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Summary

At smallmassflows theperformanceof a compressionsystemis limited by theoccurrenceof
aerodynamicflow instabilities,which canleadto catastrophicfailureof thecompressordueto
mechanicalandthermalloads.This so-calledsurgeof thecompressionsystemis characterised
by large amplitudepressurerise oscillationsandan unsteadymassflow. The presentstudyis
concernedwith measurementandmodellingof centrifugalcompressorsurge.

Surgeis studiedin a laboratorygasturbineinstallation.At differentrotationalspeedsandthrot-
tle valvesettingssurgewasmeasuredwith apressuretransducerat theoutletof thecompressor.
Fromthepressuredatatheminimumandmaximumpressurerisein asurgecycle,andthesurge
frequency ( ��� ����� � [Hz]) aredetermined.Thesurgefrequency increasesasthethrottlevalve
is closed,which indicatesthat the systemexperiencesa classicor deepsurge. To investigate
the massflow oscillationduring surge, a singlehot-wire probewaspositionedat the inlet of
thecompressor. By correlatingthevelocity to themassflow an impressionof theperiodwith
positiveflow in thesurgecycle is obtained.

Existingmodelsto simulatesurgearebasedon a lumpedparameterapproachof thesystemin
which thecompressorperformanceis modelledto reactquasi-steadyto flow changes.If in this
conventionalmodeltheparametersof thecompressionsystemthataregeometricaldetermined
are used,the simulatedsurge frequency is larger and the maximumpressurerise is smaller
comparedto measurement.However, the shapeof the surge cycle at the maximumpressure
riseis capturedwell. To matchthesimulatedmaximumpressureriseandsurgefrequency with
measurement,theratioof thecompressorductlengthandtheplenumvolumehasto beincreased
by a factortencomparedto thephysicalvalue.Nevertheless,in thiscasetheshapeof thesurge
cycleat themaximumpressureriseis simulatedincorrectly.

In thisstudy, anew correctionis developedto improvethesimulationresultsof theconventional
model.In theconventionalmodelthecompressorperformanceis assumedto reactquasi-steady
to flow changes,while an unsteadyperformanceis more realistic. Therefore,the developed
correctionaccountsfor the influenceof the unsteadyboundarylayer on the compressorper-
formanceandis derivedby consideringtheunsteadymomentumequationof a fully-developed
laminarflow in a duct. An importantparameterin this simplified caseis the Stokesnumber
( � ). The correctionappliedin the range ��� ����� ��!"� resultsin a betteragreementof the
amplitudeandphaseof the simulatedpressureandmassflow oscillationswith respectto the
exactsolution.

Subsequently, it is studiedwhetherthecorrectiontermcanbetranslatedto aturbulentinlet flow.
For verificationpurposes,PIV andpressuredropmeasurementsin awaterchannelfacility with



andwithout an adversepressuregradientareperformedfor #%$ &('�) '�&�$ * . Especially, for
theadversepressuregradientflow a differencebetweenthesimulationswith theconventional
modelandexperimentsis found. Simulationswith the improvedmodelresultin anamplitude
ratioandaphase,of themassflow andpressure,thatagreewell with theexperimentalresults.

Finally, the correctionis appliedto the experimentalcompressionsystemfor which )�+-, # .
Simulationswith theimprovedmodelresultin asurgefrequency anda maximumpressurerise
aswell asa pressurisationperiodof thesurgecycle thatagreewith measurement.Hence,the
contribution of theunsteadyboundary-layeron theperformanceof thecompressoris captured
well by thedevelopedcorrection.A gainof theimprovedmodelis that theparametersdepend
onthephysicalquantitiesof thecompressionsystem.Furthermore,aspecificparameterratio is
obtainedthatdependsonthekind of compressorthatis used,ratherthanonthesystemin which
thecompressoroperates.



Chapter 1

Intr oduction

1.1 Axial and centrifugal compressors

The topic of this thesisis the physicalunderstandingandmodellingof surge in compressors.
Aerodynamicflow instabilitiesof this kind limit theperformanceandoperatingregimeof the
machineandcanleadto severedamageof acompressor.

Axial andcentrifugalcompressorsarewidely usedfor thepressurizationof gases.Thedriving
forcefor thedevelopmentof compressibleflow machineswasthegasturbine,whichapplication
is mainly seenin aircraft enginesandelectricalpower generation.The gasturbineproduces
mechanical(shaft)powerbyexpansionof acompressedgasthroughanexpander. A combustion
chamberpositionedbetweenthecompressorandexpanderprovidesenergy to overcomelosses
and to develop useful power. Besidesthe gasturbine a large market exists for the internal
combustionengineturbocharger, which is usedin dieselandgasolineengines. The internal
combustionengineturbochargercompressesthegasenteringthemanifoldof theengineandis
drivenby aturbinerunningontheengineexhaustgases.In turbochargingawiderangeof stable
operationis necessary. Thisis anadvantageof acentrifugalcompressorwith its generallywider
operationalarea.Otherapplicationsof thecompressorarefor ventilation,processandchemical
industries.

Axial andcentrifugalcompressorstransferenergy from a rotatingdevice to a gas,usingshaft
torqueto impart the momentto the gas. Dif ferentcomponentsof the compressorcanbe dis-
tinguished.In thecaseof anaxial compressor, seeFigure1.1(a),eachstageconsistsof a row
of rotor bladesfollowed by a row of statorblades. In the rotor passagethe flow is initially
acceleratedandthendeceleratedby thestatorblades.Herethekineticenergy transferredto the
gasin therotor passageis convertedto staticpressure.Thecentrifugal(radial)compressor, see
Figure1.1(b),consistsessentiallyof a rotatingimpeller anda numberof fixeddiverging pas-
sagesin which thegasis deceleratedwith aconsequentriseof thestaticpressure.Thedifferent
diverging passagesin thediffuserregion arethevanelessor vanedregion, anda volutewhich
functionis to ductflow awayandto deceleratetheflow further.
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Figure1.1: Sketchof acompressor.

1.2 Compressormap

Thesteadyperformanceof thecompressoris oftenspecifiedin acompressormapby curvesthat
relatethe rotationalspeed,thepressureriseacrossthecompressorandthemassflow through
the compressor. Figure1.2 shows a compressorperformanceof the centrifugalturbocharger
compressorusedin this study, approximatedby Willems [70] seeAppendixC.4, presentedin
two differentways.Theleft-handsideFigure1.2(a)showstheoverallperformanceof thecom-
pressorby plottingthepressureratioversusthemassflow for arangeof rotationalspeedsin full
dimensions.Thecompressorpressureratio is theratioof thecompressoroutletpressure(H�I ) to
thecompressorinlet pressure(H�J or HLK if the inlet pressureis ambient).In theright-handside
Figure1.2(b)thesamedatais plottedbut nondimensionalisedby useof theaerodynamicscal-
ing. A discussionon theaerodynamicscalingcanbefound in AppendixA. Thefigureshows
thepressurerise coefficient versusthe inlet flow coefficient. Expressedin theseaerodynamic
variablesit is seenthat the compressorperformanceis almost independentof the rotational
speed,i.e. the Mach numberis not an importantvariablein the rangeof rotationalspeedsin
which this compressorwasoperated.Theoperatingrangeof a compressoris boundedfor high
massflows by the phenomenonknown aschoking,which is indicatedby the stonewall line.
The chokingoccurswhen locally, usually in the vaneddiffuser throator impeller throat, the
flow becomesequalto the speedof sound([72]). At low massflows the compressorexperi-
encesunstableflow. As theflow is reduced,at a constantrotationalspeed,a point is reachedat
which theslightestfurtherreductionin flow rateleadsto anabruptanddefinitechangein flow
patternin thecompressor. Beyondthis point thecompressorentersinto eitherrotatingstall or
surgethatis markedby thesurge(or stall) line.

1.3 Unsteadycompressorflow

Two compressorflow instabilitiesare known to occur for small massflows in compressors,
i.e., rotatingstall andsurge. A review of theseinstabilitiesin turbomachinescanbe found in
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Greitzer[33] andPampreen[56].

Rotatingstall is a two-dimensional,local instability phenomenonin which oneor morelocal
regionsof stagnantflow, i.e. stall cells,rotatearoundthecircumferenceof thecompressor. The
annulus-averagedcompressormassflow is steady, but circumferentiallynon-uniform.Thiscan
havea largeimpacton thebearingsof thecompressorshaft.Furthermore,rotatingstall induces
largevibratorystressesin thebladesandcanresultin alargedropin performanceandefficiency
thathasdisastrouseffectsontheperformanceof e.g.airplaneengines.Theeffectof therotating
stall is local to thecompressor, so it hardlyaffectstheflow far upstreamor downstreamof the
compressor. Somefeaturesof rotatingstall canbefoundin AppendixB.

Surge is aflow statein which therearefluctuationsin theaverageflow throughthewholecom-
pressionsystem.Themassflow fluctuationsatsurgecanbethatlargethatduringashortpartof
thesurgecycle themassflow becomesnegative. Theoscillatoryloadingandunloadingof the
compressorin surge imposestransitoryloadson thebearingssupportingthecompressorshaft
andcanhavedisastrouseffectson thewholecompressionsystem.Furthermore,surgeproduces
mechanicalvibrationsandis usuallyclearlyaudible.Thissectiondiscussesthegeneralfeatures
of theaerodynamicflow instability surge.

The initiation of surgecanbeexplainedby looking at thecompressormap,seeFigure1.3(a),
andconsideringthe compressorandthe throttle characteristic,shown by the dash-dottedand
dottedline, respectively. Toexplaintheinstabilityof acompressionsystemandthedevelopment
of surgethemodelandsimulationparametersasproposedby Willems [70], seeAppendixC.4,
areused.Thediscussionof the initiation startsat a massflow for which thecompressormass
flow, MLN , and pressurerise, OPN , is stableand equalsthe massflow and pressurerise of the
throttlevalve, ( Q�R�S ). At this point ( T ), thecompressorflow is unconditionallystable,i.e., if a
small reductionof massflow is consideredit resultsin an increasein thecompressorpressure
riseanda decreasein thethrottlepressurerise. Theflow will accelerateandwill increaseuntil
theoriginal equilibriumis restored.
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As thethrottlevalveis closed,dependenton thethrottlevalveposition,i.e., in betweenULV�W andULV"X , unstableflow situationsoccur. Supposethatthecompressoris operatingatpoint ULV%X when
a smalldecreasein massflow occurs;thepressurerisedecreasesslightly andthepressurerise
of thethrottledecreasessubstantial.In thecasethecompressorandthrottlewouldbeconnected
directly, without any volumein which flow canbe accumulated,this would result in a stable
operationalsystem.Nevertheless,betweenthe compressorandthrottle thereis a volumeand
theproducedcompressorpressureriseat this smallermassflow is lower thanthepressurerise
thecompressorproducedbeforethesmalldecreasein massflow hadoccurred.Thecompressor
no longer is able to work-up to the pressureof the gasin the volume. The gasthroughthe
compressorwill decelerateor even acceleratebackwardsthroughthe compressor, which will
reducethemassflow further, leadingto anunstableflow situation.
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Thedevelopmentof thesurgecycle, after the initiation of surge, is shown in Figure1.3(b)for
throttle valve position jLk%l . After sometime a limit surge cycle is reached,which shapeand
frequency dependson the configurationof the system. Parametersthat play a role are,e.g.,
thethrottleandcompressorcharacteristic,thevolumeandductwork in betweenthecompressor
and the throttle, and the throttle valve position. Startingat the maximumpressurerise the
surgecycle is formedby a counterclockwisemotionin thecompressorcharacteristic.Dueto a
reductionof massflow throughthecompressorthepressurein thevolumedrops.At a certain
pressurethe compressoris ableto work-up to the pressurein the volumeagainandthe mass
flow throughthe compressorwill restore.Then,the pressurein the systemwill rise until the
maximumpressureriseis reachedandanothersurgecycle is started.

Dependenton the compressionsystemand the operatingconditions,different categoriesof
massflow andpressurefluctuationsduring surge canbe distinguished,De Jager[41]: Mild
surge,classicsurge,deepsurgeandmodifiedsurge.

m Duringmild surge thefrequency of theoscillationis closeto theHelmholtzfrequency, i.e.
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the resonancefrequency of the compressorduct andthe volumeconnectedto the com-
pressor[13], andnoflow reversaloccurs.A mild surgecycleis illustratedin Figure1.4(a)
( n ). Themild surgefrequency is independentof rotationalspeedor operatingconditions
[66], [40]. Measurementsof mild surgeareperformedby, e.g.,Fink et al. [23] andRibi
andGyarmathy[62].

o Classic surge is characterisedby larger pressureoscillationswith a lower frequency,
which is dependenton the rotationalspeedandoperationalcondition. For this condi-
tion thedynamicsbecomenon-linearthatis foundin theoccurrenceof higherharmonics.
In Figure1.4(a)classicsurgeis illustrated,thecompressoroperatingpointdescribesfor a
smallsystemvolumearoughlyoval cycle ( p ) centredaroundthethrottleline. At a larger
systemvolume( q ) thehigherharmonicsareseenmoreclearlyandthemassflow can,for
a shortperiod,becomenegative,Greitzer[31].

o Deepsurge is characterisedby evenlargerpressureandmassflow oscillations,whichbe-
comesnegativefor partof thecycle,seeFigure1.4(b).In reversedflow theinstantaneous
operatingpointmovesdownaline knownasthenegativeflow characteristic.Thisline de-
finestheresistancethattherotatingbladesoffer to flow in thereverseddirection.For flow
in thepositivedirectiontheoperatingpointcloselyfollowsthesteady-statecharacteristic,
[31], [16]. Thefrequency of deepsurgeis determinedby thefilling andemptyingof the
volumeconnectedto thecompressorandthereforedependson thesystemconfiguration.

o Finally, surgecanalsooccurin combinationwith rotatingstall, socalledmodifiedsurge.
Thenthemassflow throughthecompressoris unsteadyandnon-axisymmetric,dueto the
superpositionof rotatingstall andentireannulusmassflow oscillationsin flow direction.
Theeffectof rotatingstallontheperformanceof thecompressoris shown in AppendixB.
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Generally, thestability of a compressionsystemis guaranteedaslong astheslopeof thecom-
pressorcharacteristicis negative. This meansthatthelimit of dynamicstability coincideswith
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themaximumof thepressurerisecharacteristic,[33]. Hunziker andGyarmathy[40] extended
this argumentto the individual componentsof the stageto indicatethe componentsthat are
potentiallyunstable.For example,it is shown thatwhenthemassflow is reduced,theslopeof
thecharacteristicin thediffuserthroatchangeswith decreasingmassflow. Although,its slope
is alwaysnegative,andsothis componentis stable,therapiddecreaseof its slopewith smaller
massflowscausesthecompressionsystemto becomeunstable.

By changingthediffuservanesettingHunzikerandGyarmathy[40] andBuseetal. [8] showed
that thestability of a compressionsystemcouldbe influenced.Using this knowledge,Harada
[35] implementedcomputer-controlledvariablediffuservanesinto acentrifugalcompressorand
showedthat thestableoperationalrangeof thecompressorcouldbe improved. An advantage
of this variablegeometrystabilisationis that it is basedon local measurementsin thediffuser
andonly a characteristiccurve of thestaticpressuredifferenceon thediffuservaneagainstthe
angleis required.Ontheotherhand,thismethodintroducesarelatively largeefficiency penalty
([26], [24]), andis difficult to apply to existing machinesanddesigns.A methodthat canbe
appliedto a wide rangeof existing machinesanddesignsis thesuppressionof the instabilities
by activecontrol. In literatureaconsiderableperformanceimprovementup to �"�"� reductionin
surgepointmassflow is reportedby applyingactivecontrolto experimentalset-ups([71], [57]).
Themethodof active controlrequiresa modelof thecompressionsystem,i.e., thecompressor
andits connectingducts,volumesandvalves.In this thesis,thefocusis on themodellingof the
compressionsystemincludingtheunsteadyflow dynamicsin thecompressorduringsurge.

