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EXPERIMENTALSTUDYOF SHOCK-POSITIONING

METHODOFRAM-JET-ENGINECONTROL

By HerbertG.Hurrell,GeorgeVasu,andWilliamR. Dunbar

SUMMARY

Ram-jet-enginecontrolby shockpositioningwasinvestigatedona
16-inchfixed-geometryramsetat free-streamMachnumbersfrom1.50to
1.98.Thecontinuous-acting,closed-loopsystemwithproportional-
plus-integralcontrolactionwassubjectedtodisturbancesinfuelflow,.
Machnuniber,angleofattack,andexhaustarea. Steady-stateanddynam-
icperformanceispresented.

Thecontrolmethodappearsto offeradequatecontrolofram-jet-
engineoperation.Responsetimeslessthan0.1second(90-percent
reductionof error)wereobtainedwitha stablesystem.Theminimum
responsetime(0.05see)approachedthelimitimposedby thesystem
deadtime. By providinga marginofoperationin steadystatefrom
theregionofdiffiserbuzz,transientsintothisregioncouldbemade
withoutincurringbuzz.

13TROIXXXl!IOlY

Theran-jetengineiswellsuitedforthepropulsionof supersonic
guidedmissiles.Forsuchapplication,theperformanceofthepower
plantnmstbe closelycontrolledthroughouttheflightplan. Adequate
enginecontrols,therefore,mustbe developedfortheramjetifits
capabilitiesformissilepropulsionaretobe fullyutilized.

Analyseshavebeenmadethatindicatethecontrolrequirementsand
suggestmethodsforcontrollingtherem-jetengine,buttheexperimental
workhasbeenratherMmited. Thecontrolofa ram-jetenginewitha
variableexhaustareaisanalyzedinreference1. Controlrequirements
ofa fixed-geometryramjetforlong-rangemissileapplicationaredis-

●
cussedinreference2. Thelatterreferenceindicatesthatcontrolof
thersm-jetengineshouldbe accomplishedby controllingtheoperation
of itsdiffuser.Varioussystemsofthistypeareproposedinreference2.

.
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Onemethodof controllingtheoperation,oftheram-jetdiffuseris
,-

calledshockpositioning.Thisdesignationisgivent~thecontrol-tech- 4 =
nlqueinwhichthediffuseroperatingpoint.i,scontro~edby us@3 the-” t’-
sharppressurechangeacrosstheshocktopr~ovidea sipd indicativeo~ -

—..—

shockposition.
--

In orderto evaluateshockpositioningasa methodofram-jet-engine
control,a continuous-actingclosed-loopcontrolsystemforshock-tive’
positioningwasexperimentallyinvestigated;.Theinvestigationwascon-
ductedattheNACALewislaboratoryaspart’~fa test>rogramin--which.
thedynamicsoftheramjetandseveraldiffusercontroltechniqueswere
studied.Thetestswereperformedona 16-igchfixed-~eometryram-jet
engineinthe8-by.6-footsupersonicwindtqnn+. Preliminaryresults
oftheentireprogramarebrieflyreportedinreference3. El’hepresent
reportpresentsa morecompleteanddetailedevaluationoftheshock-
positioningsystem.

-— —.
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.
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—

Thedymamicandsteady-stateperformanceoftheshock-positioning
systemwasinvestigatedforthreedesignpositionsoftheshock.The
threepositionswereselected.to givethefollowing”tfiesofdiffuser
operationinsteadystate:wellsupercritical,nearcritical,and”
slightlysubcritical.Foreachdesignposition,transientoperating
conditionswereimposedby disturbancesinfuel.flow,.mchnu@er,angie
ofattack,andengineexhaustarea. Thefo~owingrangeofsfm@ated
flightconditionswascovered:Machnumbers.,from1.50to1.98,pressure
altitudesfrom26,500to36,500feet,andanglesofattackfromzero
to10°.

—. ——
—

—.
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CONTROLPRINCIPLES

EngineConsiderations —

Thepropulsivet~ust ofa fixed-geometryrarn-jet_engineatany
flightconditionisdeterminedby thetotal-temperatureratioachieved
intheburner.ThistemperatureratioalsoQetermines_theoperating
pointoftheram-jetdiffuser.Positivecontroloftherem-jetengine,’
therefore,canbe assuredby thecontrolof“diffusero~e”ration.

Diffusedoperationisdirectlyrelatedtothepositionof thenor-
shockwave. Thecontrolofshockposit\o_n2therefore,willcontrol
operationofthediffuserand,hence,oftheengine: —

Therelationbetweendiffuseroperatingpointandshockposition

.——ma
the

—

isdeterminedby theinternalareav&iationof thediffuser.-Diffuser
operationwiththeshockat theminimumareaistermedcritical.l@x-
imum,ornearmaximum,diffuserpressureratio(diffuser-exittotal
pressuretofree-streamstaticpressure)is.obtainedwilththeshockat

.

w
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itscriticalposition.Iftheenginetemperatureratioisincreased
beyondthatrequiredforcriticaloperation,theshockmovesaheadof
theinlet(lip);suchoperationiscalledsubcritical.Subcritical
operationisusuallyaccompaniedby a flowinstabilitycalleddiffuser
buzz. Becauseoftheviolentlypulsingpressuresthroughouttheengine
duringbuzz,subcriticaloperationisgenerallyundesirable.Asthe
temperatureratioisdecreasedfromthatrequiredforcriticaloperation,
theshockmovesdownstreamoftheminimumarea;suchoperationistermed
supercritical.Thediffuserpressureratioforsupercriticaloperation
decreasesastheshockoccursatlargerareasand,hence,becomesmore
intense.

Thedesireddiffuseroperatingpointfora particularremjet,of
course,isdependentuponthemissionforwhichthemissileisdesigned.
Forlong-rangemissiles,itisnormallydesirabletooperatethedif-
fuserat itsmostefficientpoint,thatis,criticalornearcritical.
A marginofoperationfromthesubcriticalregion,however,maybe nec-
essaryin ordertoavoidbuzzduringtransientoperationimposedby
disturbances(suchas gustsandchangesinangleofattack)duringflight.
A supercriticaloperatingpoint,therefore,is oftenrequired.

Shock-PositioningTechnique “

Thewaytheshockcanbe positionedtogivea specified,diffuser
operatingpointis illustratedinfigure1. Theupperportionofthis
figureshowstherelationoftiffuser-exittotalpressureto engine
total-temperatureratiofora typicalfixed-geometryramjetat a given
flightcondition.Thelowerportionofthefigureshowsthevariation
tithtemperatureratioofthestaticpressuresensedby a controltap
slightlydownstreamofthediffuserminimumarea. Theabruptincrease
inthispressurewithincreasingtemperatureratiois causedby thepas-
sageoftheshockpastthepressuretap. Assume,forexample,thatin
ordertoprotidea marginfromthesubcriticalregionit isnecessary
to operatethediffusersupercriticallyandwitha valueofexittotal
pressuredesignatedby A infigure1. At thisdiffuseroperatingpoint,
theshockwillbe approximatelyatthecontroltap,andthestaticpres-
suresensedby thistaptillhavethevalueindicatedasB inthefigure.
Controllingthisstaticpressureat thevalueB, therefore,will.hold
theshockat thepositionrequiredforthespecifieddiffuseroperation.

Wfththefixed-geometryramjet,of course,thecontrolofthestatic
pressureconsideredinfigure1 mustbe accomplishedby manipulationof
theenginefuelflow. Ifthefuelflowistoolow,theshockwillbe
downstreamofthecontroltap;thecontrol-ledpressurewillthenbe less
thanthereferencesetting(B),andthecontrolshouldincreasefuelflow.
Forhighfuelflow,theshockwillbe aheadofthecontroltap,resulting
ina pressuregreaterthanthereference.Thecontrolshould,therefore,
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decreasefuelflow.Whenthefuelflowis currectforthereferenceset-
ting,theshockwillbe approximatelyat thetaplocation;thediffuser.
willthenbe atthespecifiedoperatingpoint. ‘-.-. -.

ControlSystemInvestigated _.

