medium scale tufbulcnt cambustors are considered and the practical impliratinns of

those studies for rail engines are discussed.

H! l I. Active control of oscillations in rr Rt'jltc tube

Ptoc.|.0.A. Vol 10 Pan 2 (1988) 
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In a Rijkc tube. a heating game placed in a pipe is used to trigger instabilities (Putnam 1971). The osci‘lalions

m the Rijke experiment are due to a coupling effect between the nonisleady heat release of the gauze and the

acoustic waves generated in the tube. Dincs (1984) and Heck! (1985) have considered the problem of active

control applied to the Riflre experiment and showed that a feedback system using amicrophone, a pltaseshihnr.

an amplifier and a lomlspeaker were all that wrn needed to control the oscillations (Fingl 2). For certain values

of the phaserhift. are oscillation amplitude was incrmsed whereas oscillations could be totally summoned for a

wide range of control system parameters. ’l‘lu-oretical predictions of the control system perfannanoe based on

simple transfer tunctions of the non-steady heat release were shown to produce satisfactory agreement with

experimental results.

As indicated before. active control methods may be used to study many fundamental fennrres of combustion

instabiIiLics which could not be characterized by classical techniques; For example. starting from a controlled

regime and switching the control system or! will produce a natural lnrtabr'lr‘ty mm which can be

conveniently smiled Heckl used dtia method to man: the linear amplifiarrtkm rate of the oscillation: (Fing1

3). Another application is to modulate the oscillation amplitude by changing the control system gain and

characterize nun-linear mam. Heckl applied this technique to control the Rijlre tube oacilian'onr amplitude

and measure the atomistic loss variations vemrs the oscillations intensity. Theserentlts show that non-Em

effect: strongly contribute to energy losses II. the tube ends when the limit cycle is ruched. They also lumen

that acoustic impedances corulitinna cannot be used to accurately predicl limit cycle [modernise because the

impedance (:ch is only applicable to linear waves.

Raghu and Sroenivasan (1987) describe pmive and active control methods applied to t‘kvirzs mentng the

Rijlre tuber. Their experimental setup consists of a long pipe in which air is injected through an annular ring

locatedicmfmmthc npstreamend .lnstabuititesaregelleratuibydteomrplingoftbehtjectionflturhyer

instability with the organ pipe remnant fiequencira of the tube. Diflaenteontml loom wee used to am the

theoretical [emulation of Chu etal. Gowdfmdbmk loopswa'e drowntolllorr belterresnltaar Ilowerenxgy

expenditure, Active control by forces m mlully tested through fixed or oscillating screens. Medallion

and mam addition mahods were also tested attdvalidamd.

III 2 2. Active lurrahr'llry control of n premixed laminar barrier

The 'singing flarne' experiment (Banjawi et al 1973, Putnam 1971, Mugn'dge 1980) has ohm bun “tidied

because it is the simplest instability example with oornbtlsrion. Results described in this auction are due to

[Ang et a1 [1987). This study. a joint eflm undertaken by our laboratory with the Technical University of

Munich is '3de more thoroughly because it provides many smart] results.

I]! 2 2 1. Experimental configuration

Experiments were conducted in the premixed propanewair combustor them in Fig. ll] 4. The premixing

chamber and the combustion chamberare respectively 24 and 21 can long. The flameholdu' is a perfmnd phat

with 80 holes of 1.5 mm diameter each. Instrumentation ports along the chamber could be fitted with a

microphone or be conan to an acoustic driver unit (loudspeaker) symm. Figure [11 4 shows four of these

ports. named A to D. Since Ihe bur-rm width is 4 cm, only plane necrotic waves propagate at freqmiea below