1.4 Surgemodelling

In 1976 Greitzer [31] observed that, althoughthe phenomenarotating stall and surge were
known to occurin compressionsystems,it wasnot yet understoodwhat fundamentalmecha-
nismsareresponsiblefor determiningthemodeof instability. Therefore,compressionsystem
modelsweredeveloped. The oscillationsin the systemaremodelledin a manneranalogous
to thoseof a Helmholtzresonator. This kind of modellinghasan analogywith electricaland
mechanicalsystemsasshown by, e.g.,DeanandYoung[18] andCumpsty[13]. TheHelmholtz
resonatorbehaviour wasproposedearlierby Emmonset al. [19] who useda linearisedanal-
ysis to examinecompressioninstability. However, this approachis fundamentallyunableto
describethe large amplitudepulsationsencounteredduring a surge cycle. To overcomethis
problemGreitzerdevelopeda nonlinearmathematicalmodelof transientcompressionsystem
behaviour.

Theassumptionsof aHelmholtzresonatorimply thatall thekineticenergy of theoscillationsis
associatedwith themotionof thegasin thecompressorandducts.Thepotentialenergy of the
gasis associatedwith thecompressionof thegasin theplenum.Furthermore,theassumptions
arethat the inlet Machnumbersarelow andthat thepressurerisesaresmall comparedto the
ambientpressure.Thegasdynamicmodelthatis usedin theanalysisis shown in Figure1.5.

Thecompressorandits ductingarereplacedby anactuatordisk,to accountfor thepressurerises
dueto thecompressor, andaconstantareapipewith acertainlength,to accountfor thedynamics
of thegasin thecompressorduct. Similarly, thethrottle is replacedby anactuatordisk,across
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Figure1.5: Equivalentcompressionsystemusedin analysis.

which the pressuredrops,plus a constantareaduct. The actuatordisk theoryassumesthat a
bladerow canbe representedby a small planeacrosswhich the massflow is continuous,but
pressurechangescanbediscontinuous.Theflow in theductscanbeconsideredincompressible,
sincetheinlet Machnumberis assumedto below, thepressureriseis smallandthefrequency of
theoscillationsassociatedwith surgeareregardedto below. As a consequence,themassflow
at theinlet of theductis equalto themassflow at theoutletof duct.Thedetailsof theequations
of motion aswritten down by Greitzer[31] aregiven in AppendixC. The modellingof the
compressionsystemwith a lumpedparameterapproachis widely acceptedin literature,andis
usefulin thestabilisationof rotatingstall andsurgeby meansof active control. Furthermore,
it formsabasisfor modelsdealingwith long compressors,([9], [22]), or compressibilityin the
compressor([54], [48]).

Theresultingequationsof thedynamicsof thesystemareEquations(C.3),(C.4),and(C.6):

à�áâ�ãà"äæåèç
é ãê ã�ë:ìîí ç ìîí ã ïgð (1.1)à�áâ�ñà"äòåèç
é ñê ñóë ç ìîíõô�ìîí ñöï�ð (1.2)

à í%÷à"äøåæù
ú
û ÷ ë
áâ{ã ç áâ ñ ïgü (1.3)

Thefirst andsecondequationaretheone-dimensionalincompressiblemomentumequationsfor
thecompressorandthrottleduct, respectively. Herein,is ìyí thepressureriseacrosstheduct.
The loss (viscous)terms,and the contribution of the rotation in caseof the compressor, are
assumedto reactquasi-steadyto massflow,

áâ , changesandarerepresentedby thesteady-state
characteristics:ìîí ã , ìîí ñ . Thethird equationdescribestheconservationof massin theplenum
in whichanisentropiccompressionis assumed.

In this model the assumptionthat the compressorflow reactsquasi-steadyto flow changesis
questionable.In literature,it is shown thatany lag of responseof thecompressorflow, dueto
transientflow duringsurgeor theappearanceof rotatingstall, canbesimulatedby a first-order
transient-responsemodel(for details,seeSectionC.3). A drawbackof the lumpedparameter
modellingis thattheresultingmodelparameters(e.g.,

é ã , ê ã , û ÷ ) aredeterminedby fitting the
simulationsto themeasurements,ratherthanbeingfoundedon physicalarguments.
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1.5 Research objectives

In thelumpedparametermethodequivalentcompressorlengths,areas,andvolumeshave to be
providedthatarenot straightforwardobtainablefrom physicaldimensionsof thecompression
system. Furthermore,a relaxationequationis necessaryto obtainsimulationresultsthat are
comparablewith measurements.Thenecessaryparametersareobtainedby fitting thesimula-
tionsto measurements.This limits theusefulnessof themodelfor commercialuseandmakes
the understandingandexplanationof surge in physicalterminologydifficult. Therefore,the
researchis focusedon developinga physicalmodelthatparticularlytakesinto accounttheun-
steadycharacterof thecompressorflow. In thiswayamodelrepresentationof thecompression
systemis obtainedwith parametersthatcanbedeterminedby physicalarguments.

Thestudycontains:

1. Investigationof surgein a laboratorygasturbineinstallationwith a centrifugalcompres-
sor
(Chapter2)

2. Applicationof thelumpedparametermodelto this laboratorygasturbineinstallation
(Chapter3)

3. Analyticalderivationof acorrectiontermthataccountsfor theunsteadyflow performance
of thecompressorduringsurge
(Chapter4)

4. Applicationof thecorrectiontermon anunsteadyturbulentinlet flow in a waterchannel
installation
(Chapter5)

5. Applicationof thecorrectiontermon thesurging compressorflow in the laboratorygas
turbineinstallation
(Chapter6)

A betterknowledgeof thephysicalbackgroundof surgeandits initiation resultsin refinements
to existing models,andprovidesnew insightsinto methodsthat suppressthis instability. In a
companionresearchproject:Compressorsurgecontrol, thepracticallimitationsof activesurge
controloncentrifugalcompressorshavebeenstudied([70]). Togetherwith theresearchproject
into flow modelsfor compressorsurge,thecompanionprojectis partof themulti-disciplinary
CompressorSurgeProjectattheDepartmentof MechanicalEngineering,EindhovenUniversity
of Technology, TheNetherlands.



Chapter 2

Experimentson Surge

Most researchersfind mild surgeanon-disastrouskind of instability, sincetheamplitudeof the
oscillationandits frequency is boundedsuchthatit cannotharmthecompressor. In thecasethe
systemexperiencesmild surge,seee.g.,Toyamaet al. [66] andHunziker andGyarmathy[40],
thefrequency of thesurgecorrespondsto theHelmholtzfrequency of thecompressionsystem
andremainsthesameat otherrotationalspeedsandthrottlevalvepositions.

Moreeffort hasbeenput into thedevelopmentof theunstablecompressorflow aftermild surge
hasstartedandthe massflow is throttledfurther. Then,the so-calledclassicalsurge or deep
surge cycles are obtained,[32], in which intermittentmild surge cycles as well as rotating
stall canoccur, [61]. A characteristicof deepsurge cyclesis shown by Arnulfi et al. [1] and
Meulemanet al. [49]. As the throttle valve is closed,the surge tracesshow that the period
with positive flow decreasesand the period with negative flow increases.This resultsin a
maximumsurge frequency at an intermediatethrottle valve setting,betweensurge inception
andvalve shut-off. The explanationof this behaviour is that for deepsurge cyclesthe period
with positiveflow is mainlycharacterizedby apressurebuild-up to thecritical pressure.Dueto
a smallerthroughflow area,asthe throttlevalve is closed,this pressurebuild-up occursfaster.
Thenegativeflow periodis characterizedby theblow-down process,whichoccursasapositive
flow throughthe throttle valve andasa reverseflow throughthe compressor. As the throttle
valve is closedtheflow resistanceincreases,which resultsin a longerblow-down period.

To beableto developandvalidatemodelsthatdescribethedynamicsin acompressionsystem,
knowledgeaboutthe dynamicsis necessary. Therefore,surge is studiedin a laboratorygas
turbineinstallation.By generatingsurgeatdifferentrotationalspeedsandthrottlevalvesettings
the influenceof theseparameterson the surge characteristicsis studiedby meansof pressure
measurements.Furthermore,hot-wireprobemeasurementsareperformedto find out thenature
of thesurge.

2.1 Experimental set-up

A laboratory-scalegasturbineinstallationdesignedandinstrumentedby VanEssen[20], is used
to studysurgein a centrifugalcompressor. Theinstallationis designedarounda turbocharger,
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asis shown in Figure2.1. The turbochargerconsistsof a singlestage,centrifugalcompressor
with a vaneddiffuserandan axial turbineboth mountedon the samerotationalaxis. Surge
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Figure2.1: Experimentalset-up.

measurementsareperformedwith a configurationin which the compressorandturbinemass
flowsaredecoupled.Theturbinethatis only usedto rotatethecompressorunderinvestigation,
is poweredby externally suppliedcompressedair that first flows via a combustionchamber
beforeit expandsover theturbine.Dueto therotation,air is suckedinto thecompressor, where
it is pressurised,andis dischargedvia thecompressorthrottlevalve into theatmosphere.

Sincethe massflow rateof the externally suppliedcompressedair is limited, the maximum
rotationalspeedin thedecoupledmassflow configurationis j kAlZmAmZm [rpm]. Higherrotational
speedscanbeachievedby usingthe installationin thegasturbineconfiguration,in which the
pressurisedcompressorflow drivesthe turbine. This configurationis lesspracticalfor surge
measurements.First, the surge relatedpressureoscillationsaredependenton the discharged
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volumeof thecompressor. Thesmallerthedischargedvolumethe lessflow is accumulatedin
the volume,resultingin smallerpressureoscillationsthat arelessharmful for the equipment.
Comparedto thegasturbineconfiguration,the decoupledmassflow configurationhasa rela-
tively small dischargedvolume,with which reproduciblesurge measurementsareperformed.
Second,Fink et al. [23] andArnulfi et al. [1] showed that with a small discharge volumethe
compressoris stablefor smallermassflows, which meansthat the steady-statecompressor
characteristicsaremeasuredup to smallermassflows. Third, in thedecoupledmassflow con-
figurationthesystemcanbeoperatedatany desired(compressor)operatingpoint,astheturbine
andcompressorarecoupledonly by apowerbalance.In thegasturbineconfigurationthenum-
berof operatingpointsis reduceddueto theextrabalanceof massbetweenthecompressorand
turbine.Moreover, thelargemassflow fluctuationsduringsurgecausea combustorflame-out,
whichmakesdetailedgasturbinesurgeexperimentsimpossible.

measurementsystem

In Figure2.2(a)theisolatedcompressionsystemis shown with the locationof thetransducers
usedfor the surge measurements.To determinethe overall performanceof the compressor,
thesystemis equippedwith a thermocouple,npo , to measuretemperatureandahigh-frequency-
responsepressuretransducer, qro , to measurestaticpressuresat the outlet of the compressor.
Therotationalspeed,s , of theimpeller is registeredby a semiconductortachometer. With an
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(b) cross-sectionof thecompressor

Figure2.2: Detailsof thecompressorset-up.

instrumentorifice, §�¨ © ª « § ¨ © ª ¬r¨ © , thesteadycompressormassflow is determined.Thecompres-
sormassflow is controlledby a throttlevalve, which positionis measured,r® . Theaccuracy
of the measurementequipmentcan be found in Van Essen[21]. All transducersignalsare
connectedto a ‘ NATIONAL INSTRUMENT’ dataacquisitionPlug-inboardin themeasurement
computer. A ‘ LABV IEW’ baseddataacquisitionsystemis usedto measure,monitorandstore
all theavailablemeasurementsignals.

Measurementsof thetransientsinto andduringfully-developedsurgeconsistbasicallyof data
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from the high-frequency-responsepressureprobeat the outlet of the compressor, the throttle
valve position sensorand the rotationalspeedtransducer. The samplerate of the transient
measurementswas ¯Z°A° [Hz]. Nevertheless,informationof the unsteadymassflow cannotbe
determinedfrom theinstrumentedorifice,sinceit is only capableof measuringsteadyflow. To
obtainsomeinformationabouttheflow velocity, ±�² , asinglehot-wireprobeis usedat ³Z´ [mm]
upstreamof the inlet of the compressorduct, seeFigure2.2(b). The positionof the hot-wire
probeis measuredfrom the casingwall ( µ·¶¸° [-]). The maximumposition is µ·¶º¹ [-] at
the inner wall of the inlet. Furtherdetailsaboutthe hot-wire measurementscanbe found in
AppendixD andin Maas[47]. Measurementsincludingthehot-wireprobeareperformedat a¹ °Z°A° [Hz] samplingrate.

2.2 Compressorcharacteristic

Measurementsarecarriedout on a single-stagecentrifugalcompressor, with an unshrouded,
radialendingimpellerwithout backsweepanda diffuserwith straightvanes,seeFigure2.2(b).
Thecompressoris partof a turbocharger(BBC VTR 160L).Relevantgeometricalcompressor
parameterscanbefoundin Table2.1.

Table2.1: Geometricalcompressorparameters.

Impeller Diffuser
numberof blades » 20 [-] numberof vanes ¼ 45 [-]
inducerinlet diameter(casing) ½�² ¾ ¿ 0.106 [m] vanesinlet diameter ½AÀ 0.215 [m]
inducerinlet diameter(hub) ½ ² ¾ Á 0.054 [m] vanesoutletdiameter ½AÂ 0.258 [m]
impellerdiameter ½AÃ 0.180 [m]
impellerexit width Ä Ã 0.007 [m]

Steady-statemeasurementsare performedto determinethe overall performanceof the com-
pressorand to find the minimum massflow for which steadycompressionwas assured.In
Figure2.3(a)thepressureratio of theoutletpressure,Å Ã , andtheinlet pressure,ÅÇÆ , of thecom-
pressorversusthemassflow, ÈÉËÊ , is shown for threerotationalspeeds,Ì . Surgeis determined
experimentallyby detectingthe initiation of surge. Thenthe compressoris operatedcloseto
thesurgepointsuchthatnosurgewasincepted.In thisway theminimumstablemassflow was
measuredusingtheorificemassflow.

In Figure2.3(b) the nondimensionalcompressormapis shown. The definition of the nondi-
mensionalpressurerise(Equation(A.1)) andmassflow (Equation(A.3)) are:

Í Ê ¶
Î Å Ê²Ã Ï Æ Ð ÃÑ dimensionlesspressurerise

Ò Ê ¶ ÈÉ Ê
Ï Æ Ó Ê Ð Ñ dimensionlessmassflow

in which
Î Å Ê is thepressuredifferencebetweentheoutletpressure,Å Ã , andthe inlet pressure,Å�Æ , Ï Æ is theatmosphericdensity, Ó Ê is thecompressorthroughflow area,and Ð Ñ is theimpeller
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tip speed.Theatmosphericdensity, ÔAÕ , is determinedfrom theidealgaslaw,

ÔAÕ×ÖÙØ ÕÚÜÛ ÕÇÝ (2.1)

(The atmosphericdensityis different from the one usedby Willems [70] who took it to be
constant,ÔAÕ×ÖßÞ Ý

à
[kg/má ]). Theatmosphericpressure,Ø Õ , andtemperature,

Û Õ , aredetermined
at thebeginningof everymeasurementsession.Thecompressorthroughflow areais definedas:

â×ã Öåä
æAçè é ê×ë·æ�çè é ì
íîÖðï Ý

ñAò Þ óAô á [m
ç
] õ (2.2)

andtheimpellertip speedas:

öp÷ Öøä æ ç
ù
ïAóËÝ

The nondimensionalcompressormapshows that the rotationalspeedcurvesnearlycoincide.
The critical flow coefficient at which surge is initiated is not unique. In Meuleman[52] it is
shown thatthecritical flow coefficient increaseswith increasingrotationalspeed.
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Figure2.3: Measuredcompressormap.

2.3 Thr ottle valvecharacteristic

The compressormassflow is controlledby a throttle valve. Sincethe relation betweenthe
massflow throughthe throttle andthe openingareaof the throttle is linear, the massflow is
proportionalto thevalveposition, úrû , (VanEssen[21]). Thepositionof thevalve is measured
by a potentiometer, which givesa measurefor theopeningareaof thevalve. For subsonicflow
conditionsthethrottlevalvemassflow is assumedto begivenby:

ü ûþýðÿ û úÇû � � û�� (2.3)
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Herein,anondimensionalthrottlevalvemassflow, ��� , andnondimensionalthrottlevalvepres-
surerise, �	� , areused.Bothnondimensionalisedby relevantcompressorparameters(seeEqua-
tions (A.1) and(A.3)). Furthermore,the throttle valve position is nondimensionalisedby its
maximumposition:

� ��
�� ���� ��� ��� dimensionlessmassflow

� ��
���� ��� � � � �� dimensionlesspressurerise

� � 
! �
 �#"	$ % dimensionlessthrottlevalveposition

Thepressuredifference��� � of thethrottle is definedasthedifferencebetweenthe inlet pres-
sure,� � , andtheoutletpressure,� � , of thethrottle.Thegeometricalparametersof theimpeller
canbefoundin Table2.1.