Asnotedpreviously,theshockpositionrequiredfora givenappli-
cationoftheramjetmayvarybothwiththe—flightplanandtheneces-
sarymarginfrom$hesubcriticalregionofoperation.Inorderto study
thecontrolproblemsassociatedwithpositioningtheshockat different
diffuserlocations,thecontrolsystemwasinvestigatedforthreedesign
locationsoftheshock.Thedesignlocationswereselectedto illustrate
extremesinregardtoprovidingsteady-state”operating—marginsfro-mthe
buzzregion.Thelocationsselectedareshowninfigure2 ona sketch
oftheforwardportionoftheran-jetdiffuser.Thisfigurealsoshows
theaxialvariationoftheflowpassageareti.Twosho%klocationswere
chosento givesupercriticaloperation.Thefirst,15’-inchesdownstream
ofthediffuserinlet,wasatanareaconsiderablygre%terthanthemin-
imumareaandprovideda ratherlargemargig,ofoperationfromthebuzz
region.Thesecond,6 inchesdownstreamof“thediffuserinlet,waiat”
anareajustslightlygreaterthantheminimumareaan–dprovidedonlya
smallmargin.Sincetheengineusedcouldbe operated=slightlysubcrit-
icallywithno appreciablebuzz,a shockpositioncorrespondingto slight
subcriticaloperationwaschosenforthethi~ddesiw-locationofthe
shock.Thisthirdlocationwasat thediffuserinlet,as showninfig-
ure2,andgivesnopracticalmarginfromthebuzzregion.—. ..= .:, ,.=

Thecontrolsystempositionedtheshock-tothethee designlocations
by thecontrolofdifferentialstaticpressures.Differentialpressures
wereusedinan effortto compensateforvariableflightconditions.“The
staticpressuresatthedesignlocationsoftheshockweresubtracted
fromdiffuserstaticpressuresfurtherupst~eamby differentialpressure
sensors.Thelocationofthepressuretapsisshowninfigure2. (sym-
bolsaredefinedinappendixA.) Thecontrolledpressfiredifferences ““
werecalledAPI,APII,and AP1ll forthedesignshocklocationsat”the
15-inchstation,6-inchstation,andinlet,~respective~y.Thecontrol-”
systemwasdesignatedApI control,ApII control,or ApIII control

accordingto thevariablecontrolled.
.-

The steady-statevariationofthecontrolledvariables(APIJAPrlj
and Aplx.)withthemanipulatedvariable(fuelflow)>s showninfiFJUre
3. TherelationbetweenthecontrolledVariablesandfuelflowwasdeter-”-
minedforthreeMachnumbersandthespecificambient-staticpressures
thatexistedinthetunneltestsectionat theseMachgumbers.Theangle
ofattackwaszero.Atlowfuelflowstheshockisnearthediffuser
exit,andsupersonicflowexistsat thecontrolpressuretaps. The,_ —-
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controlledvariablesareconstantforthiscondition.As fuelflowis

“7
increased,theshockmovesupstream.Eachcontrolledvariableincreases
rapidlywithfuelflowas theshockpassesitsdownstreampressuretap.
AS seeninfigure3(a),API decreasesagainata fastrateas theshock
passesitsupstreamtapwhichislocatedat thediffuserinlet.The
shockdoesnotreachtheupstreamtaplocationfor @ll (fig.3(b))and
APHI (fig-3(c))at thefuelflowsinvolved.

Thereferencesettings(desiredvaluesofthecontrolledvariables)
arealsoshowninfigure3. A constantreferencesettingwasusedthrough-
outtheMachnumberrangetith API control(fig”3(a))0‘“is‘eference
settingwasselectedto givea shockpositioncloseto thedesignloca-
tion(15-in.station)ata Machnuniberof1.98andzeroangleofattack. ‘
Withtheuseofa constantreference,however,somewhatdifferentshock
positionsaretobe expectedat theothersimulatedflightconditions,
especiallyata Machnumberof1.50. ThisMachnumberisappreciably
belowthedesignMachnumber(1.89)oftheramjet,andvastlydifferent
flowconditionsexistinthediffuserthanatMachnumbersnearerthe

:. designvalue.Figure3(a)indicatestheshockwillbe positionedcon-
siderablyupstreamofthedesignlocationata I&chnumberof1.50.
Thisisevidentsincetheportionofthe API curvefora Machnumber

,-
of1.50betweenitsminimumandpeakvaluesrepresentsshocktravel
fromapproximatelythe15-inchstationto the2-inchstation(minimum
area).

Constantreferencesettingswerealsoused~th API~ control(fig’
s(b))and APIII control(fig.3(c))forMachnumbersof1.98and1.79.
Resetreferences,however,wereprovidedforthesecontrolsata Mach
numberof1.50inordertomaintaina nearlyconstantshockpositionover
therangeofMachnumbers. .

Theblockdiagramofthecontrolsystemisshowninfigure4. The
feedbackpathconsistedofa variable-reluctancesensorin combination
witha carriersmplifier.Thereferencesettingwasmadeby adjusting
theinputbridgecircuitofthecarrieremplifiersuchthattheamplifier
outputwouldbe zeroforthedesiredvalueof Ap. Thecarrieramplifier,
therefore,alsoservedas theerrordetectingdevice;itsoutput‘1 ‘s
theerrorsignal.A valueof Ap greaterthanthereferencesetting
resultedinpositive‘1“ Thenecessaryreversalofsignfornegative
feedbackwasaccomplishedinthecontro~er.A positiveVl gavea
negativecontrolleroutput’29whichresultedina fuelflowdecrease.
Thecontrollerprotidedproportional-plus-integral-controlaction.
Frequency-responsedatafortheenginehadindicatedthistypeof control
wasdesirable.ThecoefficientK ofthecontrollerfunctionandthe
integratortimeconstant‘c werevariable,as showninthecontroller
wiri;gdiagraminfigure5.

.
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APPARATUS:, :.: .:..”.

Ram-JetEngine —.:- —.

Theengineusedintheinvestigationwasa 16-inch-dhmeterram
jetandisshowninfigure6..Theengineanditspe~formancearedis-
cussedindetailinreference4. Theshockwavegeri=atedby the”25°’
(half-angle)conicalspikeintersectedtheinletlip”pftheconvergent-
divergentdiffuserat a Machnumberof1.8T.Theconibustionchamber
containeda can-typeburnerwhichwaspartiallyshrouded..Thesix
spraynozzlesoftheprimaryfuelsystemwerelocatedwithintheshroud,
andthesecondaryfuelwassprayedoutsidetheshroudfrom16nozzles ‘-
mountedina circularwni,fold.Inaddition,a constantpilotfuel ---”
flowof50poundsperhourwasusedthroughoutthetestprogram.The
exit,areaoftheconical.convergentexhaus_t:nozzle@_sequalto0.69of

—.

thecombustion-chamberarea.
—- ——

TestFacilities —,

Theinstallationoftheram-jetengineinthe8-by 6~footsuper-
sonictunnelis showninfigure7. The,exitplugwas-usedtoimpose
transientsonthecontrolledengineby rapi’dchanges—inexhaustarea.’-”‘–
Theexhaustareaoftheenginecouldbe reducedfroni~O.69to0.54of_
thecombustion-chamberareaby fullforwa~~movement~oftheplug. The
maximumchangerequiredabout0.1second.Pivotingthesupportstrut-
withtheinletplateinstalledontheeng$”riegavetransientsinMach
number. A photographofthisplatemountedontheengineis showni=
figurea. Whentheengine-platecombi?iati~nwasinclinedto thetunnel
flowdirection,theflowexpansionatthe”~eadinged~eoftheplatepro-
ducedMachnumbershigherthantheconcurrenttunnelMachnumber.This
techniqueisdiscussedinreference5. Theplatewasdesignedfortran-
sientswithina Machnumberrangeof1.70.to1.90.Thefulltransient
wasmadeinabout0.75second.Whendisturbancesin-angleofattack
weremade,theinletplatewasnotinstalled.Pivotingthesupportstrut
producedtransientsinangleofattackfrogzeroto10°inapproximately’
1.0second. -.,- -.

ControlFuelSystem

Thecontroloperatedthesecondaryfuelsystemonly.Theprimary
fuelflowwasheldconstantata valuegivingsa$}sf~ctorycombustion.
ThefuelusedwasMIL-F-5624B,amendment1, gradeJP=4. —

—.
Thesecondaryfuelsystemwasdesignedforfast_responseandstabili-

ty. A diagramofthissystemispresentedinfigure9. Thesystem
consistedofan electrohydraulicservosystemanda speciallydesigned
fuelvalve.Theclosed-loopservosystemprovideda linearrelation
betweentheinputvoltageV2 andthepositionofthethrottleinthe=

.—
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-a
fuelmeteringvalve.Thefuelvalveincorporateda fast-actingrelief
valvewhichmaintaineda constantpressuredifferentialacrossthethrot-

“7 tie;thusfuelflowwasa functionof throttlepositiononly.A fuel
systemofthistypeisdiscussedindetailinreference6.

Thedynamicperformanceof thefuelsystemas installedforthe
investigationispresentedinfigure10. Thefigureshowsthefrequency-
resmonsecharacteristicsoffuel-nozzlepressuredropto servoinputvolt-

: TheperformanceincludesE age
fortheinstallation.‘BecauseR thetunnel,ratherlongpiping
wasrequired.

thedyn~c effectsofthepipingrequired
thefuelsystemhadtobe locatedabove
as-wellas a shortlengthofflexiblehose

ControllerandInstrumentation

An electronicdifferentialanalyzerwasusedas thecontroller.The
proprtional-plus-integralcontrolactionwasprovidedby theuseofhigh-
gaindirect-currentoperationalamplifiersandassociatedplug-ininput

.:. andfeedbackimpedances.Fuel-flowdisturbancesto thecontrolsystem
weremadeby theadditionof stepchangestotheoutputvoltageofthe
controller.

a
A descriptionoftheinstrumentationusedinthecontrolsystemand

intherecordingofthedataispresentedinappendixB. Theresponse
ofthetransientinstrumentationisalsogiveninappendixB. Carrier
eunplifierswereusedwiththetransducers,andthesmplifieroutputsig-
nalswererecordedby a galvanometricoscillographanda direct-inking
6-channelrecorder.Signalsfromthecontrolledvariableswerefedto
thecontroller,aswe~ as totherecorders..

