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Abstract

Active control using periodic fuel injection hasthe potentialof suppressingomhustion
instability without radically changingthe enginedesignor sacrificingperformanceln this pa-
per, we carry out a studyof optimal model-basedontrol of comhustioninstability usingfuel
injection. Themodeldevelopedis physicallybasedandincludestheacousticsthe heat-release
dynamics their coupling,andthe injectiondynamics.A heat-releasenodelwith fluctuations
in theflamesuriaceareaaswell asin theequivalenceratiois derived. We shav thatareafluctu-
ationscoupledwith the velocity fluctuationsdrive longitudinalmodesto resonanceausedy
phase-laglynamicswhile equivalenceratio fluctuationscandestabilizebothlongitudinaland
bulk modescausedy time-delaydynamics.Comparisonsare madebetweenthe modelpre-
dictionsandseveralexperimentaligs. Thedynamicsof proportionalandtwo-position(on-off)
fuel injectorsareincludedin themodel.Usingthe overallmodel,two differentcontroldesigns
areproposed.Thefirstis anLQG/LTR controllerwherethe time-delayeffectis ignored,and
the secondis a Posi-Castcontrollerwhich explicitly accountsor the delay Injection at (i)
the burning zoneand(ii) furtherupstreamis considered.The characteristic®f fuel injectors
includingbandwidth authority(pulsed-fueflow rate),andwhetherit appliesaproportionalor
a two-position(on-off) injection arediscussedWe shawv thatincreasingauthorityandband-
width resultin improved performance.Injection at (i) comparedo (i) resultsin a trade-of
betweenmprovedmixing andincreasedime-delay We alsonotethatproportionaiinjectionis
moresuccessfuthanon-of injectionsincetheformercanmodulatebothamplitudeandphase
of the controlfuel.

Intr oduction

Comlustioninstability hasbeenwidely obsenedin premixed comhustionat nearstoichiometric
operationin high-povercomhustorg1]-[4] aswell asatleannearflammability conditionsin low-

emissioncomhustors[5]-[7]. Active control hasbeenrecognizedas a promisingtechnologyto
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abatecomlustioninstability in practicalsystemg5]-[11]. Among the variousmethods,control
usingperiodicfuel injection hasbeenobsenedto have the maximumimpacton instability using
the smallestfraction of the systemenegy. A systematicactive control designfor pulsing fuel
that canguaranteeptimal androbust performanceover a wide rangeof operatingconditionsis

thereforehighly desirable.

It haslong beenrecognizedthat comhustion instability is governedby strongcoupling be-
tweenthe heatreleaseand the acousticfield of the comhustor chamber[12]. While acoustics
is well knowvn andcanbe modelledaccurately{13], heatreleasedynamicsremainsa challenge.
Most currentdesignsare basedon phase-shifalgorithmswhich succeedover a small rangeof
operatingconditionswherethe frequengy and phasecharacteristicglo not vary significantly In
addition,their behaior is not optimalin termsof fuel consumptionsettlingtime, androbustness.
In orderto designan efficient active controllerthat candeliver guaranteegherformancea model
of the actuatedcomlustorthat includesthe comhustioninstability and the underlyingdominant
interactionsbetweeracousticsandthe heatreleasethe actuatordynamicssuchasits bandwidth,
nonlinearities authority delay effects,andeffectsof operatingconditions,actuatortype, andac-
tuatorlocationsis highly desirable.In this paper we develop a generalmodel of the acoustics,

heat-releasdyel-injector andvariousinteractiondbetweerthesecomponents.

Theresponsef heat-releaseatefor variousperturbationsn theflow-field is slowly beginning
to be understood.Of these,perturbationgdue to velocity and equivalenceratio are two mecha-
nismswhich appearto affect heat-releaseatein a dominantway. The heat-releaseesponséeo
perturbationgn the velocity throughareafluctuationswas first quantifiedin [14] to establisha
reduced-ordemodelof comhustioninstability [15] in alaminarflow, andlateradoptedn [16] and
[17] to establishinstability undermoreturbulentconditions.Theheat-releaseesponsé¢o perturba-
tionsin theequivalenceratiowasobsenedexperimentallyin [18, 19, 20], with preliminaryresults
relatedto theirmodelingreportedn [21, 22]. While bothmechanismsandestabilizdongitudinal
moded9, 23, 19, 24], bulk modesaremorestronglyaffectedby thelatter[8, 21]. In this paperwe
derive a generakheat-releasenodelthat captureghe effect of both velocity andequialenceratio
perturbations We usethe sameflame kinematicsequationasin [14] andderive a reducedorder
modelof the heatreleasalynamicsassuminghatwe have conditionsof high Damkohlernumber

weakto moderateurbulentintensity andthatit is a thin sheetseparatingeactantsandproducts.



Theacoustiomnodesareassumedo beeitherdueto a bulk-modeor alongitudinalmode.Coupling
theheatreleasanodelandtheacousticsye derive theinstability conditionsfor thecomhustor We
show thattwo differentperturbationg€ancauseheinstability, wherethefirst is dueto equivalence
ratio fluctuationsand a corvective delay while the secondis dueto velocity fluctuationsand a
propagatie time-delay The modelpredictionsin thefirst category arecomparedo experimental

rigsin [19, 20, 8, 25] while thosein the secondarecomparedo [26, 23, 27,28, 9, 29].

The performanceof the active controlleris tightly correlatedwith the performanceof sensors
andactuators.While high-bandwidthdevicesof the first are available,e.g., pressurdransducers
andheat-releassensorsactuationby meansof fuel injection consistsof low bandwidth limited
authority time-delaysandnonlinearitieqin theform of dead-zonesaturatiorandon-off effects)
[30]. It is thereforeimportantto modeltheseeffectsandincludethemasmuchaspossiblein the
controldesign.Theimpactof ideal actuatorson comhustiondynamicswasstudiedextensiely in
[31] whereit wasassumedhatthe actuatorhasa very high bandwidthandfree of nonlinearities
aswell astime-delay In this paper we studythe effect of all of the above deviationsfrom the
ideal case. The mostdominanteffect of the actuatordynamicsis a time-delayandoccursdueto
thedistanceof theinjectionlocationfrom the burning plane.This effectis modeledexplicitly and
takeninto accountin the controldesign.Usingthe combinedmodelof the comhustiondynamics
andthefuel-injectormodel,two differentcontroldesignsareproposedn this paperwhichinclude
(1) an LQG-LTR controller and (2) a posi-castcontroller The former is utilized for the case
whentheinjectionis at the burning zonesincethe time-delayspresentaresmall, while the latter
is relevantwhentheinjectoris upstreanof the burning zonesinceit introducessignificantdelays.