The dimensionlessthrottle valve parameter, & � , is determinedfrom Equation(2.3) with use
of themeasuredmassflow, rotationalspeed,pressurerise,andthrottlevalve position. In Fig-
ure2.4(a)theratio ���('*) �+� is shown versusthemeasureddimensionlessthrottlevalveposition� � . As canbe seen,the ratio ���('�) �	� is linear in

� � , so & � is a constant.The bestfit of & �
in a leastsquaresenseis madefor themeasurementsfor

� �-,/.10 2 . Then & �3
4.*0 5�.�6 . Fig-
ure2.4(a)showsthat � � ' ) � � canaccuratelybedescribedby thelinearapproximation,aslong
as
� �879.10 2 . In addition, & � , is usedto estimatethenondimensionalmassflow, � � , seeEqua-

tion (2.3). This givesreasonableresults,asshown in Figure2.4(b). However, careshouldbe
takenfor massflows ��� ,:.*0 ; < and ���>= .10 ?�2 .
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Figure2.4: Dimensionlessthrottlevalvecharacteristic.
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2.4 Surgedevelopmentmeasurements

Surgeinitiation measurementsareperformedto determinethestability of thecompressorsys-
tem. In Figure2.5 the initiation of surge is shown. By closingthethrottlevalve, D�E , themass
flow is decreased,andsurge is initiated ascanbe seenin thepressureratio. The initiation of
surge is definedas the point at which the amplitudeof the pressuretracestartsto grow and
a distinct oscillation frequency appears,which is pointedout in the lower right plot. Upon
surgeinitiation asurgedevelopmentzoneB is recognizedin which thesurgedevelopsto fully-
developedsurgethatoccursin zoneC.Dueto aconstantshaftpower, thereductionof massflow
resultsin aslight increaseof themeanrotationalspeed,F . Thefigurealsoshowsthatwhile the
throttlevalve is keptat a certainvalue,therotationalspeedstill increasesdueto inertiaof the
rotatingparts.
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Figure2.5: Systemsignalsassurge is incepted. A: normaloperation,B: surge development,C:
fully-developedsurge

Thedevelopmentof thesurgeis sketchedin a compressormapin Figure2.6(a).As thethrottle
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is closedthe compressorperformancefollows the steady-statecharacteristic(for simplicity a
constantrotationalspeedscenariois followed). At a certainpressureratio thesurge limit line
is reachedanda surge cycle is initiated. Beforereachingthe limit cycle somesmallercycles
occur, asis seenin thepressureratio in theB-zoneof Figure2.5(d).
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Figure2.6: Stabilityof thecompressionsystemin thecompressormap.

Thestability line of thecompressoris determinedalsofrom thetransientmeasurements.Since
for transientmeasurementsinto surgetheinstrumentedorificecannotbeusedfor reliablemass
flow measurements,the relationbetweenthe throttle valve positionandthe massflow, Equa-
tion (2.3), is usedto determinethe surge initiation massflow. First, for different rotational
speedsthesurgeinitiation points,i.e. pressureratio,rotationalspeedandthrottlevalveposition
at initiation, aredetermined.Thenthemassflow is calculated.In Figure2.6(b)thesurgeiniti-
ationpointsareshown in thecompressormap. As canbeseen,thedeterminationof themass
flow via the throttle valve positionis reasonable,sincethe surge initiation pointsarecloseto
the lowestmeasuredsteadymassflows. Only the initiation of thecurve with rotationalspeedikjml npo�opo

[rpm] showsanoverestimationof themassflow determinedvia thetransientmea-
surements.This is dueto thefactthatthefit thatis usedto determinethetransientmassflow is
notapplicablefor flow coefficient q�rts o*u l v .
For this compressionsystem,the developmentof surge after the surge initiation point asde-
scribedabove, only appliesfor rotationalspeedslarger than w l x�opo�o [rpm]. For rotational
speedssmallerthan w l xpo�opo [rpm], prior to fully developedsurge,a dropin compressorpres-
sureratio is measured,asshown in Figure2.7. This is a characteristicof abruptrotatingstall,
seeAppendixB. After thedropin pressureratio,in zoneB, adistinctfrequency is found,which
indicatesthatthesystemis not in astableoperatingpointbut ratherexperiencesasurgearound
theassumedrotatingstall characteristic.Furthermore,it developsto fully-developedsurge,as
shown in zoneC. The stability of the presentcompressionsystemis explainedby assuming
that thereexistsa rotatingstall limit line that is specificfor thecompressor, anda surge limit
line that is specificfor thewholecompressionsystem.For

izy9l x�opo�o
[rpm], sketchedin Fig-

ure2.6(a),reductionof massflow leadsto thesurgelimit. Dueto a quick changeof massflow
andpressurea fully-developedsurgeis obtainedwithout any signof (abrupt)rotatingstall. For
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{}|k~ �p���p�
[rpm], sketchedin Figure2.8, a reductionof massflow first resultsin an abrupt

rotatingstall. Sincethe rotatingstall limit andthesurge limit arevery close,thesystemdoes
not operatestableon therotatingstall characteristic.Theunstableflow eventuallydevelopsto
a fully-developedsurge.
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Figure2.7: Systemsignalsasrotatingstall andsurgeis incepted.�k�m� �p���p� [rpm], A: normal
operation,B: pressuredropandsurgedevelopment,C: fully-developedsurge
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Figure2.8: Sketchof thesurgecycleprecededby rotatingstall in thecompressormap.

Willems [70] wasableto stabilisetheinvestigatedcompressionsystemfor surgeby one-sided
surgecontrol.For rotationalspeedssmallerthan ³9� ´p���p� [rpm] thestabilisedsystemappeared
to operatestableon therotatingstall characteristic.Informationaboutthepresenceof rotating
stall cellsat initiation andduringfully-developedsurgeis lacking,asthereareno pressuresen-
sorsplacedaroundthecircumferenceof thecompressorandthesamplefrequency of µ��p� [Hz]
is too low to acquireany informationontherotatingstall frequency, which is of theorderof the
rotationalspeed.
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2.5 Fully-developedsurgecharacteristics

Fully-developedsurgedatais collectedfor differentrotationalspeedsandthrottlevalvesettings.
Theprocedureof datacollectionis thatthecompressorwasput into surgeby closingthethrottle
valveto adeterminedthrottlevalvesetting.After therotationalspeedis settleddatais acquired.
Therefore,in this sectionthesettledrotationalspeedbelongingto the throttlevalve settingin
surgeis usedto discussthedependenceof thesurgecharacteristicson therotationalspeed.The
surgefrequency is determinedfrom a spectralanalysisof thefully-developedpressureoscilla-
tions. In this way the computedsurge frequency is within ¶*· ¸ [Hz] of the real frequency. In
Figure2.9 the resultingsurge frequency is shown versusthe throttle valve positionandrota-
tionalspeed([52]). As canbeseen,thesurgefrequency showsarelationwith thethrottlevalve
position,seeFigure2.9(a). Thesurge frequency increasesasthe throttlevalve is closed.Fur-
thermore,a slight influenceof therotationalspeedis seen.For a certainthrottlevalveposition,
thesurgefrequency decreasesslightly astherotationalspeedincreases,this wasalsofoundby
Arnulfi et al. [1], Jin et al. [42], andHansenet al. [34]. In Figure2.9(b)it is seenthatthesurge
frequency is notdirectly relatedto therotationalspeed.
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Figure2.9: Surgefrequency for differentrotationalspeeds[ ¹�º » ¼ rpm].

Figure2.10showsfor two rotationalspeedsthepressuresignalsbelongingto two throttlevalve
positions.The time is nondimensionalisedwith the surge frequency. As canbe seen,no dis-
tinct differencebetweenthe signalsis found. This meansthat for this compressionsystema
smallerthrottle openingresultsin a proportionalreductionof the pressurizationandpressure
dropperiod.

In Figure2.11 the meanmaximumandmeanminimum nondimensionalpressurerise versus
therotationalspeedandthrottlevalvepositionareshown ([51]). As canbeseen,themaximum
pressurerise coefficient seemsto be virtually constant.A detailedstudyshowed that thereis
a small increaseof the maximumpressurerise for a decreasingthrottle valve position. The
scatterin the minimum pressurerise coefficient is larger thanfor the maximumpressurerise
coefficient. This is mainly dueto thesharppressuresignalat theminimumpressure,which is
notalwayssampledatits minimumvalue.Thepressurerisecoefficientsatinitiation of surgeare
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Figure2.10:Pressureratio versusthenondimensionaltime for differentthrottlevalvesettings.

alsoshown in Figure2.11. As canbeseen,themaximumpressureriseduringfully-developed
surgeis largerthanthepressureriseat initiation of surge.
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Figure2.11: Maximum andminimum compressorpressureduring fully-developedsurge for
differentrotationalspeeds[ Å�Æ Ç È rpm].

Both the pressure-riseperiod andpressure-dropperiod are shortenedas the throttle valve is
closed.This resultsin anincreaseof thesurgefrequency. A decreaseof thepressureriseperiod
is expected,sincedueto a smallerthroughflow areathepressurebuild-up occursfaster. On the
otherhand,the pressuredrop period is expectedto increase,sincedueto the increasedflow
resistanceof a smallerthrottle valve settingthe pressuredrop occursslower. Apparently, in
this system,thepressuredropperiodis lessdeterminedby theresistanceof the throttlevalve.
Ratherby theresistanceof theimpeller, which is independentof thethrottlevalvesetting.This
couldalsoexplain thenearlyconstantpressureriseof thesurgecycle for differentthrottlevalve
settings.If thethrottlevalvedeterminestheflow resistance,thepressurerisebecomeshigheras
thethrottlevalve is closed.In this systemthepressuredropperiodseemsto bebroughtabout
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by massflow throughthethrottlevalveaswell asthroughthecompressor. Therefore,a period
of reversedflow throughthecompressoris expectedto occur.

2.6 Pressure-flow relation at fully-developedsurge

To obtainsomeinformationaboutthe flow during surge, velocity measurementsat different
positionsfrom the casingat the inlet of the impeller areperformedat ÉËÊkÌ*Í�Í Î�Î [rpm] andÏ�Ð ÊÑÎ*Ò ÓpÎ . In this section,the presenteddatais filtered with a low-passfilter with a cut-off
frequency of Ô�Î�Î [Hz] to obtaina clearerview on thepressureandvelocity traceduringsurge.
In Figure2.12a detailof thepressureratio andvelocity for Õ×ÖmÎ1Ò Ø�Ó areshown in onefigure.
Theposition, Õ , is the ratio betweenthedistancefrom thecasingwall andthe locationof the
innerwall. Startingfrom time ÙÚÖkÍ [s] a decreaseof thevelocity is seen,while thepressure
ratio increases.As themaximumpressureratio is obtainedthevelocity shows a suddendrop.
Thereafter, the velocity signalfluctuatesto at leastthe time at which the minimum pressure
ratio is obtained.At ÙtÊ9Í�Ò Î�Û [s] thecycle is repeated.
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Figure2.12: Detailedpressureratio andvelocity. ÜÞÝ/ß1à á�â , ãÑÝ/ä1åpå ßpß [rpm], æ Ð Ý/ß1à â�ß , ç :
uncertainmeasurement

The periodswith the large fluctuationsof the velocity aremarked ( ç ). In theseregions the
velocitymeasurementsareuncertain.Thedistortedmeasurementcanbecausedby theexistence
of three-dimensionalflow attheinlet of theimpellerwhichcausescoolingof thewire otherthan
perpendicularto it andmechanicalvibrationsof theprobeandwire duringthesurgecycle. The
suddenvelocity dropat thebeginningof thefluctuationsmight indicatetheturningof theflow
from forward to reversedflow. In thecaseof flow reversal,theflow comesfrom the impeller
andhasa swirl that coolsthe wire. Furthermore,the wire would be confrontedwith a wake-
jet flow which could initiate vibrationof thewire andprobe.Both resultin a largermeasured
velocity. Ontheotherhand,theflow comingfrom theoutletof thecompressoris muchwarmer,è9é â�êpß [K], which would cool thewire lessthanforwardflow at ambienttemperature.This
would resultin a smallermeasuredvelocity. A secondsuddenvelocity dropat theendof the
fluctuations,which indicatesthat the flow hasturnedto forward flow again, is lessvisible.
Therefore,it is not clearwhetherflow reversaltakesplaceduring surge in this compression
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system.Nevertheless,thelargefluctuationperiodarecausedby a changein theflow field that
seemsto behighly distortedduringthis periodandis not yet understood.

In Figure 2.13 signalsof the pressureratio and velocity are shown for four hot-wire probe
positions.Theprocedureof operationwasthatthecompressorwasoperatedatastableoperation
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Figure2.13:Pressureratio andvelocity for differentradialpositions.ëÞì9í casingwall, ëÞì/î
innerwall, ïñðËò*î�î í�í [rpm], ó(ôõìöí*÷ øpí
point. The hot-wire probewaspositioned,the compressorwasput into surge anddatawas
acquired.Hereafter, thecompressorwasagainoperatedin astableoperationpoint andthehot-
wire probewasrepositioned.In this way thereproducibilityof surge is shown in thepressure
ratiodata.As canbeseen,thepressuresignalsarequitesimilar. Thepressuresignalis periodic
with asurgefrequency of òpí1÷ ù [Hz].

Lookingatthevelocitytracein detailit is seenthatatleastfor ë×úÂí*÷ ùpø thereexistsafastfluctu-
atingpart,which is mainly recognizedby largevelocitypeaksbeyond ø�í [m/s], andasmoother
part,which is mainlycharacterizedby aslow dropin velocity. For ëûìÂí1÷ ò�ø thesepeaksareless
pronounced.Here,thevelocity decreasesslowly, while thepressureratio increases.The two
suddendropsof thevelocity (only onedrop is seenfor ë8úmí1÷ ù�ø ) asthemaximumandmini-
mumpressureratiosareobtained,might indicatethereversalof theflow. First, from forwardto
backwardflow, andsecond,therecoveryof themassflow, from backwardto forwardflow.
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In Figure2.14avelocityprofileof phaseensembleaveragedsurgedatais shown for theperiod
in whichadecreasingvelocity takesplace.Thelinesareseparatedby üûýÿþ���� ����� [s]. It is seen
that thevelocity is largeras � is larger, which is aneffect of thecurvedinlet ductandtheway
thehot-wireprobeis traversed.
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Figure 2.14: Velocity profile determinedfrom surge measurementsat different positions.�
	���� ���
[rpm], ����� ��� ��� , ����� ��� ����� [s]

To be ableto comparethe velocity datawith the measuredsteadycompressormassflow, the
velocity measuredat oneposition � hasto be multiplied by a factor � , which in the casethe
velocity is uniform over theheightof theinlet, would representtheproductof thedensityand
thethroughflow areaof thecompressor, � uniform �����! "� ��� ����# [kg/m]. Sincethevelocity is
notuniformthefactoris determinedusingsteady-statemeasurements.Themassflow measured
with theorifice is correlatedto themeasuredvelocity at position ��� ��� $�$ . In Figure2.15it is
seenthattheresultingfactor � dependsonmassflow androtationalspeed.Generally, factor �
is larger than � uniform, which suggeststhat themeasuredvelocity is smallerthanit would be
in auniformvelocitycase.Furthermore,this differencebecomeslargerfor smallermassflows.
In the next discussion,the factor is determinedfor eachrotationalspeedat the loweststeady
measuredmassflow. Therefore,themassflow of thesurgecycleonly givesanimpressionof the
unsteadymassflow ratherthantherealone.This shouldbekeptin mind duringthediscussion
on thesurgecycle.

To getanimpressionof themeasuredsurgecyclein acompressorcharacteristicway, thesignals
at �%� ��� $�$ areseparatedin a valid part,basicallyfor which thepressureratio increasesfrom
low to high, andan invalid part, for which the large hot-wire fluctuationsare found andthe
pressureratio is dropping.An exampleof separationof thesignalsis shown in Figure2.16(a).
In Figure 2.16(b)fifty valid partsof the surge cycle are plotted for

� � ���� ��� [rpm] and�&�%� ��� ��# . Furthermore,a phaseaverageis determinedandplottedwith squares.Figure2.17,
for
� � ���� ��� [rpm] and ���'� ��� ��$ , andFigure2.18,for

� � ��������� [rpm] and �&�(� ��� ��) ,
arecomparedwith Figure2.16.