Thecontroller,carrieramplifiers,andrecorderswereinstsJIledin
thetunnelcontrolroom. Theequipmentisshowninfigure1-1.The
equipmentnotdesignatedinthefigurewasusedintheinvestigationof
theenginedynamics.

TESTPROCEDURE

Thesteady-stateanddynamicperformanceofthecontrolledengine
wasinvestigatedovera rangeofsimulatedflightconditions.TheWch
numberrangewas1.50to1.98. Theanglesofattackinvestigatedwere
zeroand10°. A changeinthefree-streamMachnumberofthetunnelpro-
duceda changeintheambientstaticpressure.Therelationofthis

*- pressurep. to theMachnumberMO isshowninthefollowingtable.
Thefree-streamtotaltemperature‘o of.thetunnelisalsogiven.
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P())‘o To)
lbfsqftabs OR

1.50 730 565
1.79 545 585
1.98 460 610

Thesteady-stateperformanceofthecontrolledenginewasobtained
by puttingthecontrols~tem inoperationandthenrecordingpertinent
dataat thevarioussimulatedflightconditions.Boththesteady-state
andtransientinstrumentationwereused.

Toprovidestabilityinformation,recordingsfromthetransient
instrumentationweremadeat variouscontrollersettingswiththeengine
insteadystate.

Transientresponsewasdeterminedby subjectingtheclosed-loop
systemtopositiveandnegativestepsin c~ntroll.ero—utput(fuelservo
input)voltage.Fuel-flowdisturbancesofvariousmagnitudeswere -
producedby thesesteps.Therangeofdisturbancemagnitudes(278to
1390lb/hr)wasabout8 to48percentofthefuelflowforcriticaloyer-
ationof theengihe.Thedisturbancesweremadefor‘varioussettings-of
thecontrollergainandintegratortimeconstant.

AdditionaltransientoperationwasimposedbydisturbancesinMach
number,angleofattack,andexhaustarea.A transientinfree-stream -
staticpressurealsooccurredwiththeMachnumberdisturbanceproduced
by the‘inclined-platetechnique.

Dataforcalibrationoftheoscillogramsandthedirect-inked
recordingsweretakenwiththesteady-stateinstrumeritation.

RESULTSANDDISCUSSION

Steady-StatePerformance

Theoperatingpointsofthecontrolledenginein steadystateare
shownonthediffuserperformancemapin&ure 12. Thefigureispre-
sentedto indicatethevariationindiffuseropezbatingpointthatresulted
whena givencontrolwassubjectedtoa rangeofsimulatedflightcon-
ditions.No comparisonofthecontrolswithrespecttodiffuserpres-
sure

both

ratioat a givenflightconditionisintended.

Theoperatingpointsof Apl controlareshowninfigure12 for
zeroand10°anglesofattack.Thesepointsshowtheeffectsof ‘“
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thevariationin shockpositionincurredby theuse
encethroughouttherangeofMachnumbers.AtMach

9

ofa constantrefer-
numbersof1.50and -

1.60,thediffuseroperatedcloserto criticalpressureratiothanat
thehigherMachnumbers.(Thepressure-ratiopeaksrepresentthecrit-
icalpointsatMachnfibersof1.98and1.79;criticaloperationat a
Machnumberof1.50andzeroangleofattackoccursat a temperature
ratioof3.87.)Thediffuseroperatedat 94.5percentof thecritical
pressureratioat a Machnumberof1.50(zeroangleofattack)in com-
parisonwith86.0percentata Machnumberof1.98.

Thereferencesfor Apll and ApH1 controlswereresetat a Mach
numberof1.50(aspreviouslystatedin thediscussionof CONTROLPRIN-
CIPLES)inordertomaintaina moreconstantshockpositionoverthe
rangeofMachnunibers.Figure12 showsthat,with Apll control,the
engineoperatedslightlycloserto criticalpressureratioat a Mach
numberof1.79thanat a Machnumberof1.98;ata Machnumberof1.50
criticaloperationwasobtainedtiththeresetreference.With Aplll

controltheenginewasheldslightlysubcriticalatallWch numbers.

Theperformanceofthecontrolledengineinrelationtopropulsive
thrustandspecificfuelconsumptionispresentedinfigure13. Theshift
inshockpositionwith Apl controlbetweenMachnumbersof1.79and
1.50noticeablyaffectedengineperformance.A greaterthrustcoefficient
anda lowerspecificfuelconsumptionwereobtainedwiththiscontrolat
a Machnumberof1.50thanat a Machnuniberof1.79. Theengineperform-
anceovertheMch numberrangefor AP1l or Apm controlrepresents
a nearlyconstantshockposition.

Theresultspresentedinfigures12 and13 showthatthecontrolled
engineperformedinsteadystateaswasexpectedfroman examinationof
theAp-referencerelationsinfigure3. Whena rangeofMachnumbersnear
thedesignvalueof thediffuserwascovered,a constantreferencewas
sufficientto givea nearlyconstantshockposition.AtMachnumbers
appreciablybelowdesign,however,a shiftinshockpositionresulted
witha constantreference(Apl control).A nearlyconstantshockposi-
tionwasmaintainedovertherangeofMachnumbersby resettingtheref-
erenceatthelowMachnuniberfor Apll and Aplll controls.

Automaticvariationof thecontrolreferenceinflight,therefore,
appearsnecessaryifa shock-positioningcontrolistobe usedtomain-
taina constantshockpositionovera widerangeofflightconditions.
Inadditiontohkchnumberchanges,largealtitudevariationswill.pro-
hibituseofa constantpressurereference.A suggestedmethodtopro-
videa variablereferenceistorequirethecontroltomaintaina constant
ratiobetweenthepressuressensedby thetwocontroltapsratherthan
a constantdifference.Thiscouldreadilybedonebymultiplyingthe
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upstreampressureby a constantfactorandusingthissignalas the
referencesettingforthedownstreampressure.Sucha:referencewould
be compensatedforaltitudechangesand,inaddition,wouldprovidesome
Machnumbercompensation.Properselectionofthecons%antmayprovide
a suitablereferenceforthespecific~ch riqmberVari=kfonofa given
flightplan. .-.

A proposedapplicationofthisconcepttopositiontheshockatthe
designlocationusedwith Apll controlisshowninfigure14. The

ratioofthecontrolledvariablePC tothereferencesetting1.35pa

isshownas a functionoftotal-temperatureratioforthreeMachnumbers.
Thetheoreticalcontrolpointforeachl&chnumberis%he intersection”-
ofthecurvewiththedashedlineatunityv&lueoftheordinate.Fig-
ure14 canbe usedwithfigure12topredict--theoperatingpointsonthe
diffuserperformancemap. Thediffuserpressureratiospredictedare
97.0percentand97.5percentofthepeakvaluesatMachnunibersof1.98
and1.79,respectively.In comparison,AP1l controlyieldeda shiftof..
operatingpointfrom97.0percentat a Machnumberof‘1.98to99.5per-
centofpeakpressureratioata Machnumberof1.79.‘-Ashiftiri-shock
position,however,wouldresultwiththe~roposedcontrolata Mach
numberof1.50. At thisextremeoff-designWch nuder,subcritical
operationat a temperatureratioof4.25ispredicted.Thisshiftin
shockposition,though,wouldbe lessthanw6uldhave5esultedwith Ap,11“-
controlifthereferencehadnotbeenreset.(Thetheoreticalcontrol
pointata !&chnumberof1.50for APT. controlbeforetheresetting
ofthereference

Effect

wasata temperature~~tioof4.75.)=

afControlSettingsonResponseandStability

Theforegoingdiscussionwasconcernedwithproblemassociated
withpositioningtheshockinsteadystate.A ram-jetcontrolmustalso
be ca~bleofminimizingdeparturesfromthe,specifiedengineoperation
duringtransientsimposedonthesystembyexternalor-internaldisturb-
ances.Theexpecteddynamicperformanceof_thecontrolmayeveninflu-
encetheselectionoftheengineoperatingpointfora-givenapplicatlti,
Thedynamicperformanceattainedwitheachofthethreeshock-positioning
controlsispresentedintheremainderofthereport.

Thecontrolaction,aspreviouslystated,wasproportional-plus-
integral,andboththegainoftheproportionalactionandtheintegrator
timeconstantcouldbe varied.Theeffectofthesecontrollersettings
onthedynamicbehaviorofthethreecontrolswasinvestigatedwiththe
simulatedfllghtconditionsconstantata kch numberof1.98andzero
angleofattack.