1000 Hz. In this low frequency range. matters: modes are evanescenland a micmpllun: flush mounted on the

duct givcs the correct value of the sound pressure amplitude in the corresponding section. In this circumstance a

side mounted loudspeakerrnay be med to excite [flanc wave modes in the ditctarr"mmme

in this configuration are cumin and decay exponentially as a l’unctitm of axial distance. The non—8m Int

release is obtained from measurements ofOH or C1 radical light emission,

ll} 2 2 2‘ Natural mode nfarcr'l'lrrh'mt

All experiments wart: conducted with an equivalence ratio club and a flow rate or 230 mlJ'socr In this regime,  13E Proc.I.O.A. Vol 10 Part 2 (1965)
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tlte system exhibits strong self-suStained vibrations at a frequency of 630 Hz. The maximum sound pressure

amplitude measured at pon A is 220 Pa. To identify the modal structure. the sound pressure level was measurcd

at different duct hcigths of the humor. Fig.1" 5 shows the magnitude and phase of the sound prusure versus tlte

location of the measurement point. The microphone signal detected at port A is used as the phase reference.

This figure shows that the acoustic oscillation is the second longitudinal mode which may be roughly

designated as a three-quarter wave mode. Indeed the bottom of the system acts as a rigid wall while the exhaust

may be considered to be a pressure release boundaryt Ports A and B an: on one side of the pressure node located

in tlte premixing chamber and therefore sound pressure signals at these positions have the same phase. Ports C

and D are located on the other side of the pressure node attd their phase differs from that of A and B by 180'.

This fact will be imponant in the discussion of stability domains obtained with theAIC system.

III 2 2 3. The active control system

Oscillation control relies on the system shown in Fig. III 4. The sound pressure is measured with a

microphone located at one of the ports A.B.C.D. The signal is filtered and used as input to a low-frequency

generator. The output of the genaator is phase shifted. amplified and sent to a loudspeaker system plugged on

the burner. In the low-frequency range considered here. a single loudspeaker is sufficient to excite plane wave in

the hunter. The amplifier arid loudqtealret systems have a maximum power of 10 Watts.

In the fust experiment the microphone was placed in tlte vicinity of the flame at A and the loudspeaker was at

C. This configuration will be referred to as an MC experiment. An important control parameter is the phase

shift F introduced by the active noise control system between the microphone signal and the acoustic excitation

produced by the loudspeaker. This phase shift is the sum of two terms:

F = FPS + Fat (1)

where Fps is the phase shift introduced by the phase shiftu (Fig. [114) and Fel is the phme d'tillbetweett the

output of the phase shifter and the real acoustic signal of the loudspeaker. The phase F at depatds on the

complete transfer function of the loudspeaker. including its oonnection to the duct. Separate calibration

experiments provide the values of F51 corresponding to different frequencies. At 630 Hz this phase is found to

be 115°. Equation (1) provides the total phase shift characterizing the control transfer function.

The effect of the AIC system on the sound pressure radiated by the flame (mutedatpon A) is illustrated in

Fig.1116. which shows the amplitude of the sound pressure plotted with respect to the phue shift. The normal

level of oscillation without control is 200 Pa. Masurements were carried out for two values of the gain G:

- For low values of the gain (curve marked by 'x' symbols in Fig. Ill 6). when F is near 20 °. a reduction ofthe

sound level to Is Pa is obsa'ved. The oscillation is diminished but not suppressed. When F is about 220°, the

noise reaches an amplitude of 340 Pa: in this case the AIC system acts or an instability amplifier.

- For a higher value of G. (curve marked by square sytnbols in Fig. Ill 6) it is found that a total extinction of

noisecan be obtained for values of F between -25° and +65°.1n this range. the AIC system reduces the noise to

a value of 0.1 Pa, which corresponds to an nttenuntlou of [/2000 of the round level without

control.
This result may be explained in simple terms: the MC system acts to increase the pressure when the

microphone detects a negative fluctuation of the sound level in the system. If the microphone and the

loudspeaker are located on different sides of a pressure node. this means that the AIC system should introduce 3

0° phase shift between the pressure signal and the acoustic excitation. Experimentally. the valms of F providing

noise control are indeed close to 0° and cover a wide range of about 90". A more complete description of the

influence of the phase shift and gain is given below.