Thevalid partof thesurgecyclecanbedividedin threeareas,i.e.:

1. massflow recovery, at low pressureratio
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2. pressurebuild-up,while themassflow decreases

3. pressureandmassflow beyondthesurgeline

In the first area, the massflow recovers while the pressureincreases. Especially, in Fig-
ure2.17(b)for asmallerthrottlevalvesettingandin Figure2.18(b)for a largerrotationalspeed
a local maximumpressureis obtained.After this maximumthe pressureratio shows a small
dropbeforeit entersthesecondarea.To understandthis partof thesurgecycle, detailedmea-
surementsin the compressorarenecessary. For example,it could be causedby a temporary
appearanceof rotatingstallasin [1] and[3] in whicharotatingstallonthelow pressureportion
of thesurgecyclewasobserved.

In the secondarea,a gradualrise of pressureanddecreaseof massflow is seen. Due to the
uncertaintyin themassflow traceit is notobviouswhetherthesteady-statecharacteristicis fol-
lowed.For 12,43�5�3�.�. [rpm] the * seemsto bechosenwell sincetheloweststeadymeasured
massflow coincideswith partof thesurgecycle.

In thethird area,themassflow decreasespastthesurgeline to verysmallvalues.Thepressure
ratio is ratherconstantin thisareaandlargerthanthemaximumsteadymeasuredpressure(See
alsoFigure2.11). This agreeswith what wasmeasuredby Arnulfi et al. [1], Fink et al. [23],
andHansenet al. [34]. The transitionfrom the secondto the third areais quite smoothfor16,73�.�8 .�. [rpm], but a smallpressuredropandthereaftera suddenpressureincreaseis seen
for 19,�3�5�3�.�. [rpm].



24 Experimentson Surge

0.3 0.4 0.5
1

1.1
1.2
1.3
1.4
1.5

p
2/p

0

0.3 0.4 0.5
0

20

40

v 1 [m
/s

]

time [s]

valid  
invalid

(a) indicationof the valid and invalid pressureandvelocity
time traces

0 0.1 0.2 0.3 0.4 0.5
1

1.1

1.2

1.3

1.4

1.5

steady−state

surge line

p
2/p

0

mass flow [kg/s]

valid

(b) surge in compressormap. : : valid partsof ; < surgecy-
cles, = : meanvalues,–: steady-statecharacteristic

Figure2.16: Impressionof themeasuredsurgecycle. >-?4@�A B�B , C9?4D�@�E @�@ [rpm], F&G ?4@�A D�H ,I ?�@�A @�D J [kg/m]



2.6Pressure-flow relation at fully-developedsurge 25

0.3 0.4 0.5
1

1.1
1.2
1.3
1.4
1.5

p
2/p

0

0.3 0.4 0.5
0

20

40

v 1 [m
/s

]

time [s]

valid  
invalid

(a) indicationof the valid and invalid pressureandvelocity
time traces

0 0.1 0.2 0.3 0.4 0.5
1

1.1

1.2

1.3

1.4

1.5

steady−state

surge line

p
2/p

0

mass flow [kg/s]

valid

(b) surge in compressormap. K : valid partsof L M surgecy-
cles, N : meanvalues,–: steady-statecharacteristic

Figure2.17: Impressionof themeasuredsurgecycle. O-P4Q�R S�S , T9P4U�Q�V Q�Q [rpm], W&X P4Q�R U�S ,Y P�Q�R Q�U Z [kg/m]



26 Experimentson Surge

0.3 0.4 0.5
1.1
1.2

1.3
1.4
1.5
1.6

p
2/p

0

0.3 0.4 0.5
0

20

40

v 1 [m
/s

]

time [s]

valid  
invalid

(a) indicationof the valid and invalid pressureandvelocity
time traces

0 0.1 0.2 0.3 0.4 0.5
1.1

1.2

1.3

1.4

1.5

1.6

steady−statesurge line

p
2/p

0

mass flow [kg/s]

valid

(b) surge in compressormap. [ : valid partsof \ ] surgecy-
cles, ^ : meanvalues,–: steady-statecharacteristic

Figure2.18: Impressionof themeasuredsurgecycle. _-`4a�b c�c , d9`4e�f�e�a�a [rpm], g&h%`4a�b e�i ,j `�a�b a�e�i [kg/m]



2.7Discussion 27

2.7 Discussion

In this chaptersurgeis studiedin a laboratorygasturbineinstallation.With pressuremeasure-
mentsat the outlet of the compressorsurge wasmeasuredat different rotationalspeedsand
throttlevalvesettings.Theinfluenceof theseparameterson thesurgecharacteristicsis studied.
Furthermore,hot-wireprobemeasurementsareperformedto find out thenatureof surge.

Thesurgefrequency dependson theoperationalconditionof thesystem.Sincefor mild surge,
the frequency of the surge would correspondto the Helmholtz frequency of the compression
systemandremainthesameat otherrotationalspeedsandthrottlevalve positions,this system
experiencesclassicor deepsurge.

At the inlet of the compressorhot-wiremeasurementsareperformed.Unfortunately, no defi-
nite informationon theoccurrenceof a changein flow directionis obtained.Nevertheless,by
correlatingthevelocity to themassflow animpressionof thepositiveflow periodof thesurge
cycle is obtained.

With thepressuremeasurementsat theoutletof thecompressorthecharacteristicparametersof
thesurgecycle in thecompressionsystemareobtained.Thesearethesurgefrequency andthe
pressureriseamplitudesthatareusedto evaluatethesimulatedsurgecyclesthatarediscussedin
thenext chapterandin Chapter6. Furthermore,theimpressionof theperiodwith positiveflow
in thesurgecycle that is determinedfrom themeasurementis usedto seewhethertheshapeof
thesimulatedsurgecycleapproachesthemeasuredshape.
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Chapter 3

Compressionsystemmodelling

In thischapterthelumpedparametermodelasdiscussedin Chapter1.4andAppendixC is used
to simulatesurge in the experimentalsystem.It is found that therearemany uncertaintiesin
themodel. First, thesteady-stateperformanceof thecompressorhasto beknown in a region
of negativeandpositivemassflows. Only partof this region, for which thesystemis stable,is
measured.Second,thegeometrydatais difficult to determinestraightforwardfrom thesystem
dueto a lumpedparameterconcept.Third, thequestionariseswhetheraquasi-steadycompres-
sor characteristiccanbe appliedin the frequency region the surge is in. This is discussedby
meansof determiningthecompressorcharacteristicfrom themeasuredpressureandmassflow
data.

3.1 Governing equationsand parameters

Thecompressionsystemis modelledby a non-linearlumpedparametermodel,for which the
differentcomponentsareshown in Figure3.1. Detailsof theequationsof motionaregivenin
AppendixC. Threecomponentscanbedistinguished:thecompressorduct, theplenum,and

k!l m no&p q�rsut v-w
x y z�{ | } ~ ~ y |��� ������ ����&�� � � � � � � � � � � � � ��u�� ����

Figure3.1: Compressionsystemcomponents.

thethrottlevalve duct. Thepressurerisethat is establishedin thecompressorandthepressure
dropin thethrottlevalve arerepresentedby conservationof momentumfor an incompressible
flow in aduct.Dueto thepresenceof theplenum,in which isentropiccompressionis assumed,
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Table3.1: Parametersandvariablesusedin themodel.

Symbol Definition Dimension� �
Compressorductarea [m ¡ ]� ¢
Throttlevalveductarea [m ¡ ]£ Speedof sound [m/s]¤ �
Equivalentcompressorductlength [m]¤ ¢
Equivalentthrottlevalveductlength [m]¥¦ � Compressormassflow [kg/s]¥¦ ¢ Throttlevalvemassflow [kg/s]§
Rotationalspeed [rpm]¨&© Ambientpressure [Pa]¨�ª Plenumpressure [Pa]« ¨ � Steady-statecompressorpressuredifference [Pa]« ¨ ¢ Steady-statethrottlevalvepressuredifference [Pa]¬
Time [s]¯®
Bladetip speed [m/s]° ª PlenumVolume [m ± ]²�³ Helmholtzfrequency [rad/s]´ ¢ Dimensionlessthrottlevalveparameter [-]µ¬
Dimensionlesstime [-]¶ ¢
Dimensionlessthrottlevalveposition [-]· �
Dimensionlesscompressormassflow [-]·&¢
Dimensionlessthrottlevalvemassflow [-]¸
Dimensionlessplenumpressurerise [-]¸ �
Dimensionlesssteady-statecompressorpressurerise [-]¸ ¢
Dimensionlesssteady-statethrottlevalvepressurerise [-]

themassflow throughthecompressorcanbedifferentfrom themassflow throughthethrottle.
Therefore,a massbalancein theplenumis applied.Thegoverningequationsthatdescribethe
dynamicsof thecompressionsystemare(Equation(C.3),(C.4) , and(C.6)):

¹ ¥¦ �¹ ¬»º½¼ �!�¤ �!¾ ¨�ª ¼ ¨&© ¼ « ¨ � ¿(À (3.1)¹ ¥¦ ¢¹ ¬Áº½¼ � ¢¤ ¢ ¾ ¨ © ¼ ¨ ªÃÂ « ¨ ¢ ¿ÄÀ (3.2)¹ ¨�ª¹ ¬Åº £ ¡ª° ª ¾ ¥¦ � ¼ ¥¦ ¢ ¿ÄÆ (3.3)
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Themeaningof theparametersandvariablesusedin themodelarelisted in Table3.1. Intro-
ducingthedimensionlessmassflow Ç andthedimensionlesspressuredifferenceÈ :

Ç
É ÊËÌ�Í!Î Ï¯Ð!ÑÈÒÉ ÓuÔÕÖ Ì&Ï ÖÐ(×
The nondimensionalrepresentationof the dynamicsof the compressionsystemare (Equa-
tion (C.7),(C.8),and(C.9)):Ø Ç ÎØ&ÙÚ É½Û ÜÞÝ ÈßÛÄÈ Î à Ñ (3.4)Ø Ç&áØ ÙÚ É½Û Ü â Ý�Û È(ãßÈ á à Ñ (3.5)Ø ÈØ&ÙÚ É äÜ Ý�Ç Î ÛßÇ á à Ñ (3.6)

with

Ü4É Ï Ðå æ¯ç!è Î�Ñ â É è á Í Îè Î Í á Ñ ÙÚ É Ú æ ç Ñ æ ç É�é ê Í Îë�ì è Î ×
To beableto solve thesetof equationsa relationfor thesteady-statecompressorandthrottle
valve pressurerise, È Î and È�á , respectively, andthegeometricalparametershave to bedeter-
mined.In Section2.3 thepressureriseover thethrottlevalveduct is determinedasfunctionof
thethrottlevalveposition, í á , andthethrottlevalveflow, Ç á :

È á Éïî Ç áð á í á¯ñ Ö Ñ with ð á É�ò × ó ò�ô ×
The steady-statecompressorpressurerise, È Î , is a function of the compressorflow, Ç Î , and
the rotationalspeed,õ . A discussionon the determinationof the steady-statecharacteristic
is given in SectionC.2. From the measurementsonly part of themassflow rangeneededfor
the calculationis known. Startingat a high massflow, at a certainpoint surge startsandno
steady-statedatais obtained.Therefore,thesepartsof thecompressorcharacteristichave to be
guessed.The compressorcharacteristicis approximatedby a cubic polynomial in Ç Î (seefor
referenceMooreandGreitzer[53]):

È Î ö Ç Î ÷ É�È Î ö ò ÷ ãùøïú ä ãüûå�î Ç ÎýþÛ ä ñ Û äå�î Ç ÎýþÛ ä ñ-ÿ�� Ñ (3.7)

in which È Î ö ò ÷ is thevalley point of thecharacteristiclocatedat thecompressorpressurerise
axis. Parameterø and

ý
arefit parameters.An illustrationof theapproximatedcompressor

characteristicis givenin Figure3.2. Thedifferencebetweenthemaximumpressurerise, È Î � � � ,
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Figure3.2: Illustration of the approximatedcompressorcharacteristic.–: cubic polynomial
fitted to measurement,- -: with adjustedvalley point

andtheminimumpressureriseat zeromassflow, ��� � �
	 , is definedas ��� . Thedimensionless
compressormassflow at thetop of thecharacteristic,�� � � � , is definedas ��� . To obtaina best
fit of all steady-statemeasurementsEquation(3.7) is rewritten to ([70]):� � �  � 	���� ��� ��	���� � � ��	 ��� ��� � � ��	 ��� �
with � � � ��	�� ��� � ��	 � � � � ��	��"! ���� � � and � � � ��	��$# ���� �&%
For eachrotationalspeedline in the compressorcharacteristicthe parameters� ��� ��	 , � � � ��	 ,
and � � � ��	 aredetermined.The dependenceof theseparameterson rotationalspeed� is ap-
proximatedby aquadraticpolynomialin � :� ��� ��	�� #(' % ��)�* �,+�- �
. � � � � � � % / � / ' +�- � .10 �2� - % - � ' ) �� � � ��	�� # /
% 3 ��) - +�- ��.
4 � � � ! % ' * ���,+�- � . � � # � % * 3�/�/ +�- � � �� � � ��	�� ! % - !�!�5 +�- �
.
6 � � # - % /�/�3 - +�- � . � �2�7) % * � 3 * +�- � � %
The stagnationpressureratio at zero massflow can be determinedfrom (Cohenet al. [11],
Gravdahlet al. [30]):8 �8 � � � � ��	��:9 - ��; � � �&< / ��	 � � = �� # = � � 	� � > ? � @BAA # - % (3.8)

In which = � � � - < � � = � � C D �E= � � C F 	 is thecompressoraverageinlet diameter, = � is theimpellerexit
diameter, � > is thespecificheatof air atconstantpressureand A is theratioof specificheats.The
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geometricparametersof the compressorcanbe found in Table2.1. The compressorpressure
riseat zeromassflow thenis:GIH J K L1M N�O�PRQTS�USWV K L1M N�OIXZY [ S VVU \�] U^ _ (3.9)

Thecalculated
G�H J`K L
M N�O

doesnotagreewith theapproximatedvalley point
G�H K L
O

, thatis cho-
sensuchthat the measuredsteady-statecharacteristicis approximatedwell. Therefore,as in
Willems [70], the valley point of

G H K L�O
is moved without changingthe approximationat the

measuredpartof thecompressorcharacteristic.Theamountof movement,a H b , dependsonthe
rotationalspeedandis determinedaccordingto:a H b�K N�O�PcG�H K L1M N�OIXEGIH J K L1M N�O _
Thedependenceof this parameteron rotationalspeed

N
is approximatedby a quadraticpoly-

nomialin
N

:a H b K N�O�PdX(e _ f�f
g�g,h Y L
i V b N UIjlk _ m�m�g Y h Y L�i1n N j g1_ k�o Y o h Y L
i V _
Theresultingapproximatedcompressorcharacteristicis determinedwith theparametersp andq

, and
GIH K L�O

which dependon r H :r HTs k p M qut P q
and

G tH K L�O�PvGIH K L�OwM
r HTx k p M qyt P q j Yk a H b and

G tH K L
OIPvGIH K L
OWX a H b _
In Figure3.3(a)theapproximatednondimensionalcompressormapis shown. As canbeseen,
in theregion for which measuredcompressordatais available,thecompressorcharacteristicis
approximatedwell. Also, whenthedatais transferredto full dimensions,in Figure3.3(b),the
measuredcompressordatais approximatedwell.

Thegeometricparametersof thecompressionsystemareindicatedin Figure3.1.All parameters
arebasedon physicallengthsof thesystemandareshown in Table3.2. For thecompressora
momentumrelationfor anincompressibleflow in a duct is solved. This requiresa lengthover
whichthepressurerisetakesplaceandanareaonwhichthepressureacts.Therefore,thelength,z H

, is chosento bethelengththeflow travelsfrom theinlet of thecompressorto theinlet of the
volute.Theassumptionis thatthis is thelengthin whichthelargestpartof thepressurebuild-up
takesplace.(Thecontribution to thepressurerisefrom theinlet to theoutletof thevoluteonly
measures

L _ { % of thetotal pressurerise.)Thearea,| H , is basedon theinlet throughflow area,
accordingto Equation(2.2).