●
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Theresponsecharacteristicsweredeterminedfromtransientsimposed
onthesystembyfuel-flowdisturbances.(Thedisturbances,asprevi-
ouslyexplained,wereintroducedby addingstepfunctionsto thefuel
servoinputvoltage.)Responsetimeandovershootwereusedas response
criteria.Bothweremeasuredontherecordingoftheinputvoltageto
thefuelservo.Responsetimeisdefinedasthetimefromthestartof
thedisturbancetothetimewhen90percentoftheerroriseliminated.
Overshootis expressedas thepercentageof thedisturbancemagnitude
reachedinthefirstovershoot.In orderto illustratethecriteria,a
typicaltransientresponseis showninfQure 15. Thisfigureshowsthe
responseof Apl controltoa disturbanceinfuelflowofabout21
percentof thevaluecorrespondingtothecontrolsetpoint.Thecon-
trollerwassetto givea loopgain ~ of0.190.Loopgainisdefined

astheproductofallthegainsaroundtheloop,includingthegain K
oftheproportional-plus-integralcontrolleraction.(Enginegainwas
tak~nat thereferencepoint.)Theintegratortimeconstantz was
0.02second.Theresponsetimeforthistransientwas0.29second,and
theovershootwas9.4percent.Theresponsetimeincludeda deadtime
ofabout0.03secondintheresponseofthecontrolledvariabletofuel
flow.

Thestabilityofthecontrolsystemwasinvestigatedby varyingthe
controllersettingsinsteadystate.Controlreactionsto enginenoise
resultedinsmalloscillationsinthestableregion.Theseoscillations
werenotsustainedinsmplitude,andthefrequencyofoscillationwas
irregular.Suchoscillationsarecalled“irregularoscillations,”and
themaximumamplitudesandthemostpredominantfrequenciesarepresented.
Amplitudeisdefinedtobe one-halfofthepeak-to-peekvariationduring
a cycle.Oscillationsthatindicatedsysteminstabilityweresustained
inamplitude,andthefrequencieswerenearlyconstantwhenloopgain
wasvaried.

Ap Control.- Theeffectofloopgainandintegratortimeconstant
onthedynamicperformanceof Apl controlispresentedinfigures16(a)
and(b),respectively.Responsetime,overshoot,andstabilitycharacter-
isticsareshowninfigure16(a)as functionsofloopgainforan inte-
gratortimeconstantof1.0second.Thesameperformanceparametersare
shownas functionsofthereciprocalof theintegratortimeconstantat
loopgainsof 0.095and0.190infi~re 16(b).Theresponsedataare
givenforbothpositiveandnegativefuel-flowdisturbancesof556pounds
perhour(21percentofthevaluerequiredin steadystateby thecontrol).

Theresponseof thecontrol-enginecombinationwasdependentonthe
signofthedisturbanceinfuelflow.Forthiscontrol,thesmaller
responsetimeswereobtainedfordisturbancesthatincreasedfuelflow.
An explanationofthisresultis suggestedby thesteady-staterelation
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ofthecontrolledvariabletofuelflow(fig.3). Onthebasisofthis
.

relation,a positivedisturbanceof556poudlsperhourwouldresultin .=.==
an errorfromthesetpointof 970poundsper:squaref{otabsolute;

—
l’”

whereasanequivalentnegativedisturbancewouldprodu~ean errorof .

only150poundspers“quarefootabsolute.‘-””A larger’error,of coursej-
.—..-.-

resultsingreatercorrectiveactionby thecontrol.“ ‘-- ----

Sincetheintegratortimeconstantwaslarge,theresponsesrepre-
sentedby thedataoffigure16<a)weregreatlyover&–ped.!lheresponse-”-““N=——

timeswerelong,andno overshootoccurred.-Thedataweretakenprima- M
rilyto indicatethestabilitylimitthatmightbe exp=ctedifa pure

a.m
proportionalcontrolwasused.Theintegratortimeconstantof1.0
secondwassufficientlylargetoprovidestabilityinf&mationapproach-““
ingthatfroma proportionalcontrol.Thevariationofoscillation““

—

amplitudesshowninthefigureindicatestha~”theloop--gainforinsta-
—.

bilityisabout0.7,andthefrequencyofosddlationis8.8cyclesper —

second.Forfasterintegratoraction,thecontrolsystemwouldbecome .

unstableata lowervalueofloopgain.Theratherla~valueofloop . ,.. ___
gain(0.7)forinstabilityistheresultofan over-allsmplitude-
frequencycharacteristicthathasa gaingr~~tertQant@ftyat the
frequencyofinstability(8.8cps).Thispeakingof theover-all

---F--
amplitude-frequencycharacteristicappearstobe a resultof thefuel-

.— —

systemresponseobtainedforthiscontrol.Thefreque=cy-responseper-” ‘- ~ <
formancethatwaspreviouslypresentedforthefue~system(fig.10)was __
notattainedwith API control.At therek%ivelystiiifuelflows
involved,themanifoldpressuresweretoolowforfastresponseoffuel
flowtofuelvalvepbsition. —

Fasterresponse,of course,wasachievedwith API controlasthe
integratoractionwasmademorerapid.Figure16(b)s~owsthedecrease
inresponsetimeobtainedby increasingtheintegratorcateat constan<
loopgains.

—
Thefastestcontrolresponsewasrecordedfora reciprocal

integratortimeconstantof100(l/see)withloopgainat 0.190.me —
responsetimeforthispositivedisturbanceinfuelflowwas0.15sec- —
end,andtheovershootwas18percent.‘l!he~%mecontr~lgettingsalso”:
gavestableoperation.Theoscillationin~~eadystatewasirregularat ‘ “-““-+
about4 cyclespersecond,andthemaximumamplitudei~fielflowwas “-

.-

35poundsperhour. Consideredinrelation~o diffuse~”operatingpoint,
theoscillationindiffuserpressureratiowaslessthan@.5 percent -—
ofthesteadyvaluecorrespondingtothecon@olsetp~int. ..—— —

A responsetimelessthantheminimunshowninfigure16(b)canbe
expectedwithhigherloopgain.Witha reciprocalintegratortimecon-
stantof100(l/see),theresponsetimewas&lved when_theloopgainwas
increasedby a factorof 2. A furtherdecreaseinresponsetime,there= .-_,..—-

fore,shouldresultfromhigherloop gainsthanthoseemployed.This .-

improvement,of course,wouldbe coupledwithan increasein overshoot: —
—-.

—-
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A limitingvalueofresponsetime,however,is imposedby.thedeadtime ,
oftheover-allsystem(deadtimeof thecontrolledpressureplusthe
effectivedeadtimeofthefuelsystem).A responsetimeequaltothis

.—
Y,

deadtimeisthetheoreticalminimum.Thevalueof systemdeadtime
calculatedonthebasisof180°phaseshiftat 8.8cyclespersecond
is 0.057second.Thiscalculatedvaluecomparesfavorablywithvalues
of systemdeadtimeof 0.035to 0.05second,whichwereexperimentally
determinedfromengineandfuel-systemdynamics.

APTT Control.- Theeffectofloopgainandintegratortimecon-

stanto~~theresponseandstabilityof Apll controlispresentedin
figures17(a)and(b),respectively.Theperformancecriteriaareshown
as functionsofloopgaininfigure17(a)foran integratortimecon-
stantof 0.1second.Thevariationofthesecriteriawithreciprocal
integratortimeconstantfora loopgainof1.16is showninfigure17(b).
Thepositiveandnegativefuel-flowdisturbanceswere278poundsper
hourinmagnitude(8.4percentofthevaluerequiredin steadystateby
thecontrol).

● Theresponseof APn controlwasfasterfornegativedisturbances
infuelflowthanforpositive.Thisresultisa reversalofthatfor
API control.Theerrorinthecontrolledvariablewasgreaterthis. timeinthenegativedirectionforthe278-pound-per-hourdisturbance
(fig.3). Theerror,orrestoringsignal,forthenegativedisturbance
wasalsomaintainedat itsinitialvalueforalmost
fuel-flowrecovery. ,

Theminimumresponsetimeobtainedwith Apll

equaltothedeadtimeofthesystem.Figure17(a)

two-thirdsofthe

controlwasnearly
showsthatthismin-

imumresponsetime(0.05see)&s measure~fora-loopgainof 6.96.The
oscillationsin steadystate,though,weresustained.At thisloopgain,
thefrequencyofoscillationwas9 cyclespersecond,andtheamplitude
infuelflowwas175poundsperhour. Theoscillationamplitudeofdif-
fuserpressureratio,however,wasonly1.9percentofthesteadyvalue.
Thedataoffigure17(a)indicatethatthestabilityHmit forthis
integratorsettingwasreachedwhentheloopgainwasabout2.5.
Frequency-responsedataforthesystemcomponentssubstantiatedthis
valueofstabilitylimit.Withthiscontrol,thefuel-systemresponse
wascomparablewiththeresponseshowninfigure10.

Whensmallintegratortimeconstantswereusedin combinationwith
a loopgainof1.16,thecontrolrespondedrapidly,andthesystemwas
stable(fig.17(b)).A reciprocalintegratortimeconstantof100
(l/see)gavea responsetimeof0.08secondwithanovershootof98per-.
cent(negativedisturbance).Withthesamecontrolsettings,theoscil-
lationsin steadystatewereirregularwithan amplitudeof80poundsper
hourinfuelflow. Theamplitudeofdiffuser.