Ill 2 2 4. Other central configwalitvu

The effects of phase shift F, gain G, microphone and loudspeaker locations are now investigated to deturninc

the optimal configuration of the AIC system. Tile microphone and loudspeaker locations are changed and for

each configuration the regions of Stab‘ ' in the phase - gain planc ( F - G plane) are deter-mined. The

experiment already described with the microphone at port A and the loudspeaker at port C yields a stability

domain which is about 90° wide and covers more than a factor of to in gain (curve MC in Fig.lll 8). The gain
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is given in mV/Pa and corresponds to the electrical voltage at the loudspeaker divided by the sound pressure

level measured by the microphone.

If the loudspmkcr position is changed to port D. stability may be obtained with a much smaller gain than in

the first case while the phase remains in the same range (curve MD in Fig. Ill 7). This corresponds to the fact

that ports C and D are on the same side of the pressure node but closerto the pressure antinode (Fig.lll 5). As a

consequence this configuration prov/ides a better coupling between the loudspeaker and the standing wave.

When the loudspeath is at port 8 (curve MB in Fig.1“ 7). the loudspeaker and the microphone are on the same

side of the pressure node (Fig. Ill 5), Wave damping is then expected for a phase shift range centered in the

neighborhood of IBO“. Since the standing wave pressure level is even larger than at wrt D. stability is achicvul

with a smaller gain.

The last measurement corresponds to the totalspeakcr and microphone placed at the same level D and attached to

opposite sides of the burner (curve D/D in Fig, Ill 7), In this situation extinction is obtained when F ts about

me". but it also requires higher values ofthe gain. because the microphone detects smaller pressure

oscillations.
The stability domains are about 90" wide. The measurements indicate that the centers of these regions are shifted

with respect to 0° or1th" to about 30' and 210°. This differcncc from the expected value may be due to several

reasons, First. art uncenainty of 20° must be taken into account in the measurement of the phase difference Fat

between the electrical input of the loudspeaker and its pressure signal. Second. the standing wave description

adopted above may be too simple. A more complex transfer function may be required to model the propagation

in the system (Rourc I985). Nevertheless the measured phase shift values are close to 0" and mo" and

essentially confirm the present interpretation.

III 2 2 5. Trrtrut'ent behaviour and energy consumption of the AIC system

One of the most important questions about AIC is the amount of energy needed to control a specific

combustion system. In the present experiment. when the oscillation is actively controlled. the power needed by

the lotulspealter is almost negligible ( less titan 1 mW). This reveals an important difference between actch

instability control and other active noise control systems. In classical active noise control systems. silence is

obtained by superposing the sound pressure wave and the control system pressure signal (sec for example

Ffowcs Williams (1984) and Burgess (1981)), The noise source is not changed by the control system. In the

case of flame instability. the AIC system suppresses the oscillation by directly controlling the sound emission

of the flame. Funhermore. the AIC system not only suppresses the noise radiated by the flame. it also stops the

coupled l'latnc front oscillations as can be verified by a simple direct observation of the flame. This explains

why the energy needed at equilibrium for continuous stability control by the system is small. In practical

applications the systcm must also be able to suppress an instability by starting with the highest possible

oscillation. In this cast. a maximum amount of energy would be needed during the first instants of active

conuol before reaching equilibrium.

To measure this maximum energy input the control system was stopped. When the natural oscillation was fully

established with a sound pressure level of 200 Pa at the flame, the control loop was switched on, The

experiment was carried out in the NB configuration. In Fig. Ill 7 the set of parameters used for the AIC system

is marital by a cross symbol. The pressure signal P and the electrical input of the loudspeaker during this

experiment are displayed in Fig, Ill 8. This figure also shows the fluctuations of the global heat release 0 in the

burner deduced from OH radical light emission measurements. After the control system is activated. the

instability is suppressed in loss than 80 ms and the maximum electrical power used by the loudspmker is 16

mW only. The fact that in a laboratory burner the suppression of oscillaan is possible with such a small

electrical power suggests that the idea may be applicable to larger scale systems as well.