For thethrottlevalve alsoa momentumrelationfor anincompressibleflow in a duct is solved.
Thepressuredrop is assumedto take placeover the lengthof the throttle valve flow channel.
Furthermore,theareaof thethrottleis takento bea functionof thethrottlevalveposition.The
maximumareais assumedto betheareaof thepipethethrottleis connectedto. For theplenum
anisentropiccompressionis assumed.This requiresthespeedof sound,} ~ , in theplenumand
thevolumein which compressiontakesplace.Theplenumconsistsof thevolumeof thepipe
betweenthecompressorandthethrottleandthevolumeof thevolute.
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Figure3.3: Approximatedcompressormap.

Table3.2: Compressionsystemparameters.

Parameter Value Parameter Value
Compressor Throttle�`� �1� ���(��� ���
�

[m � ] � � �1� ���(��� �
�������
[m � ]� � �1� � �

[m]
� � �1� � �

[m]
Plenum��� � � ���(��� ��� � [m

�
]

3.2 Variation of compressorduct length and plenum volume

Thelumpedparametermethodrequiresequivalentductlengths,areas,andvolumesthatcannot
alwaysbedeterminedstraightforwardly from thecompressionsystem.Therefore,in literature
(e.g.,[70], [30], [2]) especiallythelengthof thecompressorduct is usedto matchsimulations
with measurements.Theparametersof thecompressionsystem,basedon physicallengthscan
be found in Table3.2. In Figure3.4 the simulatedsurge cycle andits power spectraldensity
obtainedwith theseparametersareshown. In this chapter, thesimulationsarecomparedwith
measurementsexplainedin Section2.6,Figure2.16(b).Note,that themeasuredflow is deter-
minedfrom a measuredvelocity traceandthereforenot accuratelydetermined.The pressure
traceis measuredaccurately. Therefore,the comparisoncanbe madebestwith the pressure
trace. Comparedto measurement,thesimulatedsurge revealsa highersurge frequency anda
lowermaximumpressurerise.Furthermore,thepressurisationandpressuredropperiodfollows
thesteady-statecharacteristic,which is typical for adeepsurgecycle.

A bettermatchwith someof themeasuredsurgecharacteristicscanbemadewhenthe length
of inertia,

� �
, andthe sizeof the compressionvolume,

���
, arevariedandtheir influenceon

the surge frequency andsurge amplitudeis evaluated.In Figure3.5 the surge frequency, and
maximumandminimum pressurerisesareshown versusthe compressorduct length,

� �
, for
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Figure3.4: Simulationresult. �����:�1� � � [m], ��� �¢¡
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differentplenumsizes, ��� , for ©c�®¡��1� ��� [rpm] and

«�¬ �¯�1� ¡� . Furthermore,the expected
(measured)valueis indicatedby astraightline. In Figure3.5(a)is seenthatthereis notaunique
combinationof ° ��� ± ����² whichfits theindicatedsurgefrequency. Thetrendis thatwhenalarger� � is chosenthevolume ��� shouldbecomesmaller.

To find outwhich ° ��� ± ����² -combinationapproximatesthemeasurementsbestanextracriterion,
besidesthesurgefrequency, is needed.In Figure3.5(b)and3.5(c)themaximumandminimum
pressurerisesareshown. As canbeseen,thepressurerisesare,for small � � , hardlyaffected
by a changein plenumvolume.Furthermore,it is seenthatthemeasuredmaximumandmini-
mumpressurerisesarenot coincidingfor thesamecombinationsof ° � � ± � � ² . Therefore,only
themaximumor minimumpressurerisecanbeusedasextra criterion. Thecorrectnessof the
minimumpressureriseis not giventoo muchweight. On onehand,it is shown in Section2.5,
Figure2.11thatthemeanmeasuredminimumpressuresreveala scatteredresult.On theother
hand,in thesimulationsthesteady-statecompressorcharacteristicis usedfor which thelowest
pressureriseat zeromassflow is determinedby calculationinsteadof by measurement.Both
argumentsintroducea largeuncertaintyabouttheminimumpressureduringsurge. Themaxi-
mumpressureis measuredwith lessscatterandin thesimulationameasuredmaximumpressure
riseis usedin thederivationof thesteady-statecharacteristic.Therefore,themaximumpressure
riseis usedto determinethe ° � � ± � � ² -combinationthatapproximatesthemeasurementsbest.

Theresultinglengthandplenumvolumeare ���T�³��� ´ [m] and ���µ�2¡1� �1�`¥�� ��¦1§ [m ¨ ]. These
dimensionsdo not agreewith the compressionsystemdatasuggestedin Table3.2, i.e., espe-
cially the compressorlength is overestimatedby a factor ¶·¤ . In Figures3.6 the simulation
resultis shown. Themeasuredsurgefrequency andhigherharmonicsaresimulatedwell. Also,
themaximumpressurerise is achieved. Dueto the largerduct lengththe inertiaof thesystem
is increasedandlargerexcursionsfrom thesteady-statecharacteristicaresimulated.So-called
classicsurgecyclesareobtained.Nevertheless,looking at thetop of thecycle thepressurerise
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decreasestoo fastwith decreasingmassflow to fit themeasurements.Theratherconstantmea-
suredpressureriseis bettercapturedif ashortductlength,whichresultis shown in Figures3.4,
is used.

Variationof thegeometricaldatain thesimulationsyieldssomecharacteristicsof themeasured
surge.However, asimulatedsurgecyclethatexactlymatchesthemeasurementcannotbefound.
In this study, it is assumedthatthegeometricaldatausedin themodelat leastshouldbeof the
orderof magnitudeof the datadeterminedfrom the compressionsystemunderinvestigation.
Therefore,thestudyis continuedwith thesevaluesandanotheruncertaintyin themodel,i.e.,
theassumptionof a (quasi-)steadycompressorperformanceis lookedupon.
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3.3 Quasi-steadycompressorcharacteristic

In the simulationsit is assumedthat the compressorperformanceduring surge follows the
steady-statecompressorcharacteristic.Dueto theinstabilityof thecompressionsystemit is dif-
ficult to determinethischaracteristic.Therefore,it is interestingto derive thesteady-statecom-
pressorpressurerise from thesurge measurements.A methodto determinethe (steady-state)
axisymmetriccompressorcharacteristicduring surge is known from Koff andGreitzer[44].
In this approachone‘subtractsoff ’ thatpartof thepressurerisedueto flow accelerations(or
decelerations)duringasurgecycle.ÚIØ1Û ÈÝÜ Ú�Ø
Û1Þ ß à á àwâ Î(Æ�Çãåä,æ�çæ�è�é ß à á à Ê (3.10)

Herein,
Ú�Ø
Û

is the inertially correctedpressurerise, i.e., the quasi-steadycompressorperfor-
mance, Ü Ú�Ø
Û1Þ ß à á à the nondimensionaltransientpressurerise acrossthe compressormeasured
in thesurge cycle, and Ü æ�çWê æ�è Þ ß à á à thecalculatedderivative to time of the measuredtransient
meanmassflow. The assumptionis that this equationcan be appliedwhen the compressor
massflow transienttime scale,ë á ì à í î ÈïÉ ê�ð î ñ ì ò ó , is larger thanthebladepassageperformance
responsetimescale,ë ô õ à ß ó . ( ë ô õ à ß ó È bladechordê throughflow velocityat instabilitypoint, is as-
sumedto be of the orderof the time requiredto convect a vortex throughthebladepassage.)
In the caseof the centrifugalcompressor:ð î ñ ì ò óÝö Î�Ð [Hz], bladechord

ö Ð
Ê É ÷ [m], and
the throughflow velocity at instability point

ö É Ð [m/s]. So, ë á ì à í îïöùø Ñ1É Ð�Ò1Ó [s] is larger
than ë ô õ à ß ó�ö É�Ê ÷,Ñ�É Ð�Ò1Ó [s]. Furthermore,it is assumedthatthemassflow changethroughthe
compressoris morerapidthanthetime for rotatingstall formation, ë ú û ì ü .

Thetransientcompressorpressurerisedependsontheterm ÎTÆ�Ç ê ã Ü æ
çWê æ�è Þ ß à á à , whichdepends
on thecompressorduct length, Æ�Ç . Thelarger Æ�Ç thelargerthedifferencebetweentheplenum
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pressure,ý þIÿ�� � � � � � , and þIÿ�� . Furthermore,the influenceof this term is mainly seenwhere���
	 ���
is large, i.e., in the region in which a maximumpressurerise is obtainedandthe mass

flow changesquickly from a positiveflow to a negative flow. In Equation(3.10)themeasured
plenumpressureriseandthemeasuredcompressormassflow is required.As explainedabove,
themassflow measurementis determinedfrom a one-pointvelocity measurementat the inlet.
Therefore,it is difficult to determinea reliable

���	����
. In Figure3.7simulationsappliedto the

valid surgepointswith thereversedflow modelfor �������� � � [m] and ��������� � [m] areshown.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0.6

0.8

1

1.2

1.4

1.6

ψ

φ

(ψ
TS

)
data

ψ
TS

          

charact           

(a) �
������ ! [m]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0.6

0.8

1

1.2

1.4

1.6

ψ

φ

(ψ
TS

)
data

ψ
TS

          

charact           

(b) "�#�$&% ' ( [m]

Figure3.7: Inertially correctedsurgedatafor two ductlengths. )+*�,�-�. -�- [rpm], /�0 *�-�1 ,�2
It is seenthatfor a shortcompressorductlengththesimulatedcompressorpressurerisehardly
differs from the measuredplenumpressurerise. With respectto the steady-statecompressor
characteristic,that is fitted to steady-statemeasurements,thesmallductsimulatedcompressor
pressureriseonly crossesthecharacteristiconceinsteadof following it. Thetransientcompres-
sor pressurerise is larger thanthe steady-statecompressorpressurerise, which is possibleif
duringthetransientsthelossesin thecompressorarelessthanthoseat steady-state.

For thelargerductlengththedifferencebetweenthesimulatedcompressorpressureriseandthe
plenumpressureriseis largerdueto thecontributionof theincreasedlengthin Equation(3.10).
As can be seen,the simulatedcompressorpressurerise follows the steady-statecompressor
characteristicpartly in thepressurizationperiod.Nevertheless,thelargestpartof thesimulated
compressorpressureriseshowsadeviation from thesteady-statecompressorcharacteristic.

Anothermethodto obtainthecompressorpressureriseduringsurgeis to useonly themeasured
plenumpressurerise. This methodis also describedin Meulemanet al. [51]. The rate of
changeof the compressorand throttle valve massflows, Equations(3.4) and (3.5), are still
applicable.The unsteadycompressorpressurerise is found by substitutionof Equation(3.4)
andEquation(3.5) in thederivativeof Equation(3.6):354 * 6�7 36�89 7�: ; . : .<>= 3@? .< 3 0&1
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However, note that the secondderivative of the measuredplenumcompressorpressurerise,A�B CED A�FG B
, is difficult to determineaccuratelyfrom themeasurements.

In Figure3.4 thehigherorderharmonicsof themeasuredsurgecycle aremorethanoneorder
of magnitudesmaller than the first harmonic. Therefore,the measuredplenumpressureis
approximatedby a sinusoidalfunction basedon the first harmonicof the surge cycle. This
resultsin aperiodicsinusoidalbehaviour of thesimulatedcompressorpressurerise(

C5H
), which

only differsslightly from themeasuredplenumpressure(
C
I

), seeFigure3.8. Insteadof aquasi-
steadycompressorperformancethis methodalsoyieldsanunsteadycompressorperformance.
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To extract the steady-statecompressorcharacteristicfrom the transientsurge measurements
usingthelumpedparametermodelappearsto beunsuccessful.Therefore,theassumptionthat
thecompressorperformancecanbemodelledto reactquasi-steadyto flow changesseemsnot
applicable. At least,the transientbehaviour of the compressorperformanceshouldbe taken
into account.

3.4 Departure fr om steady-statecompressorperformance

In literature,a relaxationequationis addedto thesetof equationsthatdescribethecompressor
responseto departurefrom steady-state.For detailsseeAppendixC.3. Theapproximationfor
thetransientcompressorresponseis writtenas:gih�j`k Yh�l O j`k Y m m&n j`k Y e (3.11)
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with oEp�q r r denotingthesteady-statemeasuredcompressorcurve. Thephysicalideabehindthis
is thatduringthesurgecycle thecompressoris not at all time working accordingto thequasi-
steadycompressorcharacteristic.Originally, theequationis usedto describethe influenceof
thedevelopmentof astall cell on thecompressorperformance,e.g.,[31] and[2]. Then, s is the
timeconstantassociatedwith thecircumferentialdevelopmentof astall cell. Hansenetal. [34]
usedtherelaxationequationto matchsimulationresultswith experimentaldata.In thatcase,the
dynamiccompressorperformanceis lumpedonEquation(3.11)andit hasnophysicalmeaning.
Furthermore,theequationis appliedto describethepressurebuild-updelaysdeterminedby the
bladepassageresponsetime(Strouhalnumber)in acentrifugalcompressor, [23]. Thisresponse
time suggeststhat a disturbancedevelopedduring a surge cycle is not necessarilyconvected
beforea new cyclestarts.Sinceno formationof stall cellsduringthesurgecycle aremeasured
it is assumedthatthebladepassageresponsetime, s t u v w x@y{z�| }E~ z ����� [s], shouldbeappliedto
theexperimentalsystem.

TherelaxationEquation(3.11)mainlyhasits influenceonthemomentumequationfor theduct,
Equation(3.1),sinceonly in thisequationthesteady-statecompressorperformanceis used.The
responsetimesof theEquations(3.1),(3.2),and(3.3)are,respectively:

s q y��`~�z � ��� [s] � (3.12)s ��y��`~�z � ��� [s] � (3.13)s ��y�z�~�z � �� [s] | (3.14)

Herein,thedifferenttime scalesof thesurgecycle areseen:At thebeginningof a surgecycle
a fastdrop of massflow on the orderof the compressorandthrottle, responsetimes, s q , ands � , respectively, takesplace. This responsetime is alsofoundwhentheflow recoversfrom a
negative to a positiveflow. A slow dropof pressurein theplenumfor thenegativeflow period
anda slow repressurizationof the plenumfor the positive flow periodarerepresentedby the
plenumresponsetime, s � .
If, to acertainextent,theresponsetime is expectedto haveaninfluenceonthecompressorduct
equationit shouldbeon theorderof s q . So, s@�+z`~z �������z`~�z ���� [s], which is anorderof
magnitudesmallerthanthe determinedbladepassageresponsetime s t u v w x y�z�| }�~�z ��� [s].
Thesimulationfor two differentresponsetimesareshown in Figure3.9. For s��+z`~z ���� [s]
it is seenthat the relaxationhasan influenceon the periodin which a fastmassflow change
takesplace. Here, the time-dependentcompressorpressure,� q , differs from the steady-state
compressorpressure,� q � � . If bothpressuresarestudiedversustime � q wouldalwaysbebehind� q � � . Thechosentimescaleis toosmallto show aninfluenceontheperiodin whichtheplenum
pressuredropsor repressurizes.For a larger relaxationtime, s�����~�z ���� [s], thedifference
between��q and �5q � � becomeslarger. The large excursionsof the time-dependentcompressor
pressureat theextrememassflowsaredueto atransitionalstagefrom afasttimescaleto aslow
timescale,thatbecomesmoreandmoredominantas s is increased.