In all casestheimpactof bandwidth,authority andnonlinearitiess investigated.

2 Physically-BasedCombustor Model

In this section we modelthe comhustorheatreleaseacousticandinhomogeneitydynamicsand

we investigatethe couplingbetweernthesedynamicsandthe susceptibilityto instability.



2.1 Heat ReleaseDynamics

Modeling of the heatreleasedynamicsis a challengethat hasbeencloudedby the intricacy of

turbulentcomhustion. Oneway of alleviating the complexity is by modelingturbulent premixed
comhustion,at high Damkohler numbersandweakto moderateurbulenceintensity aswrinkled
laminar flames[2], andfirst usedin [14] for comhustioninstability modeling. We carry out a
similar procedurebelon but with the exceptionof incorporatingthe effectsof perturbationsn the
equvalenceratio aswell. Thefollowing assumptionsremadeto derive our model: (i) Theflame
is athin interfaceseparatingeactant@ndproductsandis insensitve to pressuregerturbation$s].

(i) Theflamecanmodelturbulentpremixedcomtustionif conditionsof high Damkohlernumber

andweakto moderatdurbulenceintensityprevail [2]-[32]. (iii) Theflameis weaklycorvoluted.

Undertheseassumptiongheflamesurfacecanbedescribedy asingle-\aluedfunctioné(r, t)
which representgheinstantaneouaxial displacemenof theflamée', andthetotal heatrelease(y,

is proportionatto theintegral of this surfaceover ananchoringing:

0 0

X = X s (f) 1, M

ot

Q = w6 [ «1+ 2)
where S, is the burning velocity, x(¢) = 2mp,S, h.(9), py is the densityof the unkburnt

mixture,and Ah, is the heatof reaction.To derive a linear model,the effectsof perturbationsn

bothu and¢ will beconsidered.

Assumingneggligible velocitycomponenin theradialdirection,andlinearizingaroundnominal

valuesz, S, andé(r), denoting(.) and(.)’ assteadyandperturbationrespectiely, we get

og o&'  0E dS,| ,
R = a‘b’ 3
with boundaryconditiong
¢(Rt) =0V, g(r,0) =0Vr (4)

1We considetherea flamestabilizedover a perforatedplate, R is theradiusof the perforation.
2|t shouldbe notedthat with the appropriatechangein coordinatesand boundaryconditions,Eq. (3) canalso
represenflamesstabilizedbehinda gutter[17], or adump[16].



Similarly, the unsteadyheatreleasecanbe linearizedby consideringjn additionto finite ', per

turbationsn Ah, andS, dueto ¢’ to obtaintherelation

! R ! li
Q') = R/O €' (r,t)dr + dyd, (5)
wheré
_ _ _ dAh, _ ds, R _
K = 2mpy,SyAh,, and d, = 2mp, (Su W $+ Ah, w 5) (/0 r&dr) )

It is worth notingthattheflameareafluctuation,A’;, is givenby A’ (t) = 27 JEE (r, t)dr. This
with Eqg. (3) shows thatthe flameareais affectedby bothu' and¢’, andthe areain turn impacts
Q@' asshavnin Eq. (5). Thisalsoshavsthat ¢’ affectsdirectly ' andindirectly throughthearea

fluctuations.

It shouldbenoticedthatin Eq. (3) theflamearea(representetly ¢') is affectedby bothforcing
in u' and¢’, which in turn affectsthe heatreleasdandirectly asshovn in Eg. (5). This latteralso

shavsthat @’ is directly affectedby ¢’ andindirectly throughthe effect of ¢’ onareafluctuations.

Equation(3) canbe manipulatedurtherandsolvedfor ¢’ in the Laplacedomainas:

)
wheres is the Laplaceoperator Differentiatingeq. (5) with respecto time, andusingEq. (3), we

get

dSu _¢'> dr + dyd | 7)

whichis integratedover r, as

N _ R OE dS,
Q = E(Ru'—Suf'(O,t)—f-/O a—f a5

_¢'dr) +dy. 8)
¢

TakingtheinverselLaplaceof Eq. (6) atr = 0, andsubstitutingn Eq.(8),aftersomemanipulations,

we get

Q, — dou' +d, (u'Tp(t)) + dy (‘15,7,, (t)) +dsd + dyd' 9

SThefactor 5%«

_is positveand % _isalsopositvewheng < 1.
¢ [



where

t
() & [ a(Qdc (10)
s, e
d() = KR, d1 = —K Su, d2 = IiSu a¢ a or 0,
dy = —EaSuE(O), R = 2mpAh,S,, Tf= _E

0¢ Su
7; representghecharacteristipropagatiordelayof theflamesurfaceinto thereactantslow. Note
thatfor the classof flamesconsideredn the paper the slopeat the flametip, which is typically
conical,is zero,andthereforethethird termon the right-hand-sidef Eq. (9) canbe omitted. We
alsonotethatif thedominantinstability is dueto the bulk-mode,it impliesthatthe velocity fluctu-
ationsu’ arezero. Hence,unsteadyheatreleasecanoccuronly if equivalenceratio perturbations

arepresent.

2.2 Acoustics

The hostoscillatorsresponsibldor the comhustion instability, in most cases.are generatedy
residentacousticmodes. Theseare typically, Helmholtz-type,longitudinal, or trans\erse,with
the type of modedeterminedoy the geometryof the comhustionchamber Helmholtz-typecom-
bustioninstabilities(alsoknown asbulk modeinstabilities)are characterizedby low frequencies
and no spatialdependencéor the pressureunlike longitudinalmodeswhich resonateat higher
frequenciesaandvary with the spanof the comhustordependingon the boundaryconditions[24].
Comlustorsexhibit low frequengy instabilities,e.g.[16, 8], blamedon bulk modes.The origin of
aHelmholtz-typeresonanc¢l3] is the couplingbetweera compressiblesolumeof gasin alarge
cavity creatingarestoringpotentialenegy for anoscillatingmassof slugflow gasin anarrov neck
attachedo the cavity. Theslugflow couldoccureitherattheinlet or exit piping to the comhustor

chambemherethe flameresidesandwhich canbe considereasthe cavity (seeFig. 1).