A last example of the AIC system possibilities is given in Fig.lll 9. In this experiment. the flame instabilities

are initially controlled by the AIC system and the system is switched-off at lime 1:0. In this situation the

instability grows and Fig.1" 9 displays the variations of pressure P and hat release 0 during instability

initiation, Important information may be extracted from this experiment:

Athe linear stability gain can be easily measured during the first cycles of the oscillation growth. This quantity is

of

Proc.l.0.A. Vol 10 Part 2 (1988) 141 
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intptmunt'e because it is ttn output of linear stability models (Tsien I952. Cmccn and Cheng I956) ttntl Ctlll he

directly cotnpttral to theoretical results. _
- - Figt Ill 9 also dis-p ys

tlte function PxQ which determines the Rayleigh criterion for amplification. The v ution of this function

conveys interesting information on the transition of the initial oscillation to the final limit-cycle. For example.

the oscillation amplitude appears to be maximum during' the growth of instability and to decay aftenvards to its'

litnit cycle value This is a characteristic feature of nonlinear system] oscillations.

  

Ill 2 J. Active t'nstirbilt'ly contra! a] turbulent cambustarss

The premixed laminar hunter shown in Fig.lll 4 is not truly representative of practical combustion system

which are usually turbulent and develop powers greatly exceeding 1 kW Funltermore the effect of turbulence on

active control system performance has to be considered before applying this method to real engines or hunters.

Raghu and Sreenivasan(l987) present a mixed active/passive control method of oscillations in a large turbulent ‘

oombustor by the introduction of two mesh screens at velocity antinodes and four heating coils used-to add heat

at points where heat addition discourages the pressure oscillations. This combined inter: and heat'addition systerit

allowed a complete elimination of oscillations in the combustion utnnel over a significant range of operating

conditions. - ' .

Bloxsidge et al (1987) used active control based on flow modulation in an laboratory afterbumer channel and

reported 20 dB sound attenuation of the so called 'rehmt huza'. The power their experimental sentp was 250

kw. Active control also suppressed the harmonic modes of the fundamental frequency. '

A 250 kW non-premixed utrbulent combustcr was also used at E.M2.C. laboratory to validate active control on

large scale systems. This study is now described here in more details (see also Poinsot et al 1987, 1983).

[ll 2 3 1. Experimental configuration

The 250 kW turbulent combustor is squelchcd in figure Ill 10. This combusmr is 30 cm long and has a

rectangular 10 x 5cm2 cross section. The chamber lateral walls are quartz windows which allow flame

visualization and optical measurements. The chamber is connected upstream to a long duct of the same miss

section. This duct is fitted with instrumentation plugs, Upstream and downstream ends of the combustor are

acoustically open. Air is supplied to the eombustor at the upstream end of the duct. Propane is injected in the

ttir flow throughsix narrow slots. The slots are in recess with respect to threehaekward facing steps

III 2 3 2. Description of an unstable regime

The experiments were perfoch with an air flow mic of 24 gls and an equivalence ratio ofOA. Forthis regime,

the combustor exhibits a strong instability corresponding to a longitudinal acoustic mode of the combustion

device at a_froqucncy of 230Hzt In this experiment. heat release was obtained from C2 or 0H light emission

detection. Both radicals provided equivalent results. Spectral analysis 'of pressure and heat release reveal strong

peaks at 230 Hz (Fig. III ll and Ill 12). This instability is characteriutd by a particularly high acoustic level

(I700 Pa) and large movements of the flame front. A Schliercn picture of the flames indicates that the mum

structure of the jets is modulated by the acoustic oscillation (Fig. Ill 13) In addition to the turbulence of the

flow, large scale structure: ("puffs") appear as characteristic patterns of the unstable reacting flow

and are convccted downstream. These structures are formed at the acoustic mode froqucncy (230 Hz). This

instability mode is the result of the interaction between a resonant duct mode and the non steady heat release of

the flame.