.

preisureratiowa;1.0 -
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percentofthesteadyvalue.Responsetimesforthe~egativedisturb-
anceswereonlyslightlygreaterthan0.08secondat valuesofthe
reciprocalintegratortimeconstantsmaller,than100,-”andtheovershoot
wasconsiderablylesswiththeslowerintegratoraction.Thefaster
integratorrate,however,wouldbe advantageousina~qidingsubcritical
operationof theengine.Inthisregard,theresponsetimetopositi-@
disturbancesistheImportantconsideration.

‘PIII Control.- Thedynamicperformanceof %IIFi::;; (:;t:hows
variouscontrollersettfngsispresentedinfigure1S.
theeffectofloopgainontheresponseagdstabilityforan integrator-
timeconstantof0.1second.Thecriteriaareshown-infigure18(b”)as
functionsofthereciprocalintegratortimeconstantfora loopgainof
2.40.Thedisturbancesizewas+278potinds-perhour.offuelflow(7.9
percentof thevaluerequiredin steadystateby the-control).

Thiscontrolrespondedfasterforthenegativedisturbances,asdid
AP1l control.Sincebothcontrolledtheenginenearcritical,this

characteristicwasnotdesirable.Morerapidrespon=etopositivedis-
turbancescouldbe expectedifthesecontrolswerer~—firencedto sma~er_
valuesofthedifferentialpressures.A largerpotentialerrorwould-
thenexistinthepositivedirection(fig.3),andfor AP1l control

therateof changeof thecontrolledvariablewithfuelflowwouldbe
morefavorablenearthereferencepoint.

Themostrapidresponsewitha stable--system-obtained witha
loopgainof2.40anda reciprocalintegratortimeco~stantof70.(1/see)
(fig.18(b)).Theresponsetimeforthenegatim.disturbancewas0.09
second,andtheovershootwas35percent.Tor thepositivedisturbance,
a responsetimeof0.15secondwasobtainedfora transientwith17-
percentovershoot.Withthesecontrolsettings,thefuelflowoscillated
irregularlyinsteadystatewithanamplitudeof40poundsperhour.
Theoscillationindiffuser-exittotal.pressuregavea Pressure-ratfo~
amplitudeequalto1.2percentofthesteadyvalue.

Whenthereciprocalintegratortimeconstantwas_increasedto100
(l/see)witha loopgainof 2.40,thesystembecameunstable(fig.18(b)).
A sustainedoscillationexistedat 6 cycles’persecond.Thefuel-flow
amplitude,though,wasJust80poundsperhour;the&l.ffuserpressure-
ratioamplitudewas1.7percentofthesteadyvalue.“Theinstabilityat
thisintegratorrateindicatesthattheloopgainusedwasclosetothe
stabilitylimitfornearlyproportionalcontrol.Theconclusionis
substantiatedby figure18(a),whichshowsthata loopgaingreaterthan
2.40gaveinstabilitywitha lowintegratorrate. :-

Summaryremarks.- Theforegoingresultshaveshownthat,whenrel-
ativelysmalldisturbanceswereimposedoneachofthethreecontrols,the

..
..

—

. ..--—

.—
..<
ml

.-:

—
—

,.

-.

.-

—

.—



NACARME55F21 15_. ..
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responseswereverysimilar.Satisfactorystableresponseswithshort
responsetimeswereobtainedwithallthreecontrols.Withproperadjust-

9, mentofthecontrolsettings,responsetimeslessthan0.1secondcould
be attainedtithinthestableregionof eachcontrol.Suchresponse
timeswereobtainedwithan integratortimeconstantnear0.01second
andwithloopgainwithin50 to 100percentofthegainrequiredfor
instability.Theminimumresponsetimeattained(0.05see)wasnearly
equaltothesystemdeadtime.Thisresponsetimeof0.05secondwas
obtainedwithcontrolsettingsbeyondthestabilitylimit,butthe

; smplitudeof theresultingoscillationwasnotexcessive.
m

EffectofDisturbanceSizeandMachNumberon

ResponsetoFuel-FlowDisturbances

Theeffectofthedisturbancemagnitudeontheresponseof API
controlto a fuel-flowdisturbanceispresentedinfigure19. Thefigure
showsresponsetimeasa functionofdisturbancemagnitudeforengine

8. operationata Mch numberof1.98andzeroangleofattack.Thecon-
stantcontrolsettingswere: loopgain,0.286;integratortimeconstant,
0.02second.Theresponsetimelengthenedas themagnitudeofthedis-. turbancewasincreasedforboththepositiveandnegativedisturbances,
butmoremarkedlyforthenegative.Thisdifferencewascausedby the
saturation(limiting)ofthepressureerrorinthenegativedirection.
Thesameerrormagnitudewasproducedby
Responsetime”increasedfrom0.17second
disturbanceswereincreasedinmagnitude
(about11 to54 percentofthefuelflow
rangeofpositivedisturbancesincreased
ondto 0.265second.

eachofthenegativedisturbances.
to0.65secondas thenegative
from278to1390~oundsperhour
insteadystate).An equivalent
theresponsetimefrom0.16sec-

Theresponsetimesof Ap~ and A.plH controlsalsoincreased
whenthedisturbancemagnitudewasincreased,buttheamountofthein-
creasewassimilarforbothpositiveandnegativedisturbances.With
thesecontrols,thepotentialerrorsignalswereapproximatelyequalin
boththepositiveandnegativedirections.Theratesatwhichresponse
timeincreasedwith Apm and Aplll controlswereonlyslightlygreater
thanthatshowninfigure19forpositivedisturbanceswith Apl control.

.

TheeffectofI’&chnuniberonresponsetimeispresentedfor Apl
controlinfigure20. Responsetimefora fuel-flowdisturbanceof+278
poundsperhouris shownasa functionofMachnumberforconstantcontrol-
lersettings.Theintegratortimeconstantwas0.02second.Looygain
varied,sincetheenginegainchangedwithMch number;theloopgain
becamelessas theMachnumberdecreased.Thelossinloopgatn,of
course,tendedto increasetheresponsetimeat thelowerI&chnunibers.
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Thefigureshowsthat,forthepositivedi~.turbances~.theresPonsStime
increasedalmostlinearlywithdecreaseinMachnumberfrom1.98to1.50. -1
Whenthedisturbancewasnegative,however,,theresponsetimewasnearly ._-
constantforlkchnumbersof1.98and1.79ja longerresponsetimewas —
obtainedonlyata Machnumberof1.50.Althoughtheresponsetimes.were “-~
nearlyequalforthetwodisturbancesata Machnumbe”rof1.98,theneg-
ativedisturbancesgavefasterresponsesthandidthspositivedisturb-
ancesat thelowerMachnumbers.Theseresultsindicatethatthere-
sponseswerenotsolelyaffectedby thedecreaseinloopgain. Inaddi-
tion,theresponsesat a givenMachnuberwerede~sdentonthenature “““-.~
ofthe Ap variationaboveorbelowthereferencesetting.

— .-
m.._

Wch NumberDisturbances

Theresultspresentedintheremainderofthereportwerenotnec-
essarilyobtainedwithoptimumcontrolsettings.Theydo,however,pro- “- _
videinformationindicativeofthecontrolcapabilities. —-— ——

TheMachnumberdisturbanceswere,ingeneral,notfastenoughto
—

imposenoticeableerrorsfromthesetpointduringthetransients.Fig-
6

ure21showsa transientrecordfora disturbancein~hchnuber inWhich.;---
engineoperationwascloselycontrolledthroughoutthetransient.The .*:
controlwas Apl withthefollowingsettings:loop-gain,0.262(Mach
numberof1.79);integratortimeconstant,0.02second.Thechangein
Mch number,whichwasaccomplishedinabout0.6sec~nd,wasfrom1.84 ‘-”-‘“-
to1.79andisrepresentedinthefigureby theconcurrenttransientin
free-streamstaticpressure.Thisaccompanyingtransientwasa con-
sequenceofthetechniqueusedtodisturb?&chnumber.Thecombined
disturbancesubjectedthecontrolledenginetoa sim@atedaltitudede-
creaseinadditiontotheMachnumbertransient.Inorderto correct
forthedisturbance,thecontrolhadtoincreasefuelflow. Thecorrec-
tiveactionwasrapidinrelationto thedisturbance_x.ate:NOreadable
changeinthecontrolledvariablewasrecordedduringthetransient.

WhenthedisturbancesinMachnumberincludedthediffuserllstarting’l
~ch number,a noticeableerrorwasimposedonthecontrolsysteminthe
transient.StartingreferstotheminimumMachnumberatwhichthedif-
fuserinternalflowcouldbe supersonicupstreamofthethroat.Twodis-
turbanceswhichincludedthisMch numberareshowninthetransient--rec-
ordsinfigure22. Thecontrol-S API;thecontrollersettingswere -.
thesameasfortheMch numberdisturbancediscussedpreviously.The

—

disturbancesinfigure22,however,weremoresevere.Whenthetrans>ent___
Mch numberbecameequaltothestartingv@ue, thechangeintheintev@ .._ .
flowofthediffuserwasabrupt.Thecontrolledpres-suredifferential, .
therefore,wassubjectedtoa fasterdisturbancethanwasassociatedwith -
theotherMachnumberchanges.Figure22(a)showsthetransienterror
whichresultedfromthesuddenstartof supersonicflowintheinlet .—
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duringa transientinMachnumberfrom1.67to1.77. A disturbancethat
decreasedtheMachnumberthroughthestartingvalueisshowninfigure
22(b). A noticeableerrorappearedinthecontrolledvariablewhenthe
inletflowbecamesubsonic.Botherrors,however,werereducedto zero
inapproximately0.3second,andmoreoptimumcontrolsettingswould
reducethedurationoftheerrors.

Angle-of-AttackDisturbances

A transientrecordofanangle-of-attackdisturbancewith API con-
trolispresentedinfigure23. WiththeMachnumberat 1.98,theangle
ofattackwaschangedfromzeroto10°inabout1.0second.Thecontrol-
lergainhadbeensettoprovidea loopgainof0.286at zeroangleof
attack,andtheintegratortimeconstantwas0.02second.Duringthe
transient,thecontroldecreasedfuelflowquicklyenoughtokeepthe
controlledvariablepracticallyequalto thereferencesettingthrough-
outthedisturbance.At theendofthetransient,theenginefuelflow

m. wasapproximately100poundsperhourlessthanat zeroangleof attack.

$ The API
attackat

.
When

at a ~ch

controlperformedsimilarlyto disturbancesinangleof
Machnumbersof 1.79and1.50.

theengine,controlledby APIT,waspitchedfromzeroto10°
numberof1.98,subcriticaloperationwithseverebuzzand

subsequentconibustionblow-outoccurredattheendpointofthetran-
sient.An attemptto operatetheenginemanuallyinthesubcritical
regionwithanangleofattackof10°at a ~ch numberof1.98alsore-
sultedinblow-outandshowedthistobe an inoperableregionof the
engine.It shouldbe ~hasized thatthedepartureintothesubcritical
regionwiththecontrolwasnotduetotheresponseofthecontrol.The
enginewascloselycontrolledto the,setpointduringthetransient,but —.

thissetpointcorrespondedto subcriticaloperationat a 10°angleof
attack.Atthisangleofattack,theshockwascantedwithrespectto
thediffuseraxisin sucha waythatthecontrolledpressuredifferential
(AP1l)wasequal-to thereferencesettingwhentheupperportionofthe
shockwasaheadof theinletHp. (Thepressuretapsusedwereinthe
horizontalplanethroughthediffuseraxis.)

Becauseoftheblow-outdifficultiesat a Machnumberof1.98,fur-
therinvestigationsoftransientsinangleofattackweremadeat a Mach
numberof1.77. Both Apll and AplH controlsperformedsatisfacto-
rilyat thisMachnumberduringtransientsfromzeroto10°anglesof
attack.Thecontrolledenginewasagainsubcriticalattheendpoints.
ofthetransients;suchoperation,however,didnotresultinblow-out
at thisMachnumber.

.

.=
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Theangle-of-attacktransients~th AP1l
showedthat,ifnear-criticaloperationofthe

NACARME55F21

Pand Aplll controls
ramjetisrequired(at

zeroangleofattack),thecontrolwi33.havetobe compensatedforangle %’;
ofattackif itisnecessarytoavoidsubcriticaloperationanditsat-

..

tendantbuzzwhenangleofattackisencountered.Adequatecompensation
mightbe providedby incorporatingauxiliarypressuretapsintothesys-
terninsucha waythattheywillgivean errorsignaltothecontrol
whena portionoftheshockisexternal.Twoauxiliarytapsattheinlet,
oneontheuppersurfac,eofthecenterbodyaridoneon“thelowersurface} mlm
maybe sufficientto compensatea near-criticalcontrol(suchas @ll) am
forbothpositiveandnegativeanglesofattack.Thepressuressensed
by theseauxiliarytapscouldreadilybereferencedto-providean error
signalonlyforsubcriticaloperation. ——

Transientswith
haustareaata Mach

Exhaust-AreaDisturbances -n

API controlresultingfromrapidchangesin ex-
numberof1.77areshownby ther=cordings”infig-”-

ure24. !t”hecontrollerwassettogivea loop@in of_O.?62atthe.inin.
tialareaof0.960”squarefoot;theintegratortimecogs~nt~s 0002_.
second.Thetransientpresentedinfigure24(a)wascausedby a de-
creaseinexhaustareafrom0.960to0.864squarefoot,whilefigure
24(b)showsthetransientwhichresultedwhentheareawaareturnedfrom
0.864to 0.960squarefoot.Withthecontrollersettingsemployed,the
ratesatwhichthedisturbanceswereimPosedweresufficientto cause.
transienterrorstoappearintherecordin~ofthecontrolledvariable.
Thedepartureof thediffuser-exittotalpressurefrom--itssteady-state-
value,however,wasnotexcessive.Themaximumvariationwas2.6percent
ofthevaluein steadystatefortheareadecreaseand4.2percentfor
theareaincrease.Theincreaseinexhaustarea,of course,corresponded
toa negativedisturbanceinfuelflow,forwhichearlysaturationofthe
errorsignaloccurredwiththiscontrol.Theareadisturbances,which
were10percentoftheoriginalareainmagnitude,requiredfuel-flow
correctionsofapproximately500poundsperhourtoreturntheen~ne to
thesetpoint.ofthesystem.

Exhaust-areadisturbancesof 21percentoftheoriginalarea(0.960
sqft)weremadeata Machnumberof1.98andarepresentedinfigure25.
~ese disturbancescorrespondedinmagnitudetofuel-f~owdisturbances__
ofabout1200poundsperhour. Theenginewascontrolledby Apll.
Lcmpgainwas2.32foran exhaustareaof0.960squarefoot,andthe
integratortimeconstantwas0.033second.Thedfstur~anceshowninfig-
ure25(a)decreasedtheareato 0.755squarefootin0.14second.The
diffusershockwasexpelledduringthetrans&ent,and,asa result,the
recoveryhadtobe accomplishedinthepresenceof considerablepressure

●

�

—.

—-— :

.

.
—

-—
.
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pulsing.Thecontrol,however,functionedsatisfactorilyduringthe
3 oscillationsanddecreasedfuel.flowina nearlylinearmannerwhile

theengineoperatedinthesubcriticalregion.Thetimespentinsub-
criticaloperation(0.4see)is indicatedinthefigureby therecord
ofthediffuser-13ppitotpressure.Thereturndisturbanceis shownin
figure25(b);theareachangeagainwasmadein 0.14second.Thebehav-
iorofthecontrolledvariableindicatedthat,duringthetransient,the
shockmoveddownstreamofthedesignpositionandsupersonicflowexist-
edatbothpressuretapsofthecontrol.Theresultantsaturationof

,Wo-a theerrorsignalwas,of course,detrimental.to thecontrolresponse.
un) Theshock,however,didnotmovefarenoughfortheflowtobe super-

sonicat thestationwherethedownstreamtapofthe APT signalwas
located.Thetotalrecordedtimeforoperation
approximately0.46second.

A RecoveryFromSubcriticalEngine
3
y As statedpreviously,manyrsn-jetengines

offthe~etpointwas

Operation

displayseverepulsing

& characteristicscalledbuzzwhenoperatedsubcritically.Violently
pulsingpressuresmaycauseconibustionblow-outorstructuraldamage.

. Thecontrol,therefore,mustrespondquicklyenoughtopreventbuzzor
tominimizeitsdurationwhendisturbancestendto causesubcritical
operation.

Theperformanceofthecontrolsinrelationto theaboverequirement
wasinvestigatedata Machnuniberof1.98andzeroangleofattack.The
investigationwasmadeby imposing,oneachcontrol,fuel-flowdisturb-
ancesof sufficientmagnitudeto exceedthefuelflowforwell-defined
buzzinsteadystate(about3520lb/hrat thisflightcondition).Well-
pronouncedbuzzexistedforsteady-stateoperationof theengineinthe
majorportionofthesubcriticalregionat thisflightcondition.Fif-
teencyclespersecondwasthepredominantbuzzfrequencyformoderate
subcriticaloperation.Extremesubcriticaloperationresultedin 200-
cycle-per-secondoscillationsoflargeamplitudemodulatedat15 cycles
persecond.Nowelldefinedbuzz,however,existedforslightsubcritical
operation:Oscillogramsfor Aplll controlin steadystateshowedthat,
althoughpulsingwaspresentintheinlet,theoscillationswereirreg-
ularandattenuatedat thediffuserexit.

The Apl control,whichhada largeoperatingmarginfromthebuzz.
regionin steadystate,recoveredfromeachdisturbancewithno diffuser
buzz. Thecontrolsettingsusedforeachdisturbancewere: loopgain,

. 0.286;integratortimeconstant,0.02second.Thetransientresponse
forthelargestdisturbanceis showninfigure26(a).Thedisturbance
magnitudewas1390poundsperhour(26(K)to 3990lb/hr].Althoughno. buzzwasrecorded,theengineoperatedsubcriticallyfor0.09seconddur-
ingthetransient.
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The ApI1 control,whichhadonlya sM1 operatingmarginfrom._..
thebuzzregioninsteadystate,recovered~thoutenginebuzzforthe
smallestdisturbancebutnotforlargerones.The100Y.gainwas2.32“-
andtheintegratortimeconstantwas0.033secondforeachdisturbance.
Nobuzzwasrecordedforthedisturbancefrom3300to3578poundsper “
hour,althoughtheenginewassubcriticalfor0.055second.There-
sponsetimewas0.245second.Disturbancesof556poundsperhourand..
largerresultedinbuzz. Thetransientresponseto th=disturbanceof
556poundsperhourisshowninfigure26(b).Boththelowandhigh
frequenciesofbuzzareevidentineachpressurerecord.
timeforthistransientwas0.17second.

The APIII control,as statedprevious_.y,heldthe-.
buzzin steadystate,andallthedisturbancesgavemo_re

Thesubcritical

engineinmild

definitebuzz
inthetransients.tieresponsetothe278-ound-per-~ourdisturbance,

-f(3520to 37981b/hr)is showninfigure26(c. Thecontrolsettings
forthisdisturbancewere: loopgain,2.40;integratortimeconstant~__
0.02second.Duringthistransient,oscillationsatX5 cyclespersee-
ondwererecordedinthediffuser-exittotalpressure.T-Forthelargest
disturbance(1390lb/hr),a responsetimeof.0.31secondwasattainedJn
thepresenceof severebuzz. .— ..-

Diffuseroperatingconditionsduringa .@ansientintothesubcrit-
icalregionwithoutbuzzarecomparedinfigure27withthosefora
transientinwhichbuzzoccurred.Thetransient,with API control,
imposed,bya disturbanceof1390.poundsper~ur (fig.Q7(a))is com-
paredwiththetransientwithdiffuserbuzzWhichresultedfroma dis-
turbanceof834poundsperhouron AP1l ..– ,control(fig%27(b)).The .,.
figureshowsthetransientrelationsof diffuserpress~reratiotofueI.
flow. Timefromthebeginningof thedisturbanceinfuelflowisnoted
fortheinterestingpoints.Figure27(a)showsthattheengineop&a-
tionbecamesubcritical0.05secondafterthe”fuel-flowdisturbancewith:
API control.With ApII control,however,theshock“wasexpelledat_..
0.04second(fig.27(b)).Thisdifference,of course,zesultedbecause..
thesetpointfor Apl controlwasmoresup~critical;-thus,8 w_eater
pressurechangeand,hence,longertimewas ~equiredto.efieltheshock.
(Enginedynamicsdataindicatedthatthepres%urechangetoa fuel-flow
disturbancewas,ingeneral.,lead-laginnat~reaftertiedeadtime.)
Fuel-flowreductionbeganat 0.04secondwith Apl controlandat 0.04~”
secondwith ApIT control.By addingto thesetimesthedeadtimebe-.:..
tweena decreaseinfuelflowandtheresultantpressurechangeatthe
diffuserinlet(0.035see),thetimefortheinitiation–ofshockrecov-””
eryisfoundtobe 0.075secondfor ApT controland0.080secondfor
API1 control.Shockrecoverywith API __control,therefore,started
0.025secondaftertheshockwasexpelled.With
ever,theshockhadbeenexternalfor0.04second
cormnencedat thetimeshockrecoverywasbegun.

ApI@Ont@ how-
andbuzzhadalready

— --
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Theprecedingdiscussionhasemphasizedthatitmaybe difficult
to completelyavoidbuzzwhencontrollingnearthecriticalpoint.7 Thisdifficultyprimarilyresultsfromtheshorttimeforshockexpul-
sioninrelationtothedeadtimesinvolved.A marginofoperation
fromthebuzzregioninsteadystate,therefore,maybe requiredifan
enginedisplayingseverebuzzcharacteristicsistobe adequately
controlled.

Figure27,however,suggestshowa near-criticalcontrol(suchas
API1)mightbe improvedinitsabilitytokeepthetimeinbuzzata
minimum.ThefigureshowsthatintheinitialstagesofrecoveryAPI
controldecreasedfuelflowata muchfast= ratethandid Apll con-

trol. Thefasteractionof Ap7 controlprimarilyresultedfroma

largerrestoring
point,the API

pressureerror.
errorsignalfor

1
signalfromthecontrolledvariable.At thecritical
pressureerrorwasabouttwiceas largeas the AP1l

The A’PIIcontrolcouldbe providedwitha greater
subcriticaltransientsby theadditionofa high-gain

* limiterto thecontrolsystem.The

control,forexample,couldprovide
-. trol.Thecontrolsystemdiscussed

suresignalasa limitingcontrol.

controlledvariableusedfor Aplll
a limitingsignalfor Apll con-

inreference7 usedthe Aplll pres-

Anothermethodthatmightbe usedto
speedrecoveryfromsubcriticaloperationisthevariationof controller
settingstitherrorsignaltoprovide’fastercontrolactionforpositive
thanfornegativeerrors.Stabilityrequirements,however,uy necessi-
tatetheschedulingofa specificvalueofpositiveerrortoactuate
thischangein controllersettings.

SUMMARYOFRESULTS

Ram-jet-enginecontrolby shockpositioninghasbeendemonstrated
witha continuous-acting,closed-loopsystemutilizingproportional-
plus-integralcontrolactionovera Machnumberrangeof1.50to1.98,
pressurealtitudesof 26,500to36,500feet,andat zeroand10oangles
ofattack.Threedesignpositionsoftheshock(wellsu’percritical,
nearcritical,andslightlysubcritical)wereinvestigated.Thesalient
resultsof theinvestigationaresummarizedas follows:

1. Shockpositioningappearstobe a practicalwayto controlthe
operationoftheramjet.

.
20 OPerationovera,tiderangeofflightconditionsrequiresa var-

iablecontrolreference:Sbple automaticcompensationofthereference
foraltitudechanges(andforlimitedl&chntier changes)appears
possible.

u
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3. A near-criticalcontrolmustbe co~ensatedforangleofattack
if itisnecessarytoavoidsubcriticalop<rationof%he engine.

. =
~–

4. Satisfactorystableresponseswith_response,~imeslessthan0.1
secondwereobtainableforeachofthethreedesignpositions“ofthe
shock. Suchresponseswereattainedwithan integratortimeconstant
near0.01secondandwithloopgainwithin50 to100.percentofthat
requiredtoproduceinstability.Theminimiunres~on~time’(0.05see)
wasnearlyequaltothesystemdeadtime.‘“”~ .-

J- —..=

5.In ordertoavoiddiffuserbuzzduringtransients,itwasnet- _.
essarytoprovidesomeoperatingmargininsteadystatefromthebuzz
region.Whenno suchmarginwasprovided“(theslightlysubcritical
positionoftheshock),well-pronouncedbu~zoccurre~ifithetransient
whenevera positivedisturbanceinfuelflowwasimpo&d. Witha large
margin(thewell-supercriticalpositionoftheshock),thecontrolre-
coveredwithno diffuserbuzzevenmen fuelflowwa~disturbedto
extremelysubcriticalvalues.Engineyerfo~ncein_steadystate,how-
ever,wassacrificedwiththislargemargin..A s~liurgin (thenear-
criticalpositionoftheshock)gavethebestcompromisebetweenengihe ‘
performancein steadystateandprotection“fromdiffuserbuzz-during
transients.Withthenear-criticalshockTosition,s&ll transients“
intothesteady-stateregionofbuzzwere~de withoutincurringbuzz.
Buzzdid.occurduringlargetransients,butthecontrolrapidlyrestored
theenginetothedesiredoperatingpoint. .

—

..>
..:

. .

.—
=

-.

. “-

‘i

LewisFlightPropulsionLaboratory —
NationalAdvisoryCommitteeforAeror&tics ““:

Cleveland,Ohio,June24,1955
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Thefollowing

A

c

cF-D

D

F

K

* ‘L

M
-,

P

P

q

R

s

Sfc

T

‘1

‘2

‘3

‘f
. a

Y.

area

capacitance

coefficient

sYM60LS

symbolsareusedinthisreport:

ofpropulsivethrust,—
<L:

externaldragofengine

internalthrust

controllergain

loopgain

Machnumber

totalpressure

staticpressure

dynsmicpressure,~ PM2

resistance

complexoperator

‘fspecificfuelconsumption,—
F-D

totaltemperature

control&rinputvoltage

controlleroutputvoltageorfuel-serminputvoltage

feedbackvoltage

fuelflow

angleofattack

ratioof specificheatsforair
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Ap~

API

Ap
II

Ap
III

6

‘r

-
NACARME55F21

pressuredropofsecondary-fuelnozzles,L-

P~-Pb

Pc - Pa —
—.. .-.., -

% - Pa ,- .—. —
errorsignal . —— .-

integratortimeconstant

Subscripts:

a diffusercenterbody
horizontalplane

b diffusercenterbody
plane

c diffusercenterbody
horizontalplane

d diffusercenterbody
horizontalplane

max maximum

x diffuserexit

o freestream

6 exhaust-nozzleexit

surface,4 in.upstreamQf cowllip, _
.—

surface,inplaneof cowl

surface,6 in.downstream

.

lip,horizontal

of cowllip,

surface,15 in.downstreamof Cowllipj._

.-

—

.

—



NACARM E55F21
.

25

Forthemeasurementof

APPENDIXB

INSTRUMENTATION

EngineVariables

enginevariablesduringtransientoperation
oftheengine,itwasnecesssryto selectinstrumentshavingfastre-
sponsein-viewoftheshortresponsetimesexpected.Forthemeas-
urementofpressureswithintheengine,pressuretransducersofthe
variable-inductancetypehatinghighnaturalfrequencieswereselected.
Connecting-tubinglengthswerekepttoa minimun,and,whereverpos-
sible,staticpressuresweremeasuredby transducersscreweddirectly
intothestatic-pressuretap.

Theresponsecharacteristicsofthepressuretransducerswere
obtainedfrombenchtests.Thestep-functionresponsewasdetermined
foreachtransduceranditsassociatedtubing,anda limitednumberof
sinusoidalresponsetestsweremadeforeachtypeof transducerwith
severaltubingconibinations.Theresponsecharacteristicsaretab-
ulatedsubsequentlyforeachtiiable. Wherereferenceismadeto the
frequency-responsecurvesoffigures28to 30,thedataweretakenfor
the’specifictransducerandtubingused.Wherethecurveisindicated
as (approx.),thecomparisonoftubingdimensionsandthestep-function
responsesshowssufficientagreementtopermituseof thespecified
curves.Theaccuracyofthestep-functiondatagivenislimitedto
approximately0.5millisecondinmeasurementofresponsetimeand~5
percentinovershoot.Thestepdatawererecordedwitha galvanometers
havinga naturalfrequencyof500cy’clespersecond,dampedat 64per-
centof critical,whichgavea flatresponseof*5 percentat fre-
quenciesto300cyclespersecond.Sincethegalvanometersresponseis
thessmeorderofmagnitudeas thepossibleerrorinthemeasurements,
no correctionhasbeenmadeinthedatafortheeffectof the
galvanometers.

.
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Variable TransducerFrequency-respo~seResponseto step
type characteristic function

Figure Curve Time Percent
(6;~=jyt overshoot

sec
I 33 A 0.0005 8.6

33 .0014 60.0
(app~ox.)

{

P
‘PII -p= III 35 c . .0072 None

a .- ----------- .072 None

Ap
{
%III -pa

II 34 A (approx.) .0009 25.8
-. ----------- .014 None“–

??() 1 33 A .0005 8.6”

Px I 33 A .0005 8.6

Px III 35 B .0041 None

Diffuser- I 33 .0013 60.0
lippitot-” (app~ox.) .-
pressure

Forsteady-stateperformanceandtransducercalibration,thesepres-
suresweremeasuredby manometers.

AngleofAttackandArea

Forthemeasurementofangleofattackandexitnozzleareaduring
transient,slide-wirepotentiometers,connectedina r=si.stancebridge

--
.

*

.%

--

-.

circuitwereused. Theexit-areaindicationwasobtainedby sensingthe
positionoftheexitplugwhichreducedthearealine~rlyas itwas
movedintothenozzle.In steadystatethesevariab~eswere--measured .. 1
by counters. - _ . .

FuelVariables —

Fuel-nozzlepressuredropwasmeasured,byresistancestrain-gage-.
typedifferentialpressuretransducersconnecteddppr5ximately8 inches

—

upstreamofboththeprimqryand secondaryt!uelnozzlesandreferenced m
to theairpressureintheregionof thenozzles.Theresponseof’the
fuelpressuresideofthetransducerswithtubingwas””foundfrombench
teststobe flatwithin+5percenttofrequenciesofatleast150cycles

● —
— -..
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persecondwithnomeasurablephaseshift.Forsteady-statemeasure-
ments,fuelpressuresweresensedby autosyn-t~epressuretransmitters,.- andfuelflowwas“measuredby rotameters.

Theinputvoltageto thefuelservoandthefuel-valve-position
signalweremeasureddirectlyat thefuel-servocontrolpanelandcon-
nectedto therecorderby meansofisolatingd-camplifiersandmatdh-
ingnetworkstoprotidethepropersensitivityanddampingcharacter-

W isticsforthegalvanometers.ThefrequencyresponseoftheamplifiersmaN wasflatwithin45 percentto 200cyclespersecond.

TransientRecording

Alltransientmeasurementswererecordedonsensitizedpaperina
galvanometricoscillographwithgalvanometerselementshavingnatural

~ frequenciesof 210to500cyclespersecond,dependingontheamount
d offilteringdesired.Inaddition,certainvariablesweremonitoredon
B a direct-inkingoscillographhavinga flat
T cyclespersecond.

1.

2.

3.

4.

6.
.

7.
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Designshockpositionforeachcontrol

Pa

Tapson centerbody,in horizontal
planethroughdiffuseraxis

Axialdistancefromdiffuserinlet,In.

Figure2. - Designshockpositionsandlocationof pressuretaps
usedin controlsystem.



.-

.— Raferencesetting
12@3

803

; :,

c

< MC
~ Free-stream Free-ntre”!al

Mach~, t3tStiC

$
I / L 1

R-

o
J.w UN

$

‘ .!1’,
1.79 545

-EpJ 1.53 7ml

u 16 m 24 m 52 S6 40 44 4EIXMY

FUd flDv, Wf, lb/hr

(a)control> Al+.

,, Figure3. - V@atlml & cmtrolld VM5*M tithfuelflow. %& @e of atteck. [
N
P

,



1 , Z5W2

I

mu

1600

1200 /

/

/

m
/ — -

A R.derence eetting for
~ of 1.98 aml 1.79

4(X A ‘~
Free-strean Free-stream I I
&h number,staticpremwe,

M
Refereuce8et’tlngfor

o PO)@w ft~H /
Af ~ of1.30

1.79 343

0 ‘ /
I / /

1.98 460

,
/

1.30! ?ti

-4.m
36 40 44 KIXI02

---
12 16 20 24 28 32

Fuelflow,Vf,l~/hI

(b)Control,ApI1.

Figure3.-continued. Vtiatlonofcontrolled-Iableawithruelflow.ZeroRogleofattack.

Cn
P

:, 1



■ ✎ ✎ ✎ ■

‘1

1200

f3aJ / ? ~ “
/ ~

/
Reference set’cingfur

_Ref erence settIng 1 { /
~ of 1.98 ana’1.79

400-Free-6trem Free-6treem (
Mach n.umber,

for ~ of 1.54)
static pressure,

% Po, lb/Elqft ah
/ “

1.50 730 /

o /

,,
1.79 54S /

/
/

-1.98 469

-4X)
,,12 16 20 24 26 32 36 40 44 48X102

Fnel flov, Wf, lbihr

(c)Control,~~.

Figure 3. - concluded. Verlation of controlledvdables tith fuel flnv. Zero angle of attack.

I

,1
1111, ,,

l“.
I



,

Reference

r
VI v~

Carrier - - Fuel
Fuel

*
A

Controller
amplifier servo flow Engine

1 ‘J,

~

Pressure

I sensor
I

E?’
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Figure13.- Steady-stateoperakionof controlsinrelationto eHgineperformance.
Zeroangleofatta~k.
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Figure 16. - Effect.of loopgainand Integratortime
constanton re%ponaeand stabilityof Ap= control. , .
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(E)InittalMchntier,1.67;finelMachnuniner,1.77.
Figure22.-ResponseofAPIcontroltoMachnmberaistorlmnce.Loopgainatfree-stream
Machnumberof1.79,0.262;integratortimeconstant,0.02s~coti~zeroangleofatteck.
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Figure23.-Reeponeeof&= controlto~e-of-attackdistmbence.Ititialangleofattack,
OO;finalangleofattack,10°~loopgainatzeroangleofattack,0.286j integratortime
constant,0.02second;free-ntrearn,llschumber,1.98.
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(a)Iuitialexbaustare8,0.960square foot;ffiidexhaustarsE,0.664squarefoot.“–

Figure24.-Responseof API controltoexhauat-areadisturbance.Lbop,gainwtexhaustareaof
0.960equare-foot,0.262j integratortimeconetant-,O~& second]free-streamWch nti”er,1.77;
zeroangleofattack.
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(b)Initialexhauetarea,0.864squarefootjfinalexheusterea,0.960squarefoot.

FLguxe24,- Cox”luded. Responseof A% controltoexbaue.tseedisturbance.Loopgainat
exnauetareaof0.920Bqurefoot,0.262;Integratortimeconstant,0.02second;free-atrq
Mnchnumber,1.77;zeroangleofattack.
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