The governingequationf the Helmholtz-modearederived formally belov by usingthefol-
lowing assumptions(i) Theflow is assumedne-dimensionandincompressiblén theducts.(ii)
Thevolumeof the comhustorchamberis larger thanthatof eachduct. (iii) The gasbehaesasa

perfectgas,andis inviscid.
Applying the massandenegy conserationsin the comhustorportrayedin Fig. 1, andusing
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Figurel: Schematidiagramof a comhustorexhibiting a Helmholtz-typeresonance

the perfectgasstateequationthe perturbatiorof the pressuren the comhustorcavity aroundthe

steadymeancanbeevaluatedas

dp/ 1 . .

- = T (Cf m'y —c2m' o +(y — 1)Q}) , (11)
whereV is the volumeof the cavity, m is the massflow rateof gas,c is the speedof sound,and
thesubscripts ande denotenlet andexit, respectrely. Usingmomentumandmassconseration,

the perturbedncompressiblélow in the ductssatisfies
d ]

dt ox

whereA andL arethe cross-sectionadreaandlengthof theslugflow in the j** duct,and;j = i or

= _Aj (Lj7 t), (12)

e. By substitutionin Eq. (11), we get
p 1 (., 0p 5, Op. v —1dQ%
dt2 +V (CZAza—x(Lz,t) —CeAea—x(Le,t) = TW

Assumingthattheinlet andtheexit ductsareacousticallyopento theatmospherg,e.,thepressure

(13)

L. . . . .. ap
distribution in the ductsis negligible, hence, 2

Z(Lj,t) = f—J andthis resultsin the following
oscillatorequationfor the pressuren the comtustor:

d2pl dpl -1 )
T T e e = i), (14)




_ C?Ai CgAe
wherew = v T Ty

is the effective Helmholtzfrequeng [13] associatedvith a comhustor
connectedo ducts.Thepassve dampingn thecomhustordueto differentdissipatiorsourcese.g.

heat-lossandfriction, is accountedor in the naturaldampingratio, ¢.

The governingequationdor alongitudinalmodecanbe derivedin a straight-forvard manner

[24] andareof theform

82])/ o a2p/

o~ Coh = (1= D), (15)

wherep is the pressureandz is the meanspeedf sound.

Egs. (14) and (15) denotethe acousticdynamicsfor a Helmholtz mode and a longitudinal
mode,respectirely. In whatfollows instabilitiesarising from either of thesetwo modeswill be
considered.The sameapproachcan be usedfor trans\ersemodesaswell (for example,screech
modesin rockets[33]). In whatfollows, we also assumehat flamesare localizedcloseto the

anchoringplane,sothatq’(z,t) = ¢'(t)6(z — z).

Usinganexpansionin basisfunctionsfor bothEqgs.(14) and(15) as
px,t) = pY_vi(x)mi(t), (16)
=0

wheret), is a constantsinceit correspondso the spatialvariationin the bulk-mode,; () =
sin (k;x + ¢q0), 4 = 1,...,n, andk; andg;, determinedrom theboundaryconditions.Performing

aweightedspatialaveraging the modalamplitudescanbe shown to follow [24]:
i + 2Cw; s +wins = Y bi df (17)
=1

whereby = v — 1/V, by = ya,¥s(xs)/E fori = 1,...,n, E = [ 42 (z) dz, v is the specific
ratio, a, = %, ¢ representshe passie dampingratio in the comhustof, L is its length,wi =

\/ Lﬁ” , V is thevolumeof thecomhustor, A,, andL,, arethecross-sectionareaandlengthof the

inlet/outletneckconnectedo the comhustor andw; = k,;¢,7 =1, ..., n. Typically, wy << w;, for

1=1,...,n.

“Dissipationin acomlustorcanbe causedy heatlossesn theflamezoneandfriction dueto viscouseffects.



2.3 Coupling Dynamics

In Sections2.1 and 2.2, we analyzedheatreleaseand acousticandividually. Here, we investi-
gatethe physicalcoupling betweenthe heatreleaseand the acousticswhich will drivesthemto

resonance.

In the casewhena Helmholtz-typeresonancas triggeredin the comhustor, the acousticve-
locity is very smallin the bulk andthe possiblecoupling betweenheatreleasefluctuationsand
acousticss throughthe pressure Undersuchconditions,we canassumehatu’ ~ 0[22]. How-
ever, couplingcanbe producedhroughperturbationsn the equivalenceratio, which in turn can
occurdueto feedlinedynamicq16]. In particular if eithertheair or fuel-flow feedsis chokedand
theotherfeedis uncholed, ¢ canfluctuate.In generalthefuel nozzleis morelik ely to be choked
thantheair duct[16], andtheinstantaneousquialenceratio ¢, attheexit of the fuel nozzledue

to air flow fluctuationss determineds:

0
0s = 1+u./u (18)

whereu, denoteghe velocity at the fuel supply andis similar to a relationusedin [16]. When

linearized we obtainthefollowing relation:
¢ = -2u (19)
u
In addition,thereis a corvective delay, dueto transportag from the supplyto theburningplane

of theflame,andhence,
¢ = Bt —T) (20)
wherer, = L/a.

The equialenceratio perturbationsin turn, canberelatedto the pressurgerturbationsn the

comhustorby consideringhe momentunconserationin theinlet duct,

Ou; 19
ot p; Ox
whereu; andp; denotethe velocity and the pressureat the inlet duct, respectrely. Whenthe

= 0. (21)

dominantacousticmodesare longitudinal, both perturbationgn « and ¢ caninduceinstability.

Thecouplingbetween: andp canbe determinedisingthe enegy conserationequationas

op’ ou'
L= = (v=1)¢ 22
5 TP 5, (v—=1)q (22)



Combining the acoustics heat-releaseand corvective lag effects, we obtain the following

equations:

i+ 20w + wi = b [dou +d1( ())+d2(¢ ())+d3¢(t—7'c)+d¢¢ t—TcX]23)

This indicatesthattwo differentcouplingmechanismsre possibleexcitationsfor the acoustics,
oneresultingfrom the velocity perturbations,” andthe otherfrom equivalenceratio perturbations
¢'. Eq. (23) alsoindicatesthattwo differenttime-delays;-y andr, caninducetheseexcitations,
onearisingfrom propagatioreffects,andthe otherfrom convection. An additionalpoint to note
from (23)is thatif thedominantpressureanodeis thatof a bulk-mode,thenit canbe excitedonly
dueto perturbationsn the equivalenceratio. However, if longitudinalmodesarethe onesthatare

dominantthey canbe excitedeitherby u'-perturbation®r by ¢'-perturbations.