Althoughit hardlycanbeseenin Figure3.9, theeffect of therelaxationequationin themodel
is that in the simulationthe maximumpressurerise is lower thanwithout this equation.This
meansthatit worksin theoppositedirectionof whatis necessaryto simulatethesurgecycleas
it is measured.Therefore,therelaxationequationdoesnotsuit thepresentproblem.
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Figure3.9: Simulationof compressorpressureriseduringsurge. ´+µ�¶�·¸ ·�· [rpm], ¹�ºUµ�·» ¶�¼ ,½�¾ µ�·�» ¸ ¿ [m], À�ÁEµ�¶�» Â�Ã`Ä�¸ ·ÅÆ [m Ç ]
3.5 Discussion

In this chapterit is shown that the parametersin the lumpedparametermethodare difficult
to determinefrom thegeometricaldataof thesystem.By varyingthecompressorduct length
andplenumvolumedifferentsurge cyclescanbe simulated.Nevertheless,no combinationis
found that exactly seemsto describethe surge cycle as it is measured.Therefore,an other
componentof themodelis focussedupon.Theuseof a steady-statecompressorcharacteristic
for a simulationof transientflow is questioned.The two presentedmethodsto reveala quasi-
steadycharacteristicfrom themeasurementdataarenot successful.On onehand,it is difficult
to usethemeasurementdatain thedifferentialequationswhich aresolvedto obtainthequasi-
steadycompressorperformance.On the other hand, it is crediblethat the compressorflow
during the surge cycle is relatedto a time-dependentperformance.Therefore,the useof a
steady-staterepresentationof thecompressorperformanceis insufficient to simulatethesystem
duringsurge.

Application of a systemrelaxationequationto accountfor the transientperformanceof the
compressordoesnot provide the desiredeffect. Therefore,to be able to model the unsteady
compressorflow basedon physicalgrounds,the unsteadymomentumequationof the duct is
studiedin detail in the next chapter. A correctionon a quasi-steadyperformanceassumption
is derivedby meansof ananalyticalconsiderationof an infinitely long straightchannelwith a
laminarflow. Hereafter, in Chapter5, a modelexperimentis presentedin which thecorrection
is appliedto two differentwaterchannels.In Chapter6 thecorrectionis put into practiceonthe
experimentalcompressionsystem.
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Chapter 4

Unsteadyfully-developedflow

In the conventionallumpedparametermodel the compressorand its ductingarereplacedby
an actuatordisk, to accountfor the pressurerise due to the compressoranda constantarea
pipewith a certainlengthto accountfor thedynamicsof thefluid in thecompressorduct. The
pressureriseof thecompressoris takento occurquasi-steady.

In this chapter, a representationof the unsteadycompressorperformanceobtainedthrougha
physicalmodelis presented.Themodelis madeby consideringthedifferencebetweenanexact
solutionof the unsteadymomentumequationanda solutionobtainedwith a quasi-steadyap-
proachof theviscouscontribution. A view onhow thisdifferencecanbeincludedin thelumped
parametermodelis obtainedby consideringananalyticalsolvableunsteadyflow problem.

An exampleof anunsteadyinternalflow is thatoccurringin a channelwhenthefluid is driven
by periodicchangesin pressure,seeSchlichting[65]. This flow is realisedby a periodically
moving piston.(In AppendixE theresultsarepresentedfor a pipeflow.)

4.1 Exact solution of an oscillating channelflow

Thechannelis assumedto beinfinitely long,with the È5É axislying in thecentre,seeFigure4.1.
Sincethechannelis assumedto belong,afully developedincompressibleflow, whichmotionis
independentof È , is studied.FromtheincompressibleNavier-Stokesequationsalinearequation

ÊË
Ì ÍÎ

Figure4.1: Infinitely longchannel.

is obtained:Ï�ÐÏ�Ñ�ÒÔÓ�ÕÖØ× Ù×�Ú+ÛÝÜ
Ï�Þ ÐÏ�ß Þ�à

(4.1)
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with boundaryconditionsáUâ�ã at ä�â�åçæ�è é .
Thepressuregradientis assumedto besetby a harmonicallymoving piston:

ê&ëì�í îí�ï âñð�ò ó ô5õ ö�÷ ø�ù
in which ð is a constant,and öúâ+é û�ü , with ü the frequency of theoscillation. To solve the
lineardifferentialequationa complex notationof thepressuregradientis used:

ê ëì í îí�ï â ê@ý ð�þ ÿ � � ù (4.2)

whereonly therealparthasphysicalsignificance.Writing thevelocity in theform á�õ ä�ù ÷ øØâ� õ ä�ø
þ ÿ � � , thefollowing ordinarydifferentialequationis foundfor theamplitude
� õ ä�ø :��� � ê ý ö� � â ý ð ���

This leadsto theexactunsteadyvelocityprofile:

á�õ ä�ù ÷ ø&â ê ð ö
�	
 	� ë ê��  ò õ � ÿ äæ�è é ø�  ò õ � ÿ ø

� 	�	� þ ÿ � � ù (4.3)

in which� ÿ â���� ê�ý ù
andthedimensionless� :� â æ é�� ö �
is aStokesnumber,thatcharacterizestherelativeimportanceof thetime-dependentinertiaterm
with respectto theviscousterm.

Theexacttime-dependentmassflow is obtainedby multiplying thevelocityprofileby theden-
sity ì andintegratingit over theheightandwidth of thechannel:�� õ ÷ ø â���� � �� � � � � � � �� � � � ì á�õ ä�ù ÷ ø í ä í"! ùâ ý ì ð�æ �$#% � � �ÿ þ ÿ � �'& ë ê)( * ô5õ � ÿ ø� ÿ,+ � (4.4)

in which # â�-iæ is theareaof thechannel.



4.2Quasi-steadyapproachof the viscouscontribution 45

ThemomentumEquation(4.1)canbeintegratedsuchthatit givesanequationfor thederivative
of themassflow accordingto:.0/ 1 23 / 1 2 . 4 1 23 4 1 26587:97:;=<?>@<BADC

.0/ 1 23 / 1 2 . 4 1 23 4 1 2FEG5IH5J< K<"L <?>@<BAGM.0/ 1 23 / 1 2 . 4 1 23 4 1 2 5@NO7 2 97 > 2 <">@<"A@P<=QR< ;,C ETS < K<"L MVUTW 56NO7:97 >
XXXX Y�Z (4.5)

Herein,is 56N 7:9F[?7 >]\ Y C_^ Y thewall shearstress,with 7:9F[ 7 >]\ Y thederivativeof thevelocity
at thewall (at >6C�` [ U ). Theexactwall shearstresscanbedeterminedwith Equation(4.3):

^ Y C
a 5cb `U

d e f]g hFi jhFilk i m n Z (4.6)

Integrationof Equation(4.5)overa length o in x-directiongivestheexactmomentumequation
expressedin termsof themassflow:

<=QR< ; C EpS q Ko MrUTW$^ Y Z (4.7)

4.2 Quasi-steadyapproachof the viscouscontribution

For verysmallvaluesof s , i.e., low frequency motions,in Equation(4.3), t uBv g wFj C H E wx2 [ U:y MZ Z Z is expandedup to thequadraticterm.Thenaquasi-steadyvelocityprofile is obtained:

9{z | g >xP ; j C E a bU N8}@`
2~ E > 2?� k i m n g s���� j Z (4.8)

So, for slow oscillationsthe velocity distribution hasthe samephaseasthe pressuregradient
thatforcesit. Furthermore,thevelocitydistribution is parabolicasin thesteadyflow case.

Thequasi-steadymassflow is obtainedby determiningthemassflow with:

QR z | g ; j C
.0/ 1 23 / 1 2 . 4 1 23 4 1 2 5 9 z | g >xP ; j <">@<"A@PC E a 5Tb ` 2 SH U N k i m n Z (4.9)

The quasi-steadywall shearstress^ YB� � C 58N 7:9 z | [?7 >]\ Y canbe determinedfrom the quasi-
steadyvelocitydistributionEquation(4.8):

^ YB� � C
a 5Tb `U k i m n P
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whichcanbemadea functionof themassflow with useof Equation(4.9):� �B� �I�����T��'����=� ��� (4.10)

For this fully-developedlaminarflow casethequasi-steadywall shearstressis foundto depend
linearlyon thequasi-steadymassflow.

Following theconventionallumpedparametermethodwith aquasi-steadyviscouscontribution
thequasi-steadymomentumequationcanbeformulatedif therelationof thewall shearstress
andthemassflow, asobtainedin Equation(4.10),with anunsteadymassflow, is used:� ���?� ��� � �T��,� �T¡ � �:� ��¢��� � �T�� �¤£ � ��{¥¦��§� (4.11)

In Figure4.2 theapproximatedmassflow determinedfrom thequasi-steadymomentumEqua-
tion (4.11)is comparedwith theexactmassflow solution,Equation(4.4), for differentStokes
numbers,̈ . Herein,the amplitude,©«ª , representsthe ratio of the amplitudeof the approxi-
matedmassflow andtheexactmassflow oscillation,characterisedby theratio of thestandard
deviations,accordingto:© ª � std ¬ ���

std ¬ ��8® ¯? � (4.12)

This ratiobecomesequalto unity at smallandlargeStokesnumbers.

Thephase,�'° ª , is thedifferencebetweentheapproximatedmassflow oscillationphase,° ª ,
andtheexactmassflow oscillationphase,° ª�± ® ¯ . It indicatesthephaseleadof theapproximated
massflow relative to theexactmassflow:�6° ª � ° ª � ° ª�± ® ¯T� (4.13)

The geometricaland physicalvaluesusedare shown in Table 4.1 and are basedon the ex-
perimentspresentedin Chapter5. As can be seenin Figure 4.2, the quasi-steadyapproach
overestimatesthemassflow amplitudefor ² � ³8´ ¨ ´�µ ² . Furthermore,comparedto theexact
massflow thequasi-steadyapproximatedmassflow leadsfor £�¶"£ ²"·{¸ ´ ¨ ´J¹ in phase,while
for ¹6´ ¨ ´ � ¶"£ ² ¥ it is lagging.

4.3 Determination of the correction term

4.3.1 error madewith a quasi-steadyapproach

The error º madewith the assumptionof a quasi-steadyviscousterm equalsthe difference
betweenEquation(4.7)andEquation(4.11).This erroris determinedbelow. Thequasi-steady
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Figure4.2: Quasi-steadyapproachcomparedto theexactsolution.

Table4.1: Channeldimensionsandphysicalvalues.»
[m] 0.02¼
[m] 0.20½
[m] 0.50¾
[m/s¿ ] À?Á ÂÃ [m ¿ /s] À?Á ÂTÄ"À ÂBÅBÆÇ [kg/mÈ ] À?Á ÂTÄ"À Â È

equationthenwill beimprovedby anapproximationof this É accordingto:Ê=ËÌÊ"ÍrÎ,ÏpÐ ÑÓÒ½�ÔrÕ ¼�Ö?× Ø:Ù Ú Ô É�ÛGÁ (4.14)

In which É is theerrorbetweentheexactwall shearstress,Equation(4.6),andthequasi-steady
wall shearstress,asmeantin Equation(4.11)with theexactmassflow, Equation(4.4):É Î × Ø Ï × Ø:Ù Ú�ÜÎÞÝ Ç ¾�»ÕàßTá â?ã]ä åFæ çåFæ Ôéèå ¿æ

ê À Ï á â ã]ä åFæ çåFæ
ë�ì í æ î ï Á (4.15)

To getasimplerexpressionof this errora seriesexpansionaroundåFæ Î Â is used:É ÎðÝ Ç ¾�»Õàß Ï ÀÀ ñ å ¿æ Ï Àè ñ å]òæ Ï À"Àó ô ñ å Ææ Ô�õ ä å]öæ ç ì Á (4.16)

The momentumequation4.14 cannotbe solved convenientlyby using this É . Therefore,an
otherexpressionis suggested.
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4.3.2 approximation of the error

The error, ÷ , representsthe differencebetweenthe unsteadyandthe quasi-steadywall shear
stress.Therefore,it is suggestedto expressthis errorby thetime derivativeof thequasi-steady
wall shearstress.Sincethequasi-steadywall shearstressis a function of the time-dependent
massflow it canbewrittenas:ø?ù ú:û üø"ýÿþ ø"ù úBû üø��� ø���ø"ý�� (4.17)

In this analyticalcasethe derivative of the quasi-steadywall shearstressis constant. From
Equation(4.10)it is seenthat:ø?ù ú:û üø��� þ�� �	�
���
Thederivativeof theexactmassflow to time is determinedwith Equation(4.4):ø���ø"ýrþ���� ������� � � ����� ��� �  "! # � $# �&% �
Theseriesexpansionof thederivativeof theexactmassflow is:ø���ø"ý þ'� �����(� �) #+*�-,/.� 0 #21�3, � 4) � 0 #+5�-,76 ! #+8� $ % �
So, ø?ù ú:û üø"ý�þ�� � �	� �	�
 � �) # *� , .� 0 # 1� , � 4) � 0 # 5� ,76 ! # 8� $ % � (4.18)

Thefirst (quadratic)termin Equation(4.16)andEquation(4.18)aremadeequalby determining
aconstant,9�: , accordingto:ø?ù ú:û üø"ý<;;;; : ü = 9�: þ ÷�> : ü =�?� � �	� �	�
 �) #+*� 9�: þ@� � ���(
. �� 0 #+*� ?A9 :Dþ ��CB 
 *� �
Thesecondterm(with # 1� ) is with this 9�: unequalto thetermneededfor thecorrection:� � �	�(
. �) 0 #21�(DþE� � �	� �	�
 .� 0 #"1� 9�: þE�F� �	�(
 �4C0 #21� �
Thissecondtermcanbecorrectedby thesecondderivativeof thewall shearstressto time:ø * ù ú:û üø"ý * þ ø * ù úBû üø��� *HG ø���ø?ý+I * , ø?ù ú:û üø��� ø * ��ø?ý * �
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Sincein this analyticalcase,thewall shearstressis linearwith themassflow thefirst termon
the right handsideis zero. The seriesexpansionof the secondderivative of themassflow to
time is:JCK�LMJCN KPORQ2S�T�U	VW KYX�Z�[\�]"^_ ZE`a b ]+c_ Zed�f ]+g_ h ij
So, JCK k lnm oJCN K O�Z�Q2p�U K T	VWnq X Z�[\�]"^_ ZE`a b ]+c_ Zed�f ]+g_ h i j
A secondconstant,r K , cannow bedetermined:r K JsK k lsm oJtN Kvuuuu w o xzy r w JCk lsm oJtN uuuu K x { O@Z�Q|T	V W} a\ b ]2^_�~�r K O@Z a`t[C�C� W ^U K j
Thiscanbecontinuedto fit thecompleteexpansionin Equation(4.16).Theerror � now canbe
writtenas:� O apC� W KU JCk lsm oJ�LM J�LMJCN Z a`t[C�C� W ^U K JCk lsm oJ�LM JCK�LMJCN K y j j jsj (4.19)

In the remainderof this thesisthe error is approximatedby taking into accountonly the first
derivativeof themassflow andwill becalledthecorrectionterm.Thismeansthatthiscorrection
termis expectedto bevalid for

]
smallerthanfor which thehigherordertermZ W K � f `t[C�C��U h J K LM � JtN K�� a � pt� J�LM � JCN j

This is thecasefor
] � p .

In Figure 4.3 the massflows determinedfrom the correctedEquation(4.14) (new) and the
quasi-steadyEquation(4.11)(old) areshown bothcomparedto theexactmassflow solutionof
Equation(4.3.2)for differentStokesnumbers.As canbe seen,the new approximationgives
betterresultsthantheold approximationfor � j b � ] � } .
4.3.3 Stokesnumbers for which the correction is applicable

Theexacterror, Equation(4.15),andthecorrectionterm:�2� � � O'� W KU JCk lsm oJ�LM J�LMJtN � ��O apt�s� ~ (4.20)

aredependenton the Stokesnumber. In Figure4.4(a)the responseon the imposedpressure
gradientof theexacterrorandthecorrectiontermis shown. Herein,theamplitude,��� , repre-
sentstheratioof theamplitudeof theapproximatedor exacterror, � , andthepressuregradient,J � � Jt�

, accordingto:��� O �J � � Jt� j
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Figure4.3: Effectof thecorrection.�3����t�
The phase,��� � , is the differencein phasebetweenthe approximatedor exact error andthe
pressuregradient:��� � �P� ��� � � � � � �	�
It is seenin Figure4.4(a),that thepresentedcorrectionappliesfor �� (¡ . In theremainderof
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Figure4.4: Error ¥ andcorrection¥2¦ � � asfunctionof � .

this thesistherestrictedvalueof �-�(¡ will bedenotedby �2§ ¨ .
In Figure4.4(b) the differencebetweenthe two responsesareshown. Herein,the amplitude,© � , representstheratio of theamplitudeof thecorrectionterm, ¥"¦ � � , andtheexacterror, ¥"ª � ,
accordingto:© � � ¥"¦ � �¥ ª � �
Thephase,��« � , representsthedifferencebetween��� �t¬ ¦ � � and ��� �t¬ ª � thatis equalto:��«�®�/� �t¬ ¦ � � � � �t¬ ª ���
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For ¯±°�² thecorrectionshouldbecomesmallerandeventuallyfor large ¯ shouldbecomezero.