III 3 .7 3, Instability control
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EFFECTS OF THE A.I.C‘ SVSYEM ON THE INNER MICROPHONE SIGNALI
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1h: oscillation is suppressed with a simple fecedback loop. A microphone located on tile test duct detects

trte acoustic pressme upstrum ot the cttamocr. the microphone Signal rs then littered. phase—shifted with an

analog "brisket-brigade" delay line amplified and sent to a pair of loudspeakm. These loudspeakers are plugged

on the lost duet, one facing me other at 20 cm from the microphone. A lowepass filter with a cut-otf frequency

0! 3 Hit it used to suppress Larsen effects.

The offset introduced by the delay line is 2.l ms, Momuvet, for the frequency of 230 Hz. the different

components of the eonu-ol device (micmphom filter. amplifier. and loudspeakfl) introduce a delay of 1.35 ms,

The total delay ofthe control device is then:

Ttor = 3.45 + le (ms)

Figure [11 14 represean the amplitude of the acoustic pressure with respml to the delay introdtmed by the control

loop. For a sufficiently high amplifier gain. and for delays between 4.1 and 6.4 ms the pressure level is reduced

to 120 Pa. When the delay is greater titan 6.4 ms. dramatic level exceeds the sound pressure level without

control. The AIC synem then acts as an excitation device and enhances the instability. In this case, the

combustion region is stmngly pulsated. and extinction of one of the injectors may occur. For delays in the

range (4.7 , 6.4) ms, spectral analysis of the pressure signal reveals an attenuation of" as of the peak

at 230 Hz. with n carnpiue leprzfllntl of the harmonics (Fig. Ill ll). The residual noise is

principallyduetotheflowuubuleme. Althcsamet‘ttnc, thepeakatleOHzinthehea-relnaesignalisndmad

by 22 dB (Fig.11‘l [mend aSchlieren p'mtureofthe floor with control draws amndard pattemoftutbulcnt

burningjetsttdthoutpuffs (Fig. ill 15), The Harman-ounce with AICappmtobc similar to thatofa stable

combustion region. It is also worth noting that “C greatly tincture: the ltttbliity and operating

domains of the conductor.

The time delay of the control system providing noiae suppression car not. be related in the present case to

simple phase shitt as in the laminar burner experiment A antdy of the osmotic smrcnne of the oscillation

without control shows that this mode is a complex combination of standing trod travelling waves. Therefore,

the time delay leading to noise suppression depends on the relative distance between microphone and

hntdapeakersanddormtalneahnplevaluesasiotheeaaeofamndhtgmodeoftmillal
ion.

III 2 5 4. Initiation of turbulent combustion instabilities.

The AIC system can also be used to trigger and Half] combustion instability Initiation. Figure Ill

16 displays the time recordings ofptwtrre oscillation P and heat release signal Q during instability growth.

- Before time l=0. instabilityiscmtrolledwith againof4 andadclayofS.2ms.Attintet=0.theAlC system is

switched all‘ and instability begins to grow. The following phenomena are observed:

—Betweenb=£)anrl#02:.myhmmammbodtfiymkmflmtwumobsmedm
uwlunhm

brmtereapetimcnt. ltishofidmmnubdulflmuadonsandaewtdatymfiiemodes
wfichmmafimd

by the AIC device (as few example the 130 Hz peakin Hall! 11). This phenorrtenoncxhibits one limit ofrhe

present system which only ruprecaes the main acoustic mode.

- The instability grovde is slow, which means that the linear instability gain is only slightly greater than one.

About one hundred cycles (M045) are mded ID obtain a fully established oxidation. This is a diameteristic

feature of some turbulent combtstion instabilities which exhibit metastable and hysteresis behavior.

- A limit cycle is obtained after time HMS. This time corresponrk to a vanishing value of the heat release

signal. The growth of the oscillation amplitude is limited by the fact that the total heat release must remain

pottitive. Therefore, the limit cycle amplitude obtained in thJII 16 is mainly determined by the saturation

of combustion rate oscillations and not by aromatic losses.

Further results on combustion instability initiation can be [ound in Poinsot at al (1988).
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Fig. ll] 15. Schlieren picture «If the names willl colllrol (Poinsoc et al 1987).
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