Thecompletecomhustiondynamicss thereforedeterminedy (23) andthe couplingrelations
givenby (20), (21) and (22). For easeof expositionwe assumehat only one acousticmodeis
presentandsetr;, = rn. Thefirst or the latter two will be the governingequationdependingon
whetherthedominantvariationsarein v’ orin ¢'. If thevariationsaremainlyin «’, thenEqgs.(23)

and(22) canbecombinedo obtaintherelation

+ (2w =)+ W +y)n— vyt —74) = 0 (24)
where
e U = =
v1 = RRbE, Yo =K Sybe c= W@p, b="b

andif they aredueto ¢’, thenEqgs.(23), (21),and(20) canbe combinedto obtain

i+ 2Cwn + win — Bin(t — 72) + Bomi(t — 7e) — Bsti., = 0, ni(t) = /Ot n(¢)d¢ (25)

where
B = 2mpb? AANE (— dAh, o G 45 )(/ rEdr) b = 2mp b2 Bk AR, S, fb £(0)
b = —bﬂwﬁ ddfb

At the acousticfrequeng, the impactof the second-ternon the right-hand-sideof Eqg. (25) is

typically smaller Hencea simplifiedversionof (25) canbe analyzedn theform
i+ 2wi +w?n— Bt —7.) = 0. (26)
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It is interestingo notethatthe structureof (26) is identicalto thatof (24) with thedifferenceonly
dueto the parametersThis impliesthattime-delayeffectsare presenbothin the presencef u'-
and¢’-perturbationswith the distinctionthatwith «’, thetime-delayis dueto 7, whichis dueto
flame propagationandwith ¢', the delayis dueto 7., a corvectioneffect. The otherdistinction
is in the dampingeffect; in the former, if ~; is positive, evenin the absenceof ary time-delay
instabilitiescanbe presentin thelatter, onthe otherhand,instability is only dueto thetime-delay

7.; thedampingeffectis stabilizing.

The above discussionsndicatethat the generalclassof modelsthat describethe comhustion

instability areof the form of
ii + 2Cwn) + (w* —k)n+ kan(t—7) = 0 (27)

with (o, w, k1, k2 andr takingdifferentvaluesdependingon whethertheinstability is dueto v’ or

¢
3 Instability Properties

In [34], stability boundsfor both second-ordeandthird-orderdelayedordinarydifferentialequa-
tions of the form of (27) and(25), respectrely, wereinvestigated.The highlightsof [34] thatare

relevantfor our discussion$erearebriefly statedoelow.

For a systemof the form of (27), threepossiblestability characteristiceanoccurin general:
(i) the systemis alwaysstablefor all 7, (ii) the systemis stablefor 7 € [0, 7*] andunstabléeor all
T > 7%, and(iii) thesystemalternatebetweenstability andinstability as7 increasesTheresults
of [34] outline conditionson the parameters, w, k;, andk,, for caseg(i)-(iii) to occur For case
(iii) to occur it is necessaryor k; < w?. In mostof the comhustorsunderconsiderationit canbe
showvn thatthelatteris satisfied which impliesthatthe modelin (27) predictsbandsof instability.
It is interestingto notethat mostexperimentalresultswhere ¢’-fluctuationsoccurillustrate such
bands.In thefollowing section we make moredetailedcomparisondetweerthe bandspredicted

by our modelandexperimentakesults.
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3.1 Comparisonwith Experimental Results

3.1.1 Instability dueto ¢’ fluctuations

We now compareheinstability characteristicpredictedby themodelin (27) with the four exper

imentalresults[19, 20, 8, 25]. In thefirst threecasesthefeedlineconsistedf a chokedfuel-line

andan uncholed air-feed. In [20], they also studiedthe casewhenthe fuel-line was uncholed
andtheair-feedwaschoked. In [25], the correspondingletailsare not given,thoughfluctuations
wereobsenedto be presentat the outlet of the fuel-line. Suchfeedlinecharacteristicén turnin-

troduce¢’-fluctuationsasshavn in section2.3. Below, we considereachof thesefour resultsand
shav how theinstability characteristicaspredictedoy themodelin (27) comparewith theresults
reportedn [19, 20, 8, 25].

In [20], measurementsf the pressuremplitudefrom differentexperimentsvheretheposition
of theuncholedfuel inlet waschangedhencechanginghecorvectivedelayr,, werecollectedasa
functionof 7. /7,.. 7, IS theacoustianodetime-constantit followsthatr,. = 27 /w. Theunstable
regimesclusteraroundr, /7. = 0.65and1.6 whichis in agreementvith our model. We neglected
the effect of dampingin all four casessinceit is small,anddifficult to quantify. Therefore( was

setto zeroin Eq. (27). Theresultsin [34] shav thatinstability occurswhen

n+1 T, n—+ 2
< <

forn=0,2,4... (28)

2 Tac

which encompassee unstableregionsin [20]. In addition,in [19], instability occuredat 0.5 <
7./Tse < 1.0, whenthefuel inlet wasuncholedin perfectagreementvith our model(seeFig. 2).
It is worth noting that the acousticmodewasthat of a quarterwave in [19], anda half-wave in
[20].

The instability modein [8] correspondso that of a bulk-modewith w = 200 Hz where¢'-
fluctuationswere obsened to be present. Basedon the experimentaldataprovided in [8], we
calculatedr, = 3.1ms, leadingto 7./7,. = 0.62, which matcheghe modelpredictionsfrom Eq.
(28).

Our final comparisons with the resultsof [25], wherethe instability characteristicsvereob-
senedto vary with L, the distanceof the fuel-injectorfrom the burning zone(seeFig. 7 in [25]).