4.3.4 relaxationof the correction term for larger Stokesnumbers

To achieve that thecorrectionbecomessmallerandeventuallyfor large ¯ becomeszeroa re-
laxationequationof thecorrectiontermis suggestedaccordingto:³�´µ³t¶&·¹¸�º»�¼�½�¾ ²�¿ÁÀtÂ ÃsÄ Å ¾vÆ�Ç�ÈÂ ³ Æ³t¶É·&Ê�ËÌÍ ³ Â ÃnÄ Å³�´µ ³�´µ³t¶7¸FÆÁÎ (4.21)

ThetimescaleÂ is determinedfrom ¯ , Equation(4.1):Â ·¹ËÌ Ï² Í ¯ Ì Î
In Figure4.5themassflow determinedfrom thecorrectedandrelaxatedEquation(4.21)(new)
andthequasi-steadyEquation(4.11)(old) is shown versustheexactmassflow solution. (For
definition of Ð�Ñ and ¼�Ò Ñ seeEquations(4.12and4.13).) Time scalesbelongingto two ex-
tremesin Figure4.4(b), ¯ · ² and ¯ · ²CÓtÓ , areappliedandshown in Figures4.5(a)and4.5(c).
For thelargetime scaletheold solutionwithout correctionis obtained,for thesmall timescale
thecorrectionhasapositiveinfluenceonthesolutioncomparedwith Figure4.3.Theamplitude
canbecomecloserto oneover thetotal ¯ -rangeif thetime scaleis chosenin betweenthetwo
extremes.Thisis shown in Figure4.5(b).For ¯ · ²tÓ agoodresultis obtainedfor theamplitude
andonly asmalldifferencefrom zero(maximumof 2 degree)in thephase.In theremainderof
this thesisthevalue ¯ · ²tÓ , determiningtherelaxationtime,will bedenotedby ¯2Ô .
4.4 Discussion

In the precedingsectiona correctionon a quasi-steadyviscousapproachis proposedto in-
cludethe unsteadycharacterof the laminarflow in an infinitely long rectangularchannel. In
AppendixE thesametheoryis appliedto thelaminarflow in aninfinitely long pipe. Thechar-
acteristicdataobtainedfrom theseanalyticalcasesaresummarizedin Table4.2. It is foundthat
the correctionconstantÊ dependson the geometryin which the flow is studiedandis larger
for thepipeflow. Furthermore,theamplitudeandphasedeviation betweentheexactsolution
andquasi-steadyapproximatedsolutionarelarger for the pipe flow. An importantparameter
in this study is found to be the Stokesnumber, ¯ . Therecanbe indicateda certain ¯ -range,Ó Î Õ�Ö ¯ Öe× Ó , in which a correctionon a quasi-steadyapproachis desirable. In the case¯ÁØ�¯2Ù Ú thecorrectionwith Ê canbeappliedwithout usingtherelaxationequation.In thecase¯Á°�¯ Ù Ú therelaxationequationshouldbeusedandtherelaxationtime is determinedfrom ¯ Ô .
In the correctionterm the first derivative of the quasi-steadywall shearstresswith respectto
time is used,whichcanbedeterminedeasilyfor thisanalyticalcasebut is difficult to determine
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Figure4.5: Effectof thecorrectionwith relaxation.

Table4.2: Summaryof analyticallyobtaineddata.

Channel Pipe Remarksê ë ìtítî ëtì ïtðñ îsò ó�ô�õtî înò ó	ô�õtî
correctionrangeñ2ö ÷ ï ï
maximum ñ without relaxationñ2ø ïtî ïCî ñ relaxationdeterminingù

for any otherflow. Therefore,it is commonto usethe relationbetweenthequasi-steadywall
shearstressandthequasi-steadypressurerise,which is:ù úsû üÁýÿþï��������	� 
 ò (4.22)

Usingthis in Equation(4.7) themomentumequationusedfor thecompressorductin Chapter3
is found:������ ý ô þ ��� ��� ô ���	� 
 � ò
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Thedynamicsof thesystemunderinvestigationcanbedividedin four rangesof � . For ������� �
the parabolicvelocity profile is obtainedand the flow can be treatedquasi-steady. In other
words,hereEquation(4.21)canbe appliedwith a quasi-steadyapproachof the channelflow
andwithout thecorrectionterm � .
For ��� ��� the oscillatingboundary-layerthicknessis thin, so that mostof the flow canbe
treatedasinviscid. For Equation(4.21)this meansthatit is dominatedby:!"#!�$�%'& ( )�*,+�-.
andthe viscouscontribution by meansof the quasi-steadyrepresentationof thechannelflow,(�/ ) +�-	0 1 , andthecorrectionterm, � , areminor. Therelationbetweenthepressureoscillation
andthemassflow is mainly basedon theinertiaof theinviscidfluid.

For intermediate��� �2�3�54 ��� the viscous,convective, unsteady, andpressuretermsareof
thesameorderof magnitude.In this casethecorrectiontermshouldbeusedin themodel.For�6� �7�8���8�:9 ; , themomentumequationwith thecorrectiontermexpressedin termsof thewall
shearstressis foundby combiningEquation(4.14)andEquation(4.20):!"#!�$�%'& ( +�-)=<�>�? @�A B6C D <FE�G	HI ! A B�C D!�$ J �
Next, thewall shearstressis translatedto aquasi-steadypressurerisewith Equation(4.22):!"#!�$�%'& () @ +�- & +�-�0 1 & E G HI ! +�- 0 1!,$KJ � (4.23)

This equationshows that the suggestedcorrectionon a quasi-steadyapproachof thepressure
risein anunsteadyflow is thefirst termof a seriesexpansionof this quasi-steadypressurerise
with a timeconstantequalto:E2G	HI �
Thisconstantdependson thegeometryandtheviscosityof theflow thatcanbedeterminedfor
any flow.

For �:9 ;L� �5�3��� the momentumequationwith correctionandrelaxation,Equation(4.21),
translatedto aquasi-steadypressureriseshouldbeapplied:!"#!,$ %M& () *,+�- & +�-	0 1 .�<F>�?N�POA ! �!,$ % E G	HI (>�? ) ! +�- 0 1!"# !"#!�$ & �P� (4.24)

with A % G	H Q> I � HR �
Comparingtherelaxationequationwith therelaxationequationassuggestedin Equation(3.11),
it is seenthatherethederivativeof thequasi-steadypressureriseis used.In thenext chapterthe
correctionwill betestedfor aturbulentinlet flow with andwithoutanadversepressuregradient.
TheStokesrangeis chosensuchthat �:9 ; and � R canbeevaluated.
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Chapter 5

Measurementand simulation of flow in a
water channel

In thepreviouschaptera correctionon theconventionalductmodelis derivedanalyticallyfor
a laminarfully-developedchannelflow. Thedevelopedimprovedmodeltakesinto accountthe
unsteadycharacterof theboundary-layerflow, whichin theconventionalmodelis takento react
quasi-steadyto flow changes.

In thischaptertheimprovedmodelis appliedto amorecomplex flow, i.e. a turbulentinlet flow
in two waterchannels.Measurementsof channelflow with andwithout an adversepressure
gradientare discussed.A large advantageof the water channelis that it is easyaccessible
for measurementsof velocitiesandpressures.Both channelsarescaledsuchthat theStrouhal
numberis SUT�V W6X6YUZ\[]Z�V andtheStokesnumberis W�^ _`Z]a8Z]_6^ b . TheStokesnumberis
in theinterval in which thecorrectedmodelshouldbeapplied( W6^ bcZda�Zde�W ). Simulationsof
thechannelflows areperformedwith boththeconventionalmodelfor a ductflow presentedin
Chapter3 andtheimprovedmodelderivedin Chapter4.

5.1 Experimental water channelset-up

A discussionon thewaterchannelset-upandits measurementsystemis foundin AppendixF.
Theexperimentalset-upconsistsof two reservoirs, seeFigure5.1. In betweenthesereservoirs
the test-section(3), which is madeof f [mm] thick perspex, is mounted.A circulationpump
pumpsthe necessaryvolumeflow from the outlet to the inlet reservoir. The oscillationsare
appliedat the outlet reservoir. With the useof a direct currentmotor and a variablepower
supplyanoscillationfrequency betweenWUghV [Hz] is produced.Therotationof themotor is
convertedinto a linear movementwith the useof an acentricpositionedrod, which drivesa
plate.
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Figure5.1: Experimentalwaterchannelset-up.

5.1.1 channels

Two differentchannelsaretested.A straightchannelanda channelwith a divergenceof Î [ Ï ].
Thedimensionsof thestraightanddivergentchannelareshown in Table5.1 andFigure5.2 .
To obtaina2-dimensionalflow, thewidth of thechannelsis oneorderof magnitudelargerthan
theheight. The characteristiclengthof thechannelsis the distancebetweenthe two pressure
measurementpositions. Theinlet andoutletof thechannelsarepositionedinsidethereservoirs.
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Figure5.2: Dimensionsof thediverging test-sections.

At theinletof thechannelsastraightener, thatconsistsof multiplesmallsquarechannels,isused
to provide a smoothinlet flow. Furthermore,the inlet is conditionedby a contractionandthe
outletby a straightexpansionwith a divergenceangleof P [ Ï ]. Theoutletof thedivergenttest-
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Table5.1: Test-sectiondimensionsandphysicalvalues.

straight divergentQ
height(PIV-area) [m] RTS R�U�U RTS RTV WX
width [m] RTS U RTS UY
length [m] RTS Z�R RTS Z�R[ meanvelocity [m/s] RTS Z RTS R�\�]^R_S Z` kinematicviscosity [m a /s] V�S R�b�V R�c_de density [kg/s] V�S R�b�V R f

sectionis at thetopequalto thestraighttest-section,at thebottomastraightoutletis applied.

5.1.2 measurementsystem

An extensivediscussiononthemeasurementsystemis foundin AppendixF. Thepositionof the
measurementsensorsis indicatedin Figure5.1 andFigure5.2. Thestaticpressuredifference
betweentheoutlet( U ) andtheinlet ( V ) of thechannelis measuredwith two pressuredifference
sensors.The steady-statevolume flow is measureddownstreamof the outlet reservoir with
a volumeflow meter(VFM). The unsteadyvelocity profile over the heightof the channelis
determinedwith particle imagevelocimetry(PIV) measurements.In Figure5.3(a)a typical
velocity profile oscillationis shown. As canbeseen,theshapeof thevelocity profile depends
on the phaseof the oscillation. At someinstancesthe flow nearthe walls becomesnegative
andbackflow occurs.Integrationof theprofileover theheightandmultiplicationby thedensity
givesthe time-dependentmassflow, gh , in thechannel.The resultingmassflow oscillationis
shown in Figure5.3(b).Themeasuredpressuredifferenceoscillationis shown aswell.
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Themeanvelocityat thePIV-areais determinedfrom themeanmassflow accordingto:

n?o pqr�sut
In which s�o�vxw is thethroughflow area.

5.1.3 uncertainty of the measurements

The uncertaintyof the measuredmassflow and pressuredifferenceis determinedfrom the
steady-statemeasurement.Thesteady-statemeanpressuredifferenceis determinedfrom y z�z
datapointsacquiredwith a {�z [Hz] samplefrequency. Thesteady-statemeanmassflow is deter-
minedfrom y z PIV-determinedvelocityprofilesacquiredwith a y | t }�~ [Hz] samplefrequency.

Assumingthatthemeasurementsamplescanbeconsideredto consistof independentobserva-
tionsobtainedatthesameconditionsof measurement,theuncertaintyof thepressuredifference
measurementandmassflow measurementis determinedby thenormalizedstandarddeviation
(std)of thesamples.In Figure5.4 theuncertainties

� ��o std � �B��� � ��B��� � � y z�z�� and

� ��o std � pq �pq
� y z�z��

areshown versusthemeanmassflow. As canbeseen,theuncertaintyof themassflow is for
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Figure5.4: Uncertaintyof themassflow andpressuredifferencemeasurement.

thewholemassflow rangesmallerthan y [%]. This is a ratherlow value,whichcouldarisedue
to thelow numberof datapointsavailableto determinetheuncertainty.

Theuncertaintyof thepressuredifferenceis largefor smallmeanmassflows,i.e. {�z [%] for the
straightchanneland | � [%] for thedivergentchannelfor pq�o z t � ~ [kg/s]. For pq�� y t ~ [kg/s]
theuncertaintyof thepressuredifferenceis smallerthan { t ~ [%].
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Theunsteadymeasurementswith anoscillatingplateareperformedmostlyatameanmassflow������_� � [kg/s]. Heretheuncertaintiesare:for thestraightchannel,� � ���_� � [%], � � ���T� � [%]
andfor thedivergentchannel,� � ���_� � [%], � � ���_� � [%].

5.2 Water channelmeasurementsresults

The objective of the measurementsis to determinethe relation betweenthe massflow and
pressuredifferencein aturbulentinlet flow for oscillationfrequenciesthatcorrespondto Stokes
numbersin therangeof �T� ���¡ ¢�¤£�� .
5.2.1 steady-statemeasurements

The steady-stateperformanceof the channelsis requiredin the simulations. Therefore,the
steady-stateperformanceof bothchannelsis measured,seeFigure5.5. Themassflow is mea-
suredwith the volume flow meterand determinedfrom the measuredvelocity distributions
obtainedwith the PIV method. In the straightchannelthe VFM-massflow is consequently
smallerthan the PIV-massflow, while in the divergentchannelthey agreemuchbetter. The
systematicdifferenceis likely to becausedby asmallerrorin theevaluationof thePIV images
of thestraightchannel.

Thestaticpressuredifferencebetweentheoutlet( � ) andtheinlet ( � ) of thechannelis foundto
dependon themassflow accordingto:¥B¦�§ § ¨ © �«ª § § �� ¨ �
Herein,is ª § § a constantwhich for the straightchannelª § § �¬®� £T� ¯ [(kg m) ° © ] andfor the
divergentchannelª § § �±� ²�� � [(kg m)° © ]. Thedifferencein signis explainedby thefact thata
staticpressuredifferenceis measuredinsteadof a totalpressuredifference,which is thesumof
thestaticanddynamicpressure:

¥B¦�¨ © ³ � ¥B¦�¨ ©?´ ��¶µ�· ¸
¨¨ ¬ ¸

¨ © ¹ �
Sincein thestraightchannelthevelocitiesat bothpositionsareapproximatelyequal,themea-
suredstaticpressuredifferencegivesanindicationof thetotal pressurelossof thechannel.In
thedivergentchanneļ

¨ � ¸ © , which introducesa staticpressureriseat theoutletof thechan-
nel. Therefore,themeasuredstaticpressuredifferencein thedivergentchannelnot only shows
thetotalpressurelossof thechannelbut alsothestaticpressurerisedueto theadversepressure
gradientin thechannel.Since ª § §»º � in thepresentdivergentchannel,thestaticpressurerise
is largerthanthetotal pressureloss.

5.2.2 unsteadymeasurements

Therelationbetweenthepressureandmassflow is studiedfor oscillationfrequencies����¼ ½B�� [Hz]. Mostexperimentsareperformedatameanmassflow of
��¾���_� � [kg/s]. In thedivergent
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Figure5.5: Channelcharacteristics.

channelafew measurementsareperformedat lowermeanmassflows. To comparethedifferent
massflow oscillationexperimentstheStrouhalnumber,

¿¤À Á<Â ÃÄÆÅ
is used. The amplituderatios of the pressuredifferenceand massflow are definedas (the
standarddeviation is denotedby ‘std’):

Ç À std ÈÊÉËÍÌÉË Å
Î À std È Ï�Ð�Ñ Ò ÌÏBÐ�Ñ ÒÔÓ

In Figure5.6 thesemeasuredamplituderatiosareshown for differentStrouhalnumbers.Note,
thatthenumberof measuredperiodsof themassflow with thePIV methodis low. Dependent
on theoscillationfrequency thenumberof periodsis betweenÕ®Ö^× . Thenumberof measured
pressureperiodsdependson theoscillationfrequency andis betweenØ ×�Ö^Õ�Ù�Ú periods.

The pressureratio is seento dependon the Strouhalnumber. For low Strouhalnumbersthe
outlet andinlet reservoirs arecommunicatingthroughthe channel.This introducesa smaller
pressureoscillation amplitudein the channel. For

¿ÜÛ Ù Ó Ø the pressureamplituderatio is
nearlyconstant.The pressureamplituderatio shows a slight increaseat a meanmassflow ofÕ Ó Ø [kg/s] anda Strouhalnumber

Û Ø . On thebasisof experimentswith varyinglengthof the
connectiontubesbetweenthechannelandthepressuresensor, it is concludedthata resonance
of theconnectiontubesis measured.Therefore,thesmallestpossibletubelengthsareusedto
avoid resonancein theoscillationfrequency rangeof interest.

Themassflow ratio reactsfor low Strouhalnumbersasthepressureratio in this Strouhaldo-
main.For

¿�Û Ù Ó Ø themassflow amplitudeis seento decreasewith increasingStrouhalnumber.
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Figure5.6:Measuredamplituderatiosof pressureandmassflow for differentStrouhalnumbers.

To obtainanideaof theperformanceof thechannel,thepressuretraceis shown versusthemass
flow tracefor differentStrouhalnumbersin Figure5.7for thestraightchannelandin Figure5.8
for the divergentchannel.The amplitudeof the oscillatingplateat the outlet reservoir is the
samefor both channels.In the divergentchannelthe absolutepressuredifferenceamplitude
is larger thanin thestraightchannel,which alsoresultsin a larger massflow oscillation. Foräæå�çTè ç é

both channelsshow a quasi-steadybehaviour alongthe steady-statecharacteristic.
For
çTè ç é¶ê¤ä�å¡ç_è ë�ë

themassflow andthepressuredifferenceoscillationamplitudeincreases.
Furthermore,acyclearoundthequasi-steadycharacteristicis described.For larger

ä
, themass

flow oscillationamplitudedecreases.Also, it is seenthatthephaseof themassflow oscillation
with respectto thepressuredifferencechanges.

Therelationbetweenthepressureandmassflow amplitudesandphasescanbeshown bestin
a Bodeplot in which thesystemresponseis shown, seeFigure5.9. Theamplituderepresents
the ratio of the amplitudeof the massflow andthe pressureoscillation,characterisedby the
ratio of the standarddeviations, and is nondimensionalisedby the derivative of the channel
characteristicaccordingto:

ì�í std îðïñáò
std î óBô�õ ö ò

÷ óBô�ø ø õ ö÷ ïñ
ùùùù úû è (5.1)

This ratio becomesequalto unity at low oscillationfrequencies.In otherwords,at low oscilla-
tion frequenciestheunsteadyperformanceis quasi-steadyandfollows thesteady-statecharac-
teristic. Theuncertaintyof theamplitudeis indicatedwith a solid line andis only larger than
thesymbolsizein thecaseof ameanmassflow

å¡ç_è ü
[kg/s].

Thephase,ó¶ý , is thedifferencebetweenthemassflow oscillationphase,ý û , andthepressure
differenceoscillationphase,ý þ . It indicatesthephaseleadof themassflow with respectto the
pressuredifference:

ó�ý í ý ûÿ ý þ è (5.2)
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The accuracy of the phase,which is discussedin AppendixF, is indicatedwith a solid line.
Both channelsshow a first orderresponsewith cornerStrouhalnumbersthat areof the same
orderof magnitude.Themeasurementsperformedat differentmeanmassflows canbescaled
with theStrouhalnumber. Thephaseof thetwo channelsis for low Strouhalnumbers2 354 [deg]
apart. This is dueto thedifferencein thesign of the measuredstaticpressuregradientof the
two channels.
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Figure5.9: Measuredsystemresponsebasedon Strouhalnumber.

5.3 Water channelflow modelling

5.3.1 conventional model

The unsteadypressuredifferencein the channelis simulatedwith a model basedon a mo-
mentumbalanceof flow in the channel.As in the conventionalmodelusedin Chapter3 for
the compressorflow, the unsteadyviscousterm is replacedby the steady-statecharacteristic
accordingto:@�ABDC E F@ EHGJI KLNM�OQPSR T C E F I OUPWV V R T C ABDC E F F X (5.3)

Themeasuredmassflow
AB is sampledsuchthat it hasvaluesat thesametime instancesasthe

pressuredifferencemeasurement,OQP R T . Thesteady-statecharacteristic,OQP V V R T , is determined
in the precedingsection.Furthermore,two geometricalparametersareused:

K
, which is the

throughflow areaof thechannel,and
L

, which is thelengthbetweenthetwo pressuremeasure-
mentpositions. The throughflow areais chosento be the smallestareaof the channel. This
meansthatalsofor thedivergentchanneltheareaat thePIV measurementis used.For reasons
of conveniencethesimulationsareperformedwith themassflow asa known variablefrom the
measurement.Thismeansthatthetime-dependentpressuredifference,OQP R T , is calculated.
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5.3.2 impr ovedmodel

The improved model,developedin Section4.3, is appliedto the waterchannel.For a fully-
developedflow, theStokesnumbercanberelatedto half theheightof thechannel.Thewater
channelflow is an inlet flow in which the boundary-layeris developingin flow directionand
only occupiespartof thechannelheight.Therefore,theStokesnumberis relatedto the(steady)
boundary-layerthickness,Y Z , accordingto:[]\ Y Z ^ _ `ba
Equation(4.21)thenis rewritten to:c�dec�f \hg�ijNk�lQmngolQm Z Z prqosbt

u c sc�f \wvWxzyS{|i` j c lQm Z Zc�de c�dec�f g sbt
with vWxn\}v Y {Z~ c�� ��� { tu \ � � Y {Z[ {�

`�a
(5.4)

In Chapter4 and Appendix E the value for [ � and v are determinedfor a fully-developed
channelanda fully-developedpipe flow, seeTable4.2. The Stokesnumberbelongingto the
relaxationtime u is found to be thesamefor both flows, i.e., [ � \ ��� , andis expectedto be
applicableto the presentwaterchannelflow model. The constantv is of the sameorderof
magnitudefor bothflows, i.e., for thechannelflow vb\�� ����� andfor thepipeflow vb\�� ��� � .
Sincethe testedwaterchannelgeometrybestsuitsthechannelflow, theconstantv�\�� � �5� is
assumedto bevalid in thewaterchannelflow model.

5.4 Water channelsimulation results

In thissectionthesimulationandmeasurementresultsareshown for differentStrouhalnumbers
by meansof � , Equation(5.1),and l�� , Equation(5.2). Thecomparisonbetweenthemeasure-
mentsandsimulationsis madeby meansof a relative pressureamplitudethat is determined
by: � \ � simulation� measurement

\ std
~ lUm { � � �measurement

std
~ lQm { � � � simulation

a
Thephase,l�� , representsthedifferencebetweenl�� simulationand l�� measurement:l���\}l��

simulation
gol��

measurement\}� ��� � � �
measurement

go� ��� � � �
simulation

a
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5.4.1 straight channel

conventional model

Simulationsof thestraightchannelwith theconventionalmodel(old) andtheimprovedmodel
(new) areshown in Figures5.10.With respectto theconventionalmodel,hardlyany difference
with the measuredpressureamplituderatio and ��� measurementis found. Overall, thesimu-
latedpressuredifferenceamplitudeis a little bit smallerthanit is measuredandthedifference
in phaseis equalto zerowithin theinterval it canbedetermined.

impr ovedversusconventional model

Simulationswith the improved model require the characteristicboundary-layerof the flow,
which is usedin Equation(5.4). Theboundary-layerthicknessin thestraightchannelis deter-
minedfrom thevelocityprofileshown in FigureF.4(a)andis about� ���n��  ¡U¢ � £�¤5¥ [m]. So,for
thestraightchannel,with ¦z§¨�ª©�£ :«W¬ �®�  �U¢5� £ ¤5¯ °± �®�  ¡²¢5� £ ¤�³ [s]  
The simulationresultswith the correction(new) for the straightchannelare shown in Fig-
ure5.10.In Figure5.10(b)it is seenthatcomparedto theconventionalsimulationresults(old),
aslight improvementof thepressuredifferenceamplitudeis seenfor theimprovedmodel(new)
results(i.e., theamplitudeis near � ). Thephaseis not influencedby thenew approach.
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Figure5.10:Conventional(old) simulationandimproved(new) simulationof thestraightchan-
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In Figure5.11a time traceof thesimulatedpressuredifferencesis shown for ´µN¶r·�¸ ¹ [kg/s]
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and ÅÇÆ�È�É Ê5È . Hardly any differenceis foundbetweentheconventionalandimprovedmodel
comparedto themeasuredpressuredifference.
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Figure5.11: Simulationof the straightchannelflow. ËÌ ÆÍÊ�É Î [kg/s], Ï Ð�ÆÍÈ�É Ê�È [Hz], andÅ9ÆªÈ�É Ê�È , ÑWÒ�ÆªÓ�É ÎÕÔ5Î È�Ö5× , ØnÆÂÓ�É ÙQÔ5Î È5Ö�Ú [s]

5.4.2 divergent channelat ÛÜÞÝNßáà â [kg/s]

conventional model

Simulationsof theflow in thedivergentchannelwith theconventionalmodel(old) areshown in
Figures5.12for ËÌ ÆÇÊ�É Î [kg/s]. For È�É È5ã�äåÅÇäªÈ�É ã , thesimulatedamplitudeof thepressure
differenceis larger thanthemeasuredpressuredifferenceandthephaseof thesimulationlags
themeasurement.

impr ovedmodel

Theboundary-layerof thedivergentchannelflow develops,dueto theadversepressuregradient,
from theinlet to theoutletmorerapidlythanthestraightchannelboundary-layer. It, therefore,is
difficult to determinetheboundary-layerthicknessthatshouldbeusedin thedivergentchannel.
At oneoscillationfrequency, for ËÌ ÆÇÊ�É Î [kg/s] and Å9ÆªÈ�É Ê5ã , the ÑWÒ and Ø arefitted suchthat
thesimulationwith theimprovedmodelagreeswith theexperimentalresult. In Figure5.13(a)
it is seenthatfor

Ñ Ò ÆæÎ�É ãQÔ5Î È Ö�ç and Ø�ÆèÎ�É é²Ô5Î È Ö�ê [s]

thenew simulationagrees,concerningtheamplitudeandphaseof thepressuredifference,better
thantheold simulationwith themeasurement.Thefitted ëUÒ and Ø , with ìzíQÆrÊ�È , correspond
to anequivalentboundary-layerthicknessof î ï|Æ.Ó�É È²Ô5Î È�Ö5ç [m], which is physicallyrealistic.

Next, the fitted ëUÒ and Ø areappliedto the availabledataat the otheroscillationfrequencies.
As anexample,in Figure5.13(b)the time tracefor ËÌ ÆrÊ�É Î [kg/s] and ÅÇÆrÈ�É Î é is show. It
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Figure5.13: Simulationsof the divergentchannelflow.
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is seenthat the improved modelalsoworks at this frequency. In Figure5.14 the simulation
resultsat all Strouhalnumbersareshown. Comparedto theconventionalmodel,thepressure
differenceamplituderatio is muchcloserto oneandthephaseis closerto themeasuredphase
for ��ö ÷��! "�#��ö $ . For  "�#��ö ÷ , especiallythe phaseis adjustedwith the new method,
while thepressuredifferenceamplituderatio is hardly influenced.For  &%'��ö ( themeasured
pressuredifferenceis uncertain,dueto a resonancein theconnectiontubepositionedbetween
thepressuresensorandthechannel.So,for this range,no conclusionon thesimulationresult
canbedrawn.
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5.4.3 divergent channelat <=?>A@CB D [kg/s]

conventional model

In Figure5.15 the simulationresultswith the conventionalmodel for variousmassflows are
shown. An evaluationof the E -valuesatthedifferentmassflowsshowsthatthey donotcorrelate
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with the Strouhalnumber. On the otherhand,the VXW -valuesdo correlatewith the Strouhal
number. Threecausesof thedeviationof the Y -valuescanbeindicated:

First, theStrouhalscalingmight not be theright parameterto comparethesimulatedpressure
differencewith themeasuredpressuredifference.Therefore,in Figure5.16(a)thecomparison
of thesimulationwith themeasurementis shown versusthe frequency. As canbeseen,some
amplituderatios,for Z[!\2]�^ _ [kg/s] and ` a \']�^ b [Hz], and Z[A\']�^ b [kg/s] and ` a \dc [Hz],
coincidewith theamplituderatiosof Z[e\�f�^ c [kg/s]. Others,turnoutwith asmallerY thanforZ[e\�f�^ c [kg/s]. So,notall datacorrelateswith thefrequency.

Second,for measurementsat about ` a \&c [Hz] themassflow fluctuationbecomesvery small
and the numberof datapoints obtainedwith the PIV methodis small. This introducesan
uncertaintyin the measuredmassflow at the largestfrequencies.Sincethe derivative of the
measuredmassflow is usedasinput to themodelit is expectedto affect thesimulationresults
significantly. This might explain thedeviation of the Z[A\']�^ c [kg/s] and ` a \&c�^ ] [Hz] point.
Furthermore,for ` ahg c�^ ] [Hz] aresonancein thepressuresensorductsexists,whichinfluences
thepressuredifferencemeasurement.

Third, aphysicalargumentcanbegivenfor datapointsfor which themassflow amplituderatioi
is nearly c . Herethe oscillationamplitudeof the massflow is aslarge asthe meanmass

flow andflow patterns,aslargescaleseparation,canexist. Thesearenot takeninto accountin
themodel.In Figure5.16(b) Y is shown versus

i
. In Table5.2 thedivision of thedatapoints

Table5.2: Divisionof datapointsbasedon
i

and Y .jk [kg/s] l m [Hz]nporq ^ s then f�^ c allq ^ t o Y ovu ^ s ]�^ _ ]�^ b]�^ b c�^ ]npwrq ^ s then ]�^ _ ]�^ fY orq ^ t ]�^ b ]�^ b]�^ c ]�^ b
(exceptionalY wrq ^ t ) ( ]�^ c ) ( c�^ ] )

basedon
i

and Y is summarized.Overall, it is seenthat thevalueof Y dependson
i

. For
small

i
-values,

ixo ]�^ f , the pressuredifferenceamplituderatio is ]�^ y o Y o c�^ f , while
for the larger

i
-values,

izw ]�^ f , the pressuredifferenceamplituderatio is Y o ]�^ y . (An
exceptionexistsfor Z[e\�]�^ c [kg/s] and ` a \2c�^ ] [Hz].)

In Figure 5.16(b) it is seenthat the phasedifference, V�W , doesnot dependon
i

. In Fig-
ure 5.16(a)andFigure5.15(b)it is seenthat the phasedifferencedependson either the fre-
quency of the oscillationor the Strouhalnumber. Due to the inaccuracy in determiningthe
phasethis cannotbemadeup.

It is concludedthatthedifferencebetweentheconventionalsimulationphaseandthemeasured
phaseis determinedby theStrouhalnumber(or frequency), while thedifferencein amplitude
of thepressuredifferenceis determinedby thefrequency aswell asby theflow in thechannel,
which is expressedby thequantity

i
.
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Figure5.16: Comparisonbetweenmeasurementandconventionalsimulationfor thedivergent
channelfor variousmassflows.

Moreexperimentsatdifferentmassflowsshouldbeperformedto exactlydefinetheparameters
thatdeterminethevariationin amplituderatioand |X} measurementatdifferentmeanmassflow
oscillations.

impr ovedmodel

To beableto applythenew approachto theothermeanmassflows in thedivergentchannel,it
shouldbenotedthatthe(steady)boundarylayerthicknessdependson thevelocity of theflow.
To take into account,to acertainextent,thisdependencetheturbulentboundary-layerthickness
ata certain~ -positionfor aflat plate,accordingto ([64]):� ������� ��� ~�� � � �������� � ���
is used.Theboundary-layerthicknessesfor theothermeanmassflowsaredeterminedfrom the
boundary-layerthickness,

� � �&��� �X��� ����� [m] andvelocity � � �d��� � [m/s] at �� �&��� � [kg/s]
accordingto:� � ��� �

� � ���� � � � �
In Figure5.17 the resultingturbulent boundary-layerthicknessnondimensionalisedwith half
the channelheight, ��� � , is shown with respectto the meanmassflow. For