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Abstrart

In thes paper we discuze a et of methods for the actve control
of combwton and acowsucsdly coupled fhod dymamic nsmbiiites.
Thesze methods are based on the theorencal understandirg of the
nTracucn of masy, momentwm and energy sowrees with a
disturbance m the sv:em. It 3 shown that fus type of
source-gisturhance nrracton cowid resultm either amplificaton or
decay of the epergy In the distwbance depending on the phase
relstonchip between them. We demonstae swecessful conwol In
several cases of fhud dynarmyw and combuston mstabiity magmg
from labomiory stale cxpenment o an operatonal, large combusuon
el

1 Introduction

Combuston mstebiines are encountered in the development of
almost al combuston sysems, ranging from aicraft enginez ©
ramyets and rocket propulsion sysems regardless of the type of fuel
weed (gaseovz, Bgwd or solid type). They menifest as lape-amplitide
pressure distarbances resulang in the generaton of combushon nose.
The noise generyed can be of two pes: a) Combuston rowr, which
has a bmadband spectral content, and b) Resonant combustion noise
having a discrete freguency content and generally of a much higher
magnitude than the former. In addinon o the larze acoustic noise
oupwt from these mstabilites tiere are several oML CONSEq UENCES,
To menton a few here, one may have unsteady combuston which
conld aler the reacton kinetics, or larpe amplitude pressure
oscillatons the extreme effect of which could be the extincuon of the
flame 1zelf; the vibraory loads nduced by these ascillations could
also resultm the structaral fazture of the components,

Such sroustc oscillanons are not confined © combustion
systems alone, and are known o ocowr even in purcly fhud d ynaunic
situatons. An example 13 the "whister nozzle' phernomenon where a
shear layer impmgement on & sobid edge Jrovider the sowrve of
inswability. Pure resonent wnes are cheerved! evenn jet flows under
ceriain conditions of density rato and Mach number.

There has been considerable effort wwand wdersending the
phenomenon of combustion msibiity in the hope of designing quet
and able combuzton syswems. The vast amount of lerature devoted
o this sspect of combuston bears evidence ® the Imporance of the
problem. A good review of the work dont on the combuston
instabilities can be found Iu references 2 and 3. The recent upsurge in
the effort wwards aircraft noize conwol 15 also an indication of te
imporance of the problem even under purely flud dynamic
conditions.

This paper is devoted © the control of resonant combuston and
fluid dvnamic instabilites In which acoustic feedback plays a decisive
1ole. We demonstrat experimentally o set of methods for the acuve
control of such Dstabilites, Theer methods are based on the
theoretical wderstanding of the intersction of mass, momentwsn or
energy sources with a disturbance in the sysem.

The theoredral analvals is discussed in dewil in ref, 4 and we
mention ondy the primary resolt of the analyzis here. We stant with the
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equations of moton of a flud with mass, momentun and energy
sources in Ui syvem and obain G rak of growth of the distarbance
m erms of the perturbed quanntes. Itcan be expreszed n e form

dBMt+ ¥ J=-d 40 ()

where F i3 the eneryy In the distwbance, J represents the rate at
which e diswarbance eneryy rdiats from te sysem, and ¢ i the
dizspaton erm which inchudes Josses due to viscosity, hest and
mass Qiffusion and by chemical reactions. The last ®rm, which we
shall call te ‘contol term’, i3 of irumediate significance in the
presentconext, and s given by
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It represents the energy addition/extraction through the ineraction of
the mess, momentum and energy cowres with the perturbaton
quantties of the sysem. If this quantty i posivve then energy s
added © the disturbance, while the energy i extracted from it If the
' I negatve. Thus, by proper phasing of the masz, heat,
momentamn or species addition with the fuchating pressure, velocity,
temperature and chemical poentsl respectvely, the amplitade of the
dsturbance energy in 8 3ysem can be contolied.

Our method of control is besed on the above principle; we
explore the first three schemes ie., hewt, momenmm and mass
addinon at proper phase with respect © the distarbance. While control
may in ponciple be effected by species injection (ie., the remaining
wrms m Egqn. (2), no atempt of such contol will be discuszed here.
It should elro be mentoned that we deal here with periodic
dmturbances, the advanwmge is that their phase of oscillabon 18
traciable, which is essential 0 schieve the desired conuol action. An
exception 10 this will be made in the case of a turbulent pipe flow
where we demonstrate conwol of & luye amplitude pressure
perturbanon superposed on background turbulence.

We note that the foregoing interpretation of eqn (1) i3 strctly
comrect for linear pertwhations onmly ; bowever, with a suitable
reinterpretstion of the mase, momentun and heat zowces, Ui same
ideas can be useful even for highly nonlinear disturbances.

II Method of Heat addition

Owr work on the method of heat addition was repored in the
previous paper © . We briefly summarize it here for the sake of
compleeness. It was shown that the growth or decay of the
distrbance in a fluid with a hest sowre is governed by the
expression

f a3t % = j %1 Q@9 T@ ¥ Tt ©)

The distwrbance grows in time if the above quantity is positive and
decays when it is negative. This method was used © contul the
oscillations In 2 Rijke tube, resonsnce in.a pipe set w by a
loudspeaker and the whigtler nozzle aacillations. In all these caees an
electrical heating coil was wsed for te pwpose of heat addition and
the appropriate phase for the desired conwro] sction wee obmed by
phring the heaung coils &t predeermined positons (based on the
mode shape of cscillatons) in the sysern. It was shown that the
amplitade of oscillations could be reduced a thousandfold with as low
a3 10% of the heater power required to drve the oscillations ard
could be further reduced for longer 'waiting tmes' (tme required for
the oscillations © decay © a certm predeermined levell. The
additioral mperature increase in all the sbove cases of contiol was
less than 796 of the existing emperane m the sysem We now
demonsuste the sane metod {or te conuol of cxcillations with a
SUperposed turbulent noise In the gysem.




Control of Pressure Oscillations in s Terbulent Pipe Flow

We eyamuine I this section the conta) of scouste swnding
waves genersied In & pipe Dow by the couphng of & shear laver
instsbility with the orpan- pipe resonance frequency of the sysem; te
fmporant difference between tns exampl and e Dolnces
discuesed In ovr previous paper 19 that the flow here 15 turbulent. The
Dnplicatons of the present experiments could be imporant sice ;o
of e pracocsl flows are indeed wrbulent i nature.

The expenmental arrangement 12 shown m figure 1. ]t consists
of & 185 cm long, 7 cm dizmeter pipe In which an annular ang of 3.3
cm diameter @ positioned § cm from the upsteam end of the pipe.
This upsteam end of the pipe s connected © & 971 conteeuon nozzle
which I twm 18 conneced © & laxge plenum chamber supplied with
air by mesns of & cenwifugal blower. Fresswe oscillauons were
measured by means of & condenser mucrophone and the velocity
signals by mesns of & botvire operated on & conswnt EMperature
anemnmeter (DISA S5MO1L). Mean velocity at the exit of the pipe was
messured by mesn: of & Pitvt wbe conneced © & Bet manometer.

Four modes of oscillagons could be setup In Uids arrsngement,
depending on the velaciy at the exit of e pipe. Although we do not
fully understand how these modes are setup, we may rationslwe tielr
cecurrence in the following way. The dynamics of the shear Javer at
the arvular ring 18 governed, among other things, by two fartors: it
netural instsbility, and the feedleck of U pressure waves created by
these instabilites. When the frequency of te shear layer rol-up
coincides with one of the resonance frequencies of the pipe, here iz e
strong fesdhack of these pressure fluctustions © e shear byer, te
mlling-up mechantsm becomes more organized, thus setuing up 8
swrding wave of sizeable smplitude in the pipe Table Ishows the
frequency of each mode end the cenwrling fiow velocity at which 1t
oCCurs.

TABLE 1
Maode i I I v
Frequency, He 100 200 260 340
Yelocty, cmfs 100 420 540 890

The mode shapes were obtined by vaversing the mcrophone
from end © end. These sre also shown m Dgure 1. Due o e
inherent hmiwtons of the experiments] arrengement (Le., poor heat
resisuvity of te pipe and the collsr housing the heating coil), te
msjor part of the experiment wes confined © modes II, I and IV,
Since the pressure siemals for all these modes showed smiar
charactenstics namely & pexodic oscillaton superposed over &
brosdband turbulent noise (a3 will be shown later), it wes decided ©
stdv e convot of mode TV oseillations in dewdl, Soree reswle of the
atempts W control the other mode oscillatons will also be mentioned
briesly.

The flow comesponding o the mode IV conditions wes fully
trhulent The flow Reynolds number (besed on the center-line mean
velocity and the diameter of e pipe) was about 40,000, Figwres 2a
show & typical hot-wire ware of the streamwize velocity flusrwanon:
u' and the power spectal diswibuton of v'. A particulsrly important
ghaervation concerns the absence of any discrete peaks m the power
spectral density. The simation 1 much the same for other modes. We
shall return o figures 2b subsequenty.

Firure 38 shows pressure oscillstons comespording © mode
1YV, the freguency being 340 Hz. Not that thes fundamentl mode 1s
rendomdy modwlaed by the fluctating random flow field. The power
spectral disuibuton of the pressure fluctustons &5 quit revealing: It
shows a suong peak at sround 340 Hz, elthough the "background
noise' 18 quit broad-band. Ome other comunent worth making for
later reference is that, in additon © the 340 Hz mode, the power
spectral density shows & weaker peal at 200 He, comesponding © te
fart that the 200 Hz mode (mode II) coexisw with the 340 Hz mode,
although the Yater &s swonger fn energy by & factor of abowt 50, The
pressure and the velocity sionale comesponding © figures 2 and 3
were obtained atx = {04 cm

2

In order © obtun effertve control, TS eseentsl © know te
response of the contro} heater i relation © te pressure oecllaasons
the sysem. This depends wupon the phase of te velocity field sround
the hester, Which m turn 1 poverned by s defime phase relauonshup
vith p', v lcadx’n%p' by /2 when dpidx s posiove and lagring by
/2 When negative °.

Now referring to the mode shape IV of figure 1, 1t 18 clear that
the effect of positoning e heater i regions &b, c-d, ef, g-h must
be ;muhr, and opposie © locatng the heawr m the remaining of the
positons. We thus decided w st the effect of the heatr for two
representuve positions ¥=60 cm exd 160 e For modes Il and 1V,
both tiese heater ocations can be expeced © have similar effects,
while for mode I (260 Hz), the effects for these positons can be

xpeced © be opposite. Keeping corstant the electical power mpwt
o the heater, we obteined the rutio of the mean square pressure with
and without the conwol heater. Table I shows that there is generally a
substantsl reduction of the mean square enerpy when the heater is
located a1 80 cm, except for mode I for which it i only margmally
effecuve since the heawr location 13 not the optmal positon jor
suppressing the oecillations. The {60 cm positon, on the otier hand,
produces an attenvation for modes I and IV, but & reinforcement for
mode II. Jt must be nowd that the mean square of the velocity
fluctation showed no change for any combinston of conditions.
However, the filered signals {at the approprist mode frequency)
showed & very shght reduction {of the order of a couple of per cent)
whenever there was a redurtion I the amphitude of pressure
oscillations.

TABLE II
Mode I m ¥
X, cm 80 160 &0 160 80 160
Acoustc 09% 055 0.16 1.5 04 0.61
Power Fano

Having showrn that some degree of control 1s pozsible, we now
plotin figwre 4 Y scoustic power (U rato of thet with convol ©
that without control} &3 & funcuon of (e heatng power suppbed ©
the coil (For these stadies, two heating coils were placed one behmd
the other at x = 120 cm.) It is clear that over & range of heatng
conditions, the amount of contm!l is directty dependent on the amount
of heating.

In firwres 2a and 3a we showed the velocity end pressure
signals and thelr power density diswdbutions with no conwol A
companson of these with the comresponding quanytes with contol i3
now discussed. The presswre wace of fizure 3b (ploted © the same
scale & in ficure 3¢) shows a large reducton in megnitade. The
remainder of e prezsure signal hss two featmes worth mentoning.
First, it is substentially more disorgangzed than that prior © contol.
Second, &s the power spectral distibuton of p' (figure 3a) shows,
the most dominant mode that remains is notmode 1Y (340 Hz), bwtis
& combinaton of modes I and [T (200 and 260 He respecuvely). The
ressons for dus appesr © be:

{2) The 200 Hz mode sbready apparent in figure 3z &5 not
atenuaked © the same extent &9 the 340 Ho mode, so that 15 relatve
pronmunence s mereased;

{4} The relanvely dormsnt 260 Hz mode was amphied by the

heater.
These twp observarons effectively reflect upon the nature of the
present method of conuol Hot all pressure fluctuatons can be
suppressed no mater how much the heaung power 1s becawse mades
previoushy dommant either sty twratgatd or in fast gYow.

It most be remarked that, in contest © the presswe
oscillatons, the veloeity fluctuzuons do not underpo Important
changes. A comparion of velocity spectrs with and witiowt convol
(frrure2b) showed that the most mmportant change wes & relauvely
small reduruon mn amphtude at that freguency.

Cross-Spectral Density Distribrtions of Presswe and
Yelocnty Sionaly




Because of the compley nature of the flow field te same
degree of wnderswnding &8 In tie earher exsmples of pwe one
appesrs © elude vs. Comeequenty, the problem m e rarbulent
environment cannot be & nealy pigeonholed. However, it has been
clearly demonstrated here that pressure gsciliations which are ot
puwe-one can mdeed be suppressed by the hest addivon wchnigue
even though the background flow is broadband. The Likely reason for
this iz a possible existnce of relatuvely swong cross-spectral
correlaton between the pressure and velocnty fluctuations at e
frequency of the most dominent pressure mode. To put this

cwuwsk on & fromer grownd, we decided v omessure the
cross-spectal correlaton between the presgwre {uctuaton p' and the
velocity floctusthon uv'. The cipes-specwel cormrelanon density s
defined &s

Gpu(‘f) = ZjRpu(t) exp(-i2nipdr, 0 (£~ (h

where Ry, 18 the correlation functon of p' ané u'. Alermauvely, it
can &30 te defined a3 ;

C{fh=2lm UT E [P (LY Uiy (5
T2

where E denowes the expeced value { or mean ) of the quantuuss
within the paranthesis and

P Th= fp‘(t} exp (-i2n 1y dt {6y
U’;(i,T) =j u'{t) exp (-i2n fY) d1 (7N

ae the finie Fourer twsnsforms of the pressure and welocity
{luctuatons respectvely.

It i seen from figure Sa that there is & swong comelation
tetween the p' and u' eignals at 200 Hz and 340 Hz, with tat a1 340
Hz being the stongest ( sbowt 2 orders of magnitude or more above
the beckground velue) With contol, the correlation &t 340 Hz
becomes & tde weaker {figwre SY), altwugh ity sull quit syong;
that st 200 Hz seerms ¥ remain In et This last fact suggests that
with more power supphied o the conuo! heater, the 200 Hr mode
might elso begin © decay.

To summerze, we have seen {from the current as well &3 owr
Previows experiments) that the heater as a conwol device possesses
o special qualities: (1) Selecuvity or specificity - the! 13, its abihty
o suppress selectively one or another scouwstic mode by properly
positoning the devices, and (2) Insensitivity - that is, its action 15 not
VETY 2ENSIUYE 0 15 exact Iocation within the device, These qualities
are expeced o be shared by other devices of active conuol, because
the criterion {egn. 3) mvolves & spatial integragon of the Emporal
correlations of & sysem floctuation and & contol furmation

In &ll our experiments there i & laxpe mean component of the
heat additon which does not play any role in the control process, and
therefore the efficiency of the control device 8 mther low. The
conventonal hest sowces have & large Wermal inerds and &
compromise 15 required with the heat capacity Iegumements. Beter
methods of hest additon would elminate this mean heat addition
thereby improving the eificiency of the control device,

II1 The Method of Force Addition

Anelogow © the method of hest addinon, the expression that
governs the energy wransfer by & MOMENtWR 0UNE it given by

fazeatd?*; =jc3g Py ®

where F' 1 the flwcwatng extemal force added © the fuid volome
and 7' 1 the velooity fuctuation in the sysem. The oscilianons are
suppressed if the veluz of the integral &= pegetve and amplified if
pusigve. External {orces (a3 & source of momentum) can be generatd
by different ways— centifugal forces, msgnetc forces and drag
forces. In thus discuesion we confine ourselves © drag forres since
that &5 the simplest © gererate. Consider & cylinder around which
there 15 & fluid flow. When & fluctatng velocity field exaot in the

sysem, say ¥’ which venes & v,," exp{roy), ten the drag can be
wnnen s D oexpluwts ¢ vhere e phase arcle 13 & complex tuncuon
of the velocity and the frequency of oscillswon. Up © Reynolds
nurmber of the onder of 1000, howewver, the phase relatonsinp of the
dpg and te velocjty s such that the vl of te megml [ dt By’
¢¥x 1t megadve © (le, Uiere are no sed excied oscilianons), B!
reprezenting the dreg in the presentcase. This implies that the dreg is
sufficiently out of phase with the velncity, and in the case of & seady
flow this phase difference should be exactly 180 degrees since it
would be & funcuon ondy of the velocity. Thiz means that the sense of
e drag vector I always opposie that of e velocity vector in the
case of aseady flow. The fluctuating velocity field in a resonant type
Irstability is created by the preasure oscillations in the sysem.

We choose the whistler nozzle amangement w demonsae the
use of drag forces for suppressing e pressure oscilators.
Reszonance in the whistler nozzle is set up because of the upsteam
propagation of the disturbances genersted duve © the shear layer
Inswbility and the resulung coupling of tre same with the resonance
chamber. (For more dewils of the whistler nozele see ref. 7) The
experimental srrangement It oshown In figure 6. The partoular
resonance chamber shown In the figure resonates in two different
modes (within the velocity range of the present amangement) {or the
two exit velocites of 9 m's and S mis. The resonance freguency for
the former case is about 160 Hz (the ‘hizh frequency mode') and 70
Hz for the later case (the 'low frequency mode').

In the present study only mode I &8 swdied except when the
contrary i mentioned. Body force {drag) is genersted by placing a
fine screen in the pipe. This drag has & steady component due o the
mean veloCity of the flow in te pipe (~ 0.3 mds; and & flustuatng
part due © the periodic velocity fluctuations. The sweady drag
component does not contibute © the suppression of oscillations since
the value of the integral F.v' dtover & cwck i3 zero. Itis the
unsteady part of the drag that contrbues 1o the contol of oscillagons.
Thie 1s anslogzows © the use of heating coils with & steady st ougput
of heatin additon o the fluctuatng hest release rae. Based upon the
wire diameter of the screen and the mean velocity of the flow m the
pipe, the maximun Reynolds number & abouwt 9.0 The drag
coefficient m t.bés low Reynolds number regime can be approximated
by the formuls

Cd ~ 1/Re 9

If the screen can be approximated by cylinders of fimiw length, then
the towl dreg depends on the ol kngth of the wire In the screen.
Hence, the drsg is & function of the solidity of the screen (where the
solidity 15 the ratio of the blocked ares o the unblocked ares © the
flov) and mereases with the solidity. A solid disc of the same sobdity
would not produce the same effect however, for, it would aleer both
the flwid mechanical e well a5 the acoustcal propertes of the pipe. In
our experiments, the drag 13 owt of phase with the floy velocity by
nearly 180 degrees a5 was expermentally determuned 9 Hence, the
value of the inegral of F'. ¢ over a eyl I8 always negative and
enercy 1o extraced from the presswe oscillations in the pipe, the exact
amount of energy exwsction being proportonal © P

Suppression of Oscillations veing Statiopary Screers

Three screens of different solidity were used in the
experiments. The details of the screens are given in Table 111

TABLE II1
Screen Solidity Mesh{cm)  Wire diametr (mm)
1 0.4 0.32 0.68
2 05 0.16 0.38
3 0.6 0.08 0.31

The screens were mouned on & thin annulsr plexigless ring which
waz plxced at different positons (velocity nodes and antinodes) ©
study their effectivensss. In owr expenmente, for mode [, x = 0.0
cmand x = 160.0 cm represent the velocity antnodes and x = 19.0
cm and ¥ = 115 cm represent the velocity nodes (see figure 6). The



mictophone was awaye placed et & diswnce of T0 oom {chosen
arbirarily) upsteam from the exit of the et Fagure 7 shows the
companzon of Uit acouswe power at the resonance frequency when
screens were placed at different locatons In the whistier noczle. Itis
also possibk © see from the same figure the effectvencss of te
vanous screens. The streen with the larpest mesh (lowest sobdity)
hes redured e amphtude by half an order of megnitude when placed
m % presswe node (velocity snuncde, ie., point of meximum
velotity flwrtuation). Screen 2 produces a slightly higher reduction,
but the most dramatic effect occurs with the muoducuon of screen 3
where the oscilistions are completely suppressed. The power
spectrum 3hows & reduction of fow orders of magnitade and the
remnsn! signals are comparable w the bachground noise. One
IMporwnt point 1 note 15 hat mere IMUoducuon of the screen N the
pipe does not change the acoustic amplitade of oscillstions, Le., G
effect of the screens 13 posion sensiuve; If the amplhitude of the
velocity fluctustons is minimum, the reducton in the amplitade of
oscilistion 1 slso minimum and vice versa A companson of e
power spects of tie presswe signsls with no screen in the pipe with
that of the screen 3 placed atx=19.0 cm 13 also shown in ficure 7.
The effectof the other screens would be smaller than this because of
thelr bower solidity (and hence bwer drag). It 18 worthwhile
mentoning that the acoustc mode shape 15 not alered by the
mioduction of the screens. Atempts were made t© messure the
pressure drop &cross the screens, bul the drop was wo small © be
dected sccurately by ouwr Instrwments. A rough esumae showed &
drop of about 0.7 % of the vwl head and hence there was no
sinificant change in the mean velocity at the exat

Cortrol by Oscillating Screens

Cur next objective was © Incresse the effectiveness of the
screens while minbmizing e seady sk component of the drag. In
other wonds, we need o increase only the floctustng component of
the force (or drag In owr case} since e sweady component does not
contribute o the suppression of oscillstions ( § F.v' dt 15 zero),
Hence, if we oscillate the screen such that the relative fluctustng
velocity component is ncressed , the flucusting dreg 1s also increased
{since drag is proportional o the velochty). This was achieved by
oscillatng the screen antphase (180 degrees) with the welocny
fluctustions by means of & feedback sysem The dewis of the
oscillating mechaniem are shown in ficure 8. A loudspesker 1o which
a small (3mm) diameter piron was ateched served o5 the oscillsang
mechanism. The diaphragm of the loudspesker was removed n order
o minimize e acovstc outpmt of the speakers. This wes done
minimize extraneons nowse affectng the resonsnce in the whistier
nozzle. The screen wos mowntsd on two sweh pistore diametically
held by supports as shown. The pressure flucwauons v the pipe
were sensed by & mictophone and the phase of tese signels could be
vaned before weing them w dnve the oscillating screen (but after
amplification). Screen 2 wes vsed in all the present experiments.

a) Screens at presswt nodes

As mentioned before, the velocity fluctuations are meximum at
these locations. The screen wes poginoned &t ¥ = 70 cm. For
suppression, the phase of the signed driving the screen with respect ©
the microphorne siznals was so adjusted © weld meximum reduction
in amphtade, which comesponds © & phose shift of approximately
180 degrees betveen the velocity fluctustons and the screen velocity
as determunsd by the phase charscerstcs of the oscillating
mechaniam The results of suppreszion of oscillatinng a® shown m
ficure 9(b), 9(e) being the no-control case. Itcan be seen that there i3
a reductior: of about three orders of magnitude in the scoustic power
of U fundamental frequency and the harmonics are com;}lets)y
suppressed.

We could also enhance the pressure ascillations by reducing the
relative velocity of the flustuations snd hence the drag force. For thie,
the volage signals driving the escilluting screers were approximatly
U inverse (2 phase shift of 180 degrees) of that for suppression. The
screen In ths cese was oscillaed m phase with the wvelooity
fluctations, which smount © addiion of momentum i phese with
the velocity fluwrtuation. The results ere shown in figure 9(c). The

hermonics also show a small increase 1o arnphude

b)_Screens ot welocity nodes

In many practics) situations e velocity antinodes may not be
accessible for conwnl purposes. This motvaed the next pant of our
work, which i © control the oscillations from an arbitrary location in
the flow field, the east effective Jocation being the velocity node
(rminimum emplitade). Figure 10 shows the effect of contol on the
pressure oscillatone, and, &8 can be seen, it wes indeed possible ©
suppress e oscillations even from this locaton (x=19 cm). The
power spectrum of the pressure signal after suppression (figure 10%)
is very similar © the corresponding one in case (&), ie., fizwe 9%,
However, & higher inital amphtude of oscillaton of the screen was
necessary for this purpose inorder © generste te higher fluctuating
drag. Figure 10c shows the amphificaton of signals when the screen
is oscillawed iIn phase with velocity fuctuations.

Atempts were also made t© conwol the mode | oscillations.
These cecillstions are of & much larger magnitode (approximately 10
times the amplitade of mode I) and with the present design of the
oscillatng mechanism We were notable w0 suppress them completely.
However, we could reduce the amplitude considerably by positoning
the screen even &t a veloctty node (x=19 cm). The velocity antinode
was not accessible since it would be somewhere In the Jarge settlling
chamber.

In this section we have demonstrated the use of force addition
(drag forces in our cast) B contol pressure osciliatons in e whisler
nozzle, produced doe o coupling between flwd dynamic mstabilities
and sCOUSHS RESOmANCE. A SWUOnAry screen posidonsd at the proper
location produces conciderable reduction I the smphtwde of
oscillations, the exact amount of suppression depending upon e
solidity of e screen; within the rmange of condinons we
experimented, higher solidity resuled in greater reduction In
amplitide. However, we have © pay te penalty of & higher netdrag
when we use higher solidity screens. In case of an oscillating screen
the mean pressure drop for & given amphtede reduction I8
considersbly reduced. It was also seen Umt In U latter case
{oscilisting screexs) the conwol can be effected from ANY location In
the pipe. The kst result is of importance when practcal apphcatons
are of interest.

IV Contriol by Periodic Meass Addition

The contol rm sssocied vith the mess source 15 the integral

jdt fn'p* a3 (10

If the value of the integral Is negative over a cycle, the eneryy in the
dsturbance decays In Gme and grows in megnitade otherwise.
Perindic msss sowrres can be obmined by means of an spphed
periodic pressure gradient in & pipe or a channel fiow, or by & vanable
ares exit at the end of a mass flow sowrce. In oW experiments, the
penodic mass flow weas obtained by the variable area method which
will be deseribed in detsdl

Experimental srraneement

One of the simplest way: of obwining resonant pressure
oscillations In a pipe & o drive it by & sound sowwe at it resonance
frequency. Purther, this sy3tem i3 lese sensitive © & small additonsl
ar flow thatl s added dwing the periodic mass sddition In tis
context it should be mentoned that both the Rijke tube and the
whister noczle are very sersitve v e air flow rees and the
oscillatons might naturslly be suppressed by change of maes flux,
and hence the choice of the above device for eswblishing presswre
oscillatons.

The experimental amancement i shown in figure 11 It
conzists of 3 150 om long pyrex plesr wbe, 12.5 cm in dismeter and
open at both emds. A stnding weve can be set up &t its furst
fundamenwd mode by mesns of a boudspeaker pleced at one end of
e pipe and doven at the resomsnce frequency of the pipe. This



frequency v governel by U dmereons and the end conditone of
the pipe. In owr cese, tie Wbe 13 arpusuoally ‘open’ &t both engs ard
nence Gie frequency {18 fven by

{=CIR2(L+1.28) - 100 Hz (1

where C 15 the velocity of sound. The mode shape is also shown in
figure 11, A 20 cm dsmeter loudspeaker placed at about & ¢m from
one end of the pipe was wed © drve the pipe © resonance. The
pressure Signals were sensed by s microphone placed i the middle of
Ui twbe. Through e other end of te pipe 8 penodic mass source,
consiung of an & flow tough & 1.9 cm dismeer pipe with &
vanable srea at the exit, is invoduced. The pipe was supplied with air
from & plenum chamber conneced © & large compressor. The
vaniable area slit was formed by two blades which cowld be oscillaed
I opposite directions o obtain & periodic mass flow. The mer pipe
was 30 cm Jong (chosen arbivarily) and the mass additon swion vas
lcated {chosen for convenience of operaton) &t & distance of 15 em
from one end of the pipe. The velocity at the exitof the skt was about
Z2 miz. The mees flow rate at this velocity was about 2.0 gm/s and
the furtwation was (2 0+ 075 ard (2.0 1.5) gmfs. 1t wes verified
that the ntrodurton of the inner pipe did notalter the mode shape in
the pipe.

The contiol system

The schemstcs of the congol syzem are shown in ficwe 12,
In the method of wave cancellaton (figure 12&) the same signal
generawr ¢nves both e loud speaker and the conwol device. The
signal v the control device I8 however passed twough a lock-in
amplifier snd e power amphifiesr © obwin te dested phase and
amplitode. Pressure signals from the microphone (always placed at x
= 7% cm, this being the peak pressure position) were used for
observing the effecte of contol In case of the feedback method
(figure 12b), the prezsure signal from the microphone 13 the reference
for appiving the contwol These sionsb: ere amplified and phase
modified © be wsed for dnving the conuol device. The loudspesker is
dnven by an independent signal geveratnr al constant phese.

It was first essennal o determine the charactenstcs of the
comrol device, Le., the phase relationship of the displacement of the
blade with respect © the Input volwge. This wes done by & fiber optic
dirplacement wansdvcer (MT1 1000 Fownic Sensor) which dmecty
messures the displacement of the blade. Ata frequency of 100 Hz the
phese g iz about 20 degress. The contol device also has ¢ Hmitation
on its amplitode ~ it does notrespond telow s threshold voltage due
© frictlon and has an upper lmit of about 4.0 volts veyond which the
dizplecement &2 nontinesr with respect © the mput voltage,

The Control

The conwol action depends upon the phase of the mass
sddivon. Consider a lage constnt pressure (F) chamber with an
Opening whose ares varies &5 Asinw!, Where o 13 the ancular
frequency of veriation. The exit velocity al the opening 5 determined
by the pressure difference (P - Fo) . where Py is the ambiem
pressure and s given by

Py-Py =102 pve (12)
The mass flow rste 15 given by
m= v & st 13

It w3 estumated that the vematon in P, brought sbout by the acousts
flurtuzuons wes very small compared © P and therefore P, 1
asswmed W be constant In OW eXperiments. %‘m: area venaton ves
brought about by the moving blades (minimum area when the blades
are closest and vice verse) and cowd be detrmined by knowving the
deplacement charscensucs of the contol device. The osciliatons
cowd be suppressed by W0 methods & descrived below.

5

t) Method of Wave ceancellztion

In tuz methind the same sirnal source it used W dnve e
loudspesker a2 well a5 te blsdes torming (e vansble ares sht The
phase of te sgnal supplied © the occillatng blades is howvever
adjused (approxmuately 180 degrees out of phase wath Ui pressure
signals) untl the oscillations are completely suppressed. & constant
smount of energy is expended every oycle In addmg the mass © the
system ( the amplitude of m' &5 the same every cveke) and hence the
contel i3 of te open loop type. 1f the Sipnal © the sht blades were
mvered with respect © te shove phase, te osciliations are
amphiied. Both results ave showrn in figure 13, This method is sumilar
o tie one weed by Suvkowsk and Sreenrvasan for the
suppression of Tollmier- Schlichting waves.

b) Method of Feedbark

In tus method the preesure sirnsls obwmined from the
microphone are modified (in both phase and magnitade) and vsed ©
dnve the control device. Convo! {either suppresgion or amplification
of ozeillatons) was achieved by visually sdjwsting the phase of the
volage sinals driving U oscillating blades. The effestof contol is
shown in fizwre {4, Messuwrement usirg & Sound Pressure Level
(SPL) meter mdicated that there was a 15 dB mduction in the SPL
wher te oscilisSons were suppressed. Both the superposition and
the feedback methods are equally effective in contolling the
oscillations; the resson for & burger peak ot the resonance frequency
the power spectum of the pressure signals for tus method of
suppreszion &3 compared © the direct method (figwre 13) & due ©

mherent mechanical hmitatons of the oscillating mechamem. The
blades do not oscillae below & certain threshold wnplitude due ©
fncton in e shdmg pars; hence untl oscillstions are of & certam
magnitude-- enough © generste & voliege beyond tie threshold value
-- the feedback does not function and therefore oscillations wp © &
ceruin magrotude exed slways. This problem i not encountered in
the diect method becsuse the blades were shways dnven by an
extrnal sourve whose megrdtude did not depend on the oscillation
amplitnde. However, the present set up shightly differs from the ideal
Case SINCe WE Wi & COnstant-eneryy extermsd source (oudspeaken) w
dnve the oscillations and this sowrce of mstability does not form a
pert of the feedback loop. In the method of feedback, the enerpy
required decreeses in every cyck axd no energy is expended once the
oscillanons are complewly suppressed.

We are thus able v demonsuste the use of periodic mass
addinon © contml the resonance get up in a ppe by a oudspeaker.
Althouzh both methods of conuol {superpostuon and feedback) are
equslly effectve m suppressmg the cecillations, the feedback 18 &
more efficient way of contol since it not only suppresses the
oscillations but also prevents them from ataimng Jarve amphtudes
sgain. The eneryy required it also minimal since the amplitude of
contro} acuon {m') decresses every cyck and i mimmal once the
oscillations are suppressed (below a threshold velue). In the wave
cancellaton method & constent smount of energy 15 being supphed ©
the oscillatng blsdes every cycle and the extent of contol depends
upon the amphmde of mass eddinon, sinee the resultant of two waves
superposed 15 thelr algebraic swn &t any instant Hence, we nged ©
¥now the exact amphitode a prion or else the comective &c8on can
feel! result in pressure oscillatons if its amplitode exceeds thatduoe ©
the mstability.

Y Control of Organ-Pipe Osciliations in a Combustion
Tunnel :

Ofen, iIn real sysems, the macnitude of the pressure
flucastons 1 so large that ftmizht be dezirable 0 use & combination
of the previously mentoned methods © contol the oscillatons
effecuvely. One such instance 18 the orpan-pipe type oscillanons that
occw in & combuston wmnel Note that control can also be effected
frum seversl stbonz m the systems, ss long es the phase of the
oscillstions can be detenmined at these locatons. In tus secton we
describe & direct apphcauon of ouwr methods eswbliched in the
previous chapers © contol oscillations m the combuston tunnel at
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The dewils of e fanbty are repored elsewhers 12 4
schemate of the faciity s shown m firure {5, A 2.5 gally, 60
degree spray angle nozzle was used © inmect G bowd JP-4 1w 8
swuhng, reciculating air fow, The primary swird ar flov wes
mamtned  constnt throughout the experimentss. The acoustc
characernsues of the wnnel are governed by the length of the tannel
from the bureer © the end of the tal pipe (which i3 &bout 5.3 m), and
the dominant frequency during the tunnel run was about 100 He and
e mode shape which wes determuned by & waversing microphone 1
also shown in figure 15,

Method of control

In the present case, two B0 mesh screens (solidity of abowt 0.7)
werr pogitioned at the velocity antinodes (the veloeity fluctuations ape
msximum &t the sntinodes). These screens had © be properly

remforced (by clamping the edges tightly berween two metsl bands)
due 0 the high velocity in the tarmel (30 m’s). The mesh sze was
srnved at by the blockage and the drag consideratons of the screens
— lower mesh size screens could not suppress the pressure
caciliations sanefactority while higher mesh screens would cavse
luge pressure losses in the sysem. In addition o the screens, four
commercially avallable heating coiks (20 cm in diameter and 2300
Wt each) were positioned 8t x=290 cm. This position corresponds
© the location where the heat sdditon discowrages the pressure
oscillstions. A thin seel wire screen of 45 mesh was sandwiched
between esch pair of heating coils  have wnifom hea! release in the
whole cross-section of the tnnel

Instrumentstion

& Bruel and Kjor sound pressure level (SPL) metr wes used
© measwre e SPL of the tuwel noise dunng combuston. The
Instrnent was placed at x = 256 om and approximately 70 cm from
the center Line of the tunnel A1) measurements were made in the hinear
scale seting. Two FKistler presswre wamsducers {Type 211BS),
mounted atx = 18 cmand ¥ = 127 cm on the walls of the tunnel,
vere used © measure the pressure fuctaatons inside the tunmel The
ouput from the above instruments was also connected b & Nitolst
Spectrum Analyser and an x-y reconder.

Typical power spectrum plot of the presswe signals for the
cases of resonance and Uit running are shown m fizure 16, Now
tist duning inswability swong peaks occw at the fundamentl
resonance frequency as well es it hannonics. These oscillatons were
audible &3 so0n a3 they were above the flow moise. In ow cese flow
noBe was around 96 4B During oscillations (withow contol) the
somnd preszure level (SPL) went up t© abow 116 dB, ie., an
‘Increase of up © 20 dB, and occurred for aimost the entire range of
operating conditions of the tunne! 83 shown in figure 17, With te
additon of the screens and the heat source &t the &PPIOPrdtE places
(& mentoned m Section I1I), there was significant improvement in
the performance of the tunme] &2 seen in the stability marging of the
fizure 17. The swbility bowdary extends over & significant part of the
operating range of the tunnel Further, even when oscillations
occurred with conwol, e SPL war mwh lower than e
comesponding value withow contol. The maxmum SPL with contol
was sbout 106 dB a5 compared © & maximum of 116 4F without
conwol (see fig. 18) and the harmonic content wes swnificantty
reduced.

Higlrspeed movie pictures of te flame indics®d a highly
ocrganized VOrteX mOton in the flame. The laree prezsure oscilistons
sre seen © produce periodially shed voruces from the bp of the
bumer shroud. This causes & perindic vanmaton In the fame front
which 13 responsible for the perindic heat relesse mt ss was
confumed from the luminosity messurements. Th penodic heat
addition serves as the motblity suskinng mechandsm i the sysem;
however, the mswbility tigzening mechanism could be different and
15 not elearly known in the presend sysem,

By using e combinawon of e mevwde of force and heat
addwmwon, te organ-pipe type oscillations In the combuston unnel
were completely elimmard over & significant range of the opersting
condioons. Even m the regions where the oscillations persised, the
sowd pressure level was reduced by at Jeast 10 dB, wvhich & &
fiznifwant reducton i the combuston nowe. The hich-speed movies
grve us & physical nsight into e swong interacton of te fame vith
the pressure oscillations-- & swong organzed vorex mowon
responsible for the pefodic hest release rate 15 produced ot te bumer
due b these oscillstons, and with conto), this imterection s
sicnificanty reduced.

¥Y! Discuszion and Conclusions

The objective of the present research has been © demonstae
the application of the generalized Rayleirh criterion &s & mational thol
for te conyol of combuston inswbikives. The convol erm & given
by eqn. 2 is

. ’ N
c=m'plpy +F' ¥ +Q TIT, - 'I“ﬂ”ox }:) Big Mj
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From each term on the RHS of the above equation a distnct memod
of conyol can be atained, i.e., periodic mass, force, heat and species
generation. The last method, the generation of the chemirsl species
againet the sppropriake chemical potential, has not been explored in
the present work. The use of the firat three methods however has
been successfully demonstrated in several cases of combustion and
fhuid dynsmic mstwhilivies. In all these methods 1t has been shown that
the insabilives could either be amplified or suppressed depending
upon the desired cont) action. Some of the Istabiny examples
chosen are typical of combustion sysems such as Tocket and
e2siles, ramjets and even mduswial and house-hold burners.

In the methnd of heat addition, the periodicity of the heat flux is
dependent upon the velocity field In the system; needless © say that
there 1s & large steady state component of the heat. This is because the
hesting coils had a high Germal inerta (it would tke o long tme for
the coils 1 attain & seady Swe wmperature) and therefore purely
periodic heat sddition could not be effected. Since the experiment
were designed for the purpose of demonststion of the method, the
heating coils were made from the materials avedsble at hand and
hence are Jess efficient as & control device. By the desien of & proper
heat additon device we estumste that the eneryy requirements for
conwol will be reduced siznificanty. This 15 also necessary B
minimize the sddidondl emperatwe incresse due ®© conuol
partrularly when there 1S & thermg) constraint in the ysem. An
atempt In this direction wae made *° where & quick response (low
thermal inerta) heat source made of a gnd of rchrome wire was
torstructed. 1t wes found that the ‘waiting tme' wes reduced by a
facor of two in certain cases. Abo, m many instances it micht be
desirable © use non-invusive hea addition methods, Ow immediatw
research 18 directd wwards such a design. On similar lines as
periodic heating, periodic cooling for suppression of cscillatons s
&lso being explored. In certain solid propellant rocket nstabihities, the
sdditon of stuninium pami}é" have been found © chanze the
charastenisucs of combustion * 9. Such a behavior could be atmibued
© modification of the phase of the heat releaze e by te additon of
these partcles. A sysematc study of this phenomenon would aid in
Uz understnding and conwol of the solid propellamt rocket
instabilines.

In instances where the resonant inswbitities are due 0 s local
heat sddition, thet o, if the heat source & locawd In & place where
periodic heat eddinon aids the build up of oscillations, 1t might be
possible © prevent cscillatons by means of redistibuting the heat
sources uniformly m the svsem. Such & redstibuton could be made
possible by desizn of fuels where & part of the fuel has & ignition tme
delay (such that it bums st 2 staton downstream compared © the
mein combuston zone). In Hgwid fuels this effect can be brought
about by merely having two different sives of fuel droplets.



In (e seeond metiod, exvwms! forces for the contol of
oscillatons have been obtauned by meens of e fhud dynamy drag.
Atvery low Reynolds number, te drag is directly proportions! w the
kngth of tie wire i the screen. Hence, for & larper fluctuatng drag,
the screens have © be of & higher mesh, which means an eregsed
seady swt drag. This swady swe dmg does not contmbut © the
suppression of oscillatons, but reswlt in pressure loss in te fov.
By oscillatng the screen in the proper phase we were able © increase
the effecuvencss of the screen, ie., we cowld uwse & lower mesh
screen: for the same amount of amplitude reducnon &3 thatof a nodly
fixed screcn of higher mesh size. Therefore, in this method we have
been abl  control the phase of the meeracton between the dreg and
the velocity {luctuations in convest © the metiod of heat additon
where the phase s contlied by the heat release chamctenstcs of the
conwol heat  sowrce. Other methods of force additon lke centrifugal
forces and magnetic forces need w be explored if non-intrusive
devices sxe needed © suppress the oscillations.

The method of mass additdon was used for the suppression of
oscillations driven by & loudspeaker. Even in this case we had © have
a stady component of e msss flow raw over vhich there were
flucruators superpased. This was so because the amplitude of the
blade oacillations was limied by device conswaint. Better devices
could efminae the stady mass flow and hence make the contol
more efficient This method could be immediawly Incorporated ©
control the oscillations i afer-bumers, ramjets, et , whers there is
plenty of secordary alr being injected into the combustion chamber
for cocling purposes. The phase relatiore were slso verified by
considering the response characteristcs of all the ~omponents in the
contol] swstm Phase controlled periodic swcnon &3 & mesns b
supprezs the oscillations is yet o be explored.

It s been demonstaed that these methods of contyol can be
used In combinaton when the oscillstions are o large and one
method alone s meufficient o suppress the oscillations. Also, contol
can be apphed from several locatons &9 long as the phase relations
We known An imporant fcatwre of ow method is that 1t is
indeperdent of the source of instability or the driving mechanism. It
has veried from flame-driven oscillations in case of the Rijke tube and
the combustion tunnel, shear laver impingement I cease of the
whistler nozzle and the pipe flow, the later ™o being essentially fuid
mecharical, and the loudspeaker dnven oscillatons in the pipe.
Further, the choice of the conwol method, ie., use of any of the
methods fo7 a given sysem has been demorstrated. For example, the
loud specker driven oscillations cowld be suppressed by either heator
ms3s sddition and the whistier nozzle oscillabons were suppressed by
hegt o1 body force addition. The choice of the contol method in a real
smuation is of course governed by the empersture, pressure loss,
mses flow and other consyain in the system

Orne imporarmt point © bear in mind in the applicstion of all
these methods of conwo! &8 the knowledge of the response
charactentstics of the conwo! device itell. This is essential in order ©
implememt the desired control effect in the contol system. The
question © ask Is whether the contol syzem has the desired
frequency and amplinude response. At hicher frequencies mechanical
contol syzems have drwbacks due © thelr mherent inertis and
hence we need other methods of control like leser induced pressure
pulses, microvave hestng, et. The possibility of contoling the
ascillatinns by applving the continl action &t & reduced frequency {say
2y shold also be explored. ’

In e present work we have destt with only the longitad ims}
modes of cscillatons. Transverse and azimuthal modes of mstability
are also Enown © ocow In combuston chambers. The ssme method
of contro} should in principls be possible even for these modes. The
problem esises only when e swnding wave is not s@tonary but
ozcillates randomly around & mean posiuon (&3 has been observed m
some cases of ramjet inswbiliy). From ow eatlier reswlt we have
seen that the conuol i Ieenziove & wide range of pasitons of the
conto] heater, which implies that a2 long a5 the phase eriterion

I¢] > 900

(where ¢ 15 e phese difference between Ui heat release raw and the
presswre fluotmston) 1 sausfied the oscullanons are dicourafed.
Hence small changes In the phase of hest, mass or momentwn
sdditon do not alter the desmed conwol effect This 13 m direct
conwest ©w Uit weve cancellaton wchmique where the phase
relstonsiup s cnucal for the oscillstons © be cancelled.

Our method of control should hold good for propsratng waves
as well, but the difficulty comes in the wscharg the phase of every
propagatng wave w effect contol However, 1t should be
remembered st 1t s the resonance st leads w e builld wp of the
Iarge amphtude of oscillatiors, and 8 small-amplitude propagating
Presswe Wave may not cause as 3erous a damsge as that of a
resonant instabibty. Also, the metiod outlined can be extended ©
finiw amplivude waves as wel, and is clearly at an advantage since
the wave cancellation echnigue 1s not & possibility here.
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‘whister noczle' and the mode shapes.

Figure 5. The cross-correlation between e presswe fluctuation p'
and U velocity uctuation u' in the pipe. Notice Uit the
most dominant correlation comes at mode IV but there is a
subsantal comelation also at mode 1. (&) no contol; ()
with control.
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Figure 7. Comparison of the effectiveness of different screens. 5y

Screen 3 atx=70 cm S Screen 2 atx= 70 cry; 8y Screen
Latx=70cm; 53" Screen 3 at x= 19 ey 53" Screen 3 at
x= 160 cm.

Figwe 8. Ozcillating screen errangement in the vhistier nozzle.
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Figure 9. Power spectrum and time fraces of pressure sirede in the
whister noczle for (8) no contol, (b} suppression and (c)

amplification. Screen located atx = 70 em.
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Figure 10. Power specuum and ame traces of pressure sirnals in the

whistler noczle for (3 no control, (V) suppression and (c)
amplificabon. Screen bcaed atx = 19cm.
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Figure 11, Arrangement for the penodic mass addition expenment
snd the mode shape of oscilistons set up in the pipe. AU
dimensions are In centneers.
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Ficure 12, Detsils of the control system. (8) Direct method, (b)
Feedbach method.
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Figure 13, Pressure siznals in the pipe during contol by direct
metind. (&) Ho control, {b) Suppression and (c) Amplficauon
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Ficue 14 Pressure sionals i the pipe during control by feedback
method. (&) Mo control, (b} Suppression end (¢ Amplification.
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Figure 15. Combustion tunnc] facility and the mode shape for the fundamental resonance
frequency. Dimensions are In cm
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Figure 16. Power spectrum of the pressure signals in the tunnel Figure 17. Swbility margin of the tunn:] with and without control.
during (8) resonant combustion (b} combustion without
ogcillations.
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Ficure 18. Sound Pressure Level (SPL) during combuston with and
withow! contol.
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