The papershaws thatinstability is alsodependenbn the valueof ¢. As the latter decreaseghe
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Figure2: Instability bandmeasuredn [19] vs. our modelpredictions(shadedarea).

instability vanishesOur modelcanpredictthis behaior sinceg, affects3; in Eq. (26). According
to [34], as¢$, andhences; decreasesandbelow a critical valuefor the latter, the systemwill be

stableirrespectve of theamountof delay

3.1.2 Instability dueto u’ fluctuations

In severalof theexperimentabktudiesthefeedlinedynamicsvasdecoupledrom theburningzone,
but the pressurenstabilitieswerestill obsenedto be presentln [26, 23, 27], thoughthefuel inlet
is choked andthe air inlet is uncholed, the pressurdluctuationsat the mixing sectionare small
comparedo thoseattheburningzone whichin turnsuggestshatthe ¢’-fluctuationsarenggligible
aswell. In [28], the fuel andair-streamsare introducedusing similar meanswith neitherbeing
choled. In [9], apremixer upstreanof the cold-sectiorof the comhustorwasintroducedo ensure
thoroughmixing. In [29], a similar arrangemenis madeto decouplethe feed-lineperturbations.
Theseobsenationsindicatethata mechanisndifferentfrom ¢’-fluctuationsis indeedresponsible
for introducingtheresonanceOnesuchpossiblecandidates «'-perturbationsin [24, 15], amodel

hasbeenderived undersuchan assumptionandshownn to comparefavorably with experimental

13



resultsin [23, 27, 35 for laminarflow conditions.On the otherhand,theresultsin [28, 29,10, 9],
the flow velocitieswerein the turbulentregime. The questionhereis, whetherthe modelin (27)
canpredicttheinstability reportedn thesefour papers.In both[29, 9], the quarterwave modeof
the hot-sectionis driveninto resonance This impliesthat~y; in (24) is negative andhence(, in
(27) is positive. But asindicatedby the resultsin [34], instability canstill occur The modelin
(27) indeedpredictsinstability, which occursdueto the propagatiordelay ;. In particular ast;
increasesbandsof instability occur asindicatedin Eq.(28). Oneof the quantitiesthatcancause
s to changss ¢, sincer; = R/S, andboth R and.S, changewith . It is interestingto notethat
in [9], it is obsened(seeFig. 6 in [9]) thatinstability bandsndeedoccuras¢ changesAs pointed
above, in this particularexperimentaket-upcarewastakento decoupleary ¢’-perturbationgrom

theburningzone.

It appearshatsimilarmechanismarepresentn [29, 10, 28] aswell, thoughmoreexperimental

studiesneedto be carriedoutto supportour hypothesis.

3.1.3 Instability with Diffusion flames

In a numberof experiments,a diffusion flame ratherthan a premixed flameis presentand still
known to resultin instability (for example,[36, 37, 11, 30]). Our modelpresentedn this paper
is not applicabledueto the assumptiorthat the flameis premixed. A more indepthstudy of a

diffusionflame-modemaybenecessarin orderto identify thepossiblemechanismsf instability.

Yet anotherassumptionin our modelis that the flame-perturbationgre localized spatially
Thereforein rigs wherethe perturbationsare presentn a distributedform (asin [5]), the model
presentedheremay not be appropriate In [38] relevantmodelshave beenpresentedy assuming

a certainspatialdistribution of the flame.

4 Control

In this section,we investigatemodel-basedaontrol stratgies for abatingcomhustion instability
usingsecondaryuel injection. A pulsatingfuel injectordeliversoscillationsin the mass-flov rate

in responsdo a voltageinput. The injector dynamicsis modeledfrom first principles,bothin
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Figure3: A schematiof atypicalinjector.

the casewhenthe mass-flov rateis proportionalto the input voltageandin the casewhenthe
injector operatesn anon-off mode. We assumehatthe pressuresignalis the measurecabutput,
usinga pressurdransducer The transducedynamicsis neglectedsinceit typically hasa much
higherbandwidththanthe comhustiondynamics.We thendevelop active control stratgiesusing
the modeldevelopedin section2 for the comhustiondynamicsandthe fuel-injectormodel. We
study the caseswhere an injector locatedat (i) the burning zoneor (ii) further upstream. We
assumehatthe comhustiondynamicsis determinedy severalcoupledacoustiomoded24]. The
controldesignis carriedout for the casewhenthe instability is primarily inducedby fluctuations
in the flameareacoupledwith the acoustics.We referthe readerto [21, 22] for investigationsof

instability causedy equialenceratio fluctuationsandits control.

4.1 Fuel Injector Dynamics

4.1.1 A Proportional Injector

Theinjector systemconsistof anelectro-mechanicaglartandafluidic part,wherein the former,
theinputvoltagegeneratesnelectro-magnetifield thatcauses poppetto move againsta spring
(asseenin Fig. 3). Themotionof the poppetcontrolsthe apertureof theinjectorallowing fluid to

flow.

Theelectro-mechanicglartrelateghevoltageF to thepoppetpositionz throughtheelectrical,

electro-magneti@ndmechanicatomponentsywhich canbemodeledas

"

E=i&+@é+ﬁ (29)
dx

-~ B.% 30

V o (30)

F, = Bl (31)
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m—— +b—+kx = F,, (32)

wherei is the current, F;,, is the magneticforce,  denotesthe motion of the armaturein the
directionof the magneticforce, R,, L., B., and! denote the resistancef the solenoidcoil, the
inductanceof the coil, the magneticflux density andthe length of the armaturewhich moves
orthogonalto the magneticfield, respectiely. m, b, andk representhe effective mass,damping,

andthe stiffnessof thearmature/poppetystem.

Thefluidic partcanbemodeledusingthe unsteadyBernoulliequationandthe conseration of
massacrosgheinjectorassumingncompressibldlow. The unsteadyelocity, v, canbe obtained
from the former appliedbetweenthe inlet to the valve which is connectedo a pressurizedank
(wherethe flow velocity is &~ 0, andp = p,), andthe outletto the comkustorwherep = p., and
Ap =p, — p., as

dv

i
phigy

S’ = Ap (33)

In casesmallperturbationsn p. affectthevelocity out of theinjector, the unsteadyvelocity out of
thevalve, v, is linearizedas

!

v ' —De
wid—— = , 34
T fluid dt v V2App (34)

whereTy,,a = Li/\/2Ap/p is thefluidic time constantand L; is the distancebetweerthe tank
andthe valve’s outlet. 7,4 is negligible for conditionswhereL; << 1m, Ap is large (whichis

expected)andp is small(O(1kg/m?) for mostgaseousuels).

Themassdflow rate,definedasm; = pvA, is perturbedassumingpscillationsin v (causedy

thedynamicsn Eg. (34)) and A (causedy the motionof the poppetz), as
my = pAv' + prA, (35)

wherewe assumed’ = k,z, andk, > 0. Equationg34) and(35) describethe fluid dynamicsdue
to perturbationsn p!, and/orz. In mostpracticalcasesAp is largeto guaranteehoked conditions

in the injector’s dischage, thus, the first termin the RHS of Eq. (35) canbe neglected. Using

5In the caseof liquid fuels, the time constantcan be comparableo the acousticgime constantdueto large p,
O(1000kg/m?).
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T = ,/% from Eq. (33), we simplify Eq. (35) as

A
W = kopy Tpa:. (36)

Equationg29)-(32)and(36) determingheinput-outputrelationbetweerthefuel-injectorinput

E andtheoutputriz; whichis expressedn the Laplacedomainas:

-1
) i , @7
E(s)  (Tes+1)(ms?+bs+ k) + B21?/R.s

wherek, = Belkop\/ 22/ R..

In mostsolenoidsystemsthe armatureelectrictime constanty, = L./R., is negligible com-
paredto the acousticdime constan{39]. In thesevalves,the stiffnessof the spring, k&, is large,
for afastclosingof the valve, whenthe voltageis turnedoff. Also, the mass,m, of thearmature
is very smallin mary of the typical injectorsto minimizeinertiaforces[39]. The dampingterm,
b, containsthe overall dampingincluding stiction andfriction, andtypically is large. Thus,the
mechanicakystemcan be simplified as a first-ordersystem;a damperspringsystem[40]. The
mechanicatime constantusuallylimits the bandwidthof typical injectorsto approximatelyl00
Hz. (Notethatothereffects,suchasimpactdynamicsarenotincludedhere,sincewe expectthem

to be of higherfrequencieshanthe comhustordynamics).Thus,Eq. (37) is simplifiedas

m'e(s) k,T,
f _ vim
E(s)  Tus+1’ (38)

wherer,, = (b + B2I?/R,)/k.°

4.1.2 A Two-Position (on-off) Fuel injector

Somefuel injectorscurrentlyusedfor comhustioncontrol[11, 30, 37] operateonly betweerntwo
positions,on andoff. Unlike the proportionalinjectorsdiscusse@bove, the physicalstopsplay a
more prominentrole in the dynamics.However, onecanstill modeltwo-positioninjectorsin the
samemannerasabove by includingthe effect of the physicalstopsasa saturatiorblock together

with Eq. (38) asshavn in Fig. 4. A two positioninjector is turnedon after the voltageinput

6For moreadvancedproportionalinjectors,internalfeedbacKoopsexist (usingfor examplea positiontransducer
for the armature)to guaranteeccuratemetering,andincreasets bandwidth,e.g.,a Moog DDV proportionalvalve
hasa bandwidthof 450 Hz [41].
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Figure4: Block diagramof atypical two-positioninjector.

overcomesa certainthreshold,thus creatinga dead-zonen the control input (seefigure) which

will bediscussedurtherwhencontrolis implementedn Section4.3.

An additionalpoint to noteis the distinctionbetweenthe injector dynamicsduring transition
from closingandopening. Typically, the injectoris over-drivenby a high voltagein the opening
modeto ensurefastopening. The openingtime constants differentthanthe closingone. This
effect canalsobe includedin the injector model,asseenin Fig. 4, by assuminghat ,,, varies
betweerntwo valuesr,,, andr,,, dependingon whethertheinjectoris transitioningfrom off to on
oronto off. Notethatr,,, = 7,,, (asdefinedbefore)andr,,, = b/k. We referthereaderto [42] for
moredetailsregardingthis modelwhenvalidatedagainstwo differentinjectors,Parker 9-130-905,
and9-633-900"

4.2 Actuated Combustor

Denotingthe contribution of the fuel injector to the equivalenceratio as ¢.,, we have that ¢, =
% /a,, wherem, andq, arethe meanair massflow rate,andthe stoichiometricfuel to air ratio,
respectrely. We assumehat ¢!, is uniform radially, andthat perturbationsare carriedintact by
the meanflow to the burning zone, after a time delay 7., wherer, = L./u, L. is the distance
betweertheinjectordischage andthe burningzone,andz is the meanvelocity of thereactantsn

the comhustor

FromEqg. (23), theimpactof ¢, onthe comtustiondynamicscanbetakeninto accountas

. b; .
il + 2w iy +win = - [FRu' + die(t — 7.)] (39)

C

7It shouldbe notedthatwheninertiaforcesin thearmatureareimportant,a second-ordefuel-injectormodel,with
high damping,is moreappropriate The experimentaimeasurements [37] for a GeneraValve Series9 modelshov
similar dynamics.
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fori =1,2,..,n, wherei denoteshe modenumber

4.3 Control Design

4.3.1 Injection at the Burning Zone

Injection at the flame hasshonvn successn several experimentalfacilities [11, 30, 37], andin

a practicalfull-scale 170 MW gas-turbinecomhustor[10]. We carry out active control design
assuminghatthe injectionis at the flame, usingthe modelin Eqg. (39) while 7. & 0, together
with theinjection dynamicsdescribedoy Eq. (38). Theinput-outputmodelrelationbetweenthe

injectorinputvoltage,E, andthe pressurey’, is givenby

(40)

whereW,(s) is thetransferfunctionof afinite-dimensionamodelof thecomtustor &, Z,(s) and

R,(s) arethecorrespondingain, numeratolanddenominatarrespectiely.

An appropriateoptimal control for the finite-dimensionakystemasin Eq. (40)is LQG/LTR
[43]. Its succesdies in its ability to generatesatishictory performanceover a wide rangeof fre-
guenciesunlike phase-shifcontrollerswhich candestabilizestabledynamics[44, 15]. Experi-
mentalvalidationof the LQG/LTR for comhustioncontrolhasbeendemonstrateth [42, 35, 45].
In [35], asimilar physically-basedhodelwasusedwith aloudspeakrasanactuatorin [42,45],a
system-IDapproachbasedn subspacandARMAX methodd46] wasusedto supprespressure
oscillationsin a dumpanda swirl-stabilizedcomhustors,respectrely, using pulsedinjection. In
this paperwe shav throughsimulationstudieshat LQG/LTR canalsobe usedsuccessfullypased
onaphysicalmodel,usingfuel injectorasanactuator For detailsof the LQG/LTR controldesign,

we referthereadetto [15, 35].

Simulations of the LQG/LTR Controller: A fifth ordercomlustordynamicsmodelincluding
thefirst two modesthe flamedynamicsandtheinjector dynamicsis considered.The comhustor
parameterandconditionsaretakenasin [15], thesecausea three-quartemodeinstability which

resonatesit 500 Hz approximatelyandhasunsteadypressureamplitudesof O(100Pa).

We choosefirst a proportionalinjector, asin [10], with a bandwidthof 300 Hz which is in

therangeof availablehigh-speednjectors[41]. Figure5 showsthetime responsef the pressure
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Figure5: Responsef the controlledcomhustorwith a proportionalinjectorwith a bandwidthof
~ 300 Hz.

Figure6: Responsef thecontrolledcomhustorwith anon-off injectorsetto deli\/erﬂ% ~ 0.125
andwith abandwidth~ 300Hz.

andthe controlinput, ¢'./¢ (¢ = 0.7). Controlis appliedatt = 50ms. We notethatalthough
the bandwidthis lower thanthe systemdynamics,the control with proportionalinjector is still
capableof stabilizingthe system,sincethe dynamicsof the injector aretaken into consideration
in the designof the LQG/LTR. As seenin Eq. (38), theinjectordynamicsarefirst order andthe
gainandphasdntroducedby theinjectordependnits bandwidth.For smallerbandwidthscases,
the phaseincreaseswvhile the control authority i.e., the gain, is dramaticallydecreaseround
acoustidrequenciesThe controller however, hasenoughdegreesof freedomto adjustthe phase,
andincreasehevoltageamplitudeinto theinjectorto producetherequiredcontrolauthority ¢'. /¢,

aroundthe acousticdrequencieshusguaranteeingtability.

While a low bandwidthproportionalinjectoris capableof maintainingthe systemat vanish-
ingly small pressureoerturbationsa two-positioninjector may not be as effective [30, 37, 45].
Using a 300 Hz bandwidthinjector, the LQG/LTR is still capableof stabilizingthe system,but
the pressureas suppressetb a smallbut finite amplitudelimit cycle asseenin Fig. 6. Thereason
is that the injector hasa thresholdinput voltagevalue at which it is activated. Thus, following
the suppressionf the instability, theinjector stopspulsingat from ¢ ~105-138ns, asseenin the

figure. Disturbance# thecomhustorforcethepressurdo grow, until themeasuredoltageby the
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Figure7: Responsef the controlledcomhustorwith on-off injector setto deli\/er‘ﬂ% ~ 0.27,
andwith abandwidthof 300 Hz.

Figure8: Respons®f the controlledcomhustorwith on-off injectorwith lower bandwidth~ 50
Hz (theacousticaunstabldrequeny is 500Hz, approximately).

microphonereacheghe thresholdat which the injector startsto fire again. In the casesimulated,

thisoccursatt > 138ms. This sequencés repeatedndefinitely.

Increasingthe control fuel-flow rate,andthus ¢. /..., the comhustoris stabilizedin a smaller
settlingtime. As seenin Fig. 7, wheng.,|,... /¢ is doubled thesettlingtime diminishesby ~ 80%.
Moreover, the rms of the steady-stat@ressuras smaller A similar effect hasbeenobsenedin
[30].

We alsoinvestigatehe effect of bandwidthfor a two-positioninjector. Limiting it to 50Hz, as
seenin Fig. 8, the pressuresettlesto a higheramplitudelimit cycle, andtheinjectoris incapable
of tracking the commandfrom the controller; the injector staysopenall the time. This shavs
that injector bandwidthis a seriousproblem[30, 45]. Different solutionshave beenproposed
thatinclude: (i) Developingfasterinjectors[41]. (ii) Useof multiple injectorswhich arefired
alternatvely to increasehe apparenfrequeng of actuation[30]. A differentapproachthat has
shavn promiseregardlesof high-bandwidthinjectorsis throughfuel pulsingat low frequencies

(muchlower thanthe acoustics).This is demonstrate@xperimentallyin [9, 28], andanalytically
in [47].
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4.3.2 Injection Upstreamthe Burning Zone: Delayin the Control Input

While injecting fuel directly on the flame[10, 11, 30, 37] canavoid actuationdelays,it intro-
duceshot spotsat the flame surfacethusincreasingemissions.In addition,if mixing is weakat
theinjection port, we run the dangerof creatinga secondandiffusion flamewhich canbe com-
pletelydecoupledrom the mainpremixedflame,andhencebecomaneffective in suppressinghe

instability 8.

In this section,we studythe effectsof pulsed-fuelinjection upstreanthe burning zone. This
hasbeenutilizedin [8] wheresecondarynjectionwasdoneattheprimaryfuel source.In [22], we
presented Posi-Castontrol capableof working with aninjectorlocatedat an arbitrarydistance
upstreanthe flame. In that case,a bulk modewasunstable.Here,we extendthe analysisof the

Posi-Castontrol,andshaw thatit is capableof stabilizinglongitudinalmodesaswell.
4.3.3 Posi-CastControl

A powerful approachfor controlling systemswith known time-delaywas originatedby Smith
[48], known alsoasPosi-Casfor “positive forecastingof future states Theideais to compensate
for the delayedoutputusinginput valuesstoredover a time window equalto the delaytime, i.e.
[t — 7., t], and estimatethe future outputusinga modelof the comlustor Only stablesystems
wereconsideredAn extensionto includeunstablesystemsvasproposedn [49] usingfinite-time
integralsof the delayedinput valuestherebyavoiding unstablepole-zerocancellationsvhich may
occur A frequeng-domainpole-placementechniquefor unstablesystemswasfirst proposedn

[50] andasimilartechniquewill be presentedhere.

Themodelin Eqg. (40),in the presencef atime delay 7., canbere-writtenas

_ kypZy(s)

p'(t) = Wo(s)[E(t —1)], Wpy(s) W.

(41)

Dueto thenatureof thecomhustionsystempnotall statesareaccessiblegnly the systeminput,
i.e. the voltageto the injector E(t), andthe output, p’ in our caseare measured.A standard
pole-placementontrolleris required(for moreinformation, see[50, 51]). The presenceof the

time-delay 7., in the control input, motivatesthe useof an additionalsignalin the controlinput,

8This hasbeennoticedin experimentsatMIT andat UTRC[?].
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E(t), denotedas F (t) which anticipateghe future outputusinga modelof the system[22]. The

resultingcontrollerstructurels describedas

E(t) = @E(t —Te) + dls) '(t) + Ey (),

A(s) As)?
(@2)
Bi0) = A3 E) - e Bl—m)

whereA(s) is achoserstablepolynomialof degreen — 1, d(s), ni(s) andns(s), arepolynomials
of degreen — 1 atmost,andc(s) is of degreen — 2 at most. For stability, thesemustsatisfythe

relations
c(s)Ry(s) + kpd(s) Zp(s) = Als)na(s), (43)
nl(S) = RP(S)_Rm(S)a (44)

whereR,, (s) is thedesiredcharacteristiequationwhichis astablemonicpolynomialof thesame

orderof R,(s).

Usingthecontrollerstructurein Eq. (42) with the conditionsin Eqgs.(43) and(44), theclosed-

loop transferfunctioncanbe computedas

(45)

The control input law, in Eq. (42), introducesadditionaldynamicsincluding non-minimum
phasezeroshaving the sameeigen-aluesof R,(s). Obviously, theseleadto unstablepole-zero
cancellationsincethe comhustormodelis open-loopunstable(i.e., R,(s) hasunstablesigenval-
ues).Unstablepole-zerocancellation@reknown to causeproblemsconcerningobsenability and
controllability of the plant (see[39] for moredetails). As a result,a modificationin the synthesis
of E;(t) in Eq. (42) wassuggestedby [49]. To avoid unstablepole-zerocancellationsF (¢) must

be generatedsa finite integral of theform

n

Ei(t) = 12231 (/_OTC e M E(t + o)da) : (46)

where)\;’s arethe eigenvaluesof the comhustorsystemj.e. R,(s) = II",(s — \;). Takingthe

Laplacetransformof Eq. (46),onecanshaow that

ni(s) & o m(s) B
Ry(s) ; s— X' Ry(s) ; (47)



Figure9: Responsef the controlledcomtustorwith a time-delayof 100ms in the input signal,
proportionalinjector. Note: only the ervelopeof the responsés shavn for clarity, sincethe scale
of the plot doesnot permitseeingndividual cycles.

wheres; = a;e™. Anotherconditionfor the successfuliseof the finite integral in Eq. (46) is

that R, (s) hasnorepeatedoots[50].

Thecontrollerdescribedn Egs. (42) and(46) is sufficient to stabilizethe comlustorprovided
thatanaccuratalescriptionof the plantandthetime delayareavailable. This controllerhasbeen
shown to provide robustnesgo uncertaintiesn the plantincludingthetime delay[49]. Adaptive
versionsof the samecontroller have beeninvestigated52, 53], and have shown to extendthe

robustnes®f the controllerto parameteuncertainties.

Simulations of the Posi-CastController: Thecontrollerin Egs.(42)and(46)is implementedor
injectionatadistanceof ~ 3c¢m upstreantheburningzone.r, is estimatedo be 100ms, whichis

about50 timesthetime constanbf the unstabldrequeng.

The closed-loopsimulationis illustratedin Fig. 9. Although controlis switchedon att =
50ms, the pressurekeepsincreasingfor anadditionalt = 7. = 100ms (from ¢ = 50 — 150m.s),
thenstallsfor anotherl00ms (fromt¢ = 150 — 250ms) beforedecaying.Thereasorfor theformer
delayis physicalandis dueto thetime takenfor the pulsed-fuelto reachthe burning zone. The
latteris dueto a computationatlelayin the controller Specifically thefinite integral in Eq. (46)
outputsincorrectvaluesfor a periodof 7.. This is becauseéhe computationof the finite integral
relieson a storedwindow of the pastvaluesof the controlinput of the sizeof .. Whencontrol
is switchedon, the window consistsof control inputsproportionalto p’ which hasnot yet “felt”
the effect of controldueto the physicaldelayr. (the valuesof p’ arestill thoseof the open-loop
comhustor). It requiresthereforet = 27, to startforming a window of integrationwith control

input correspondingdo closed-loopralues.This confirmsobsenationsin [49].
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Figure10: Respons®f the controlledcomtustorwith atime-delayof 100ms in theinput signal,
on-off injector. Note: only the ervelopeof theresponseas shown for clarity, sincethe scaleof the
plot doesnot permitseeingndividual cycles.

In Fig. 10, a two-positioninjector is used. The control designis basedon the linear model,
andits parameterarefine-tunedto handlethe nonlinearities.As discussecaarlier the controlis
switchedon at 50ms, andstabilizesthe system.Theinjector stayson aslong asthevoltagesignal

into theinjectoris greaterthanathreshold asdiscussedbeforein Sec.4.1.2.

It shouldbe notedthatwhencomlustioninstability is causeddy ¢, fluctuations,asdiscussed
in Sec.2, thecharacteristiequatiorwill look differentthanin Egs.(40)and(41). R,(s) will have
termswhich aredelayed,dueto the corvectve delay 7,, carriedby ¢. Hence,R,(s) becomes
infinite dimensional.To circumwentthis, a Pade approximationf54] is usedto geta finite dimen-
sionaldescriptiorof R, (s), andthusthe LQG/LTR andPosi-Castontrollersasdescribedn Secs.

4.3.1and4.3.2,respectrely, cansimilarly be usedfor this case.

5 Summary

In this paper a completemodelof the comlustiondynamicdeadingto instability is developed.A
modelencompassinthe acousticsthe heatreleasethe coupling,mixing andinjectordynamicss
presentedTheheatreleases derivedusingflamekinematicgor flameswith highDamkohlernum-
bersandmoderateurbulence andthe effect of forcing in the velocity andthe equivalenceratiois
illustrated this latterbeingintroducedor thefirst time in akinematicstudyof theflame. Different
stability criteriaarediscussedor thedifferentdynamicsresultingfrom the couplingof thesewith
the acoustics.While velocity perturbationscauseinstability of a phase-laghature,equialence-
ratio oscillationsintroducea time-delayinstability. Injectionat andupstreanthe burning zoneis

implemented An LQG/LTR controlis usedfor theformerwhile a Posi-Castontrolis developed
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andusedfor thelatter. Both proportionalandtwo-position(on-off) pulsedinjectionareexamined.
Proportionalinjectorsshav superiorperformanceo two-positionones.Performanceas shovn to
bereducedstheauthorityand/orbandwidthdecreasesSomeof the short-termfixesproposedor
this problemincludethe useof multiple injectors[30] andlow frequeng pulsing[9, 28, 47]. A

long-termsolutionis clearlythe designof a high-speedhigh-authorityinjector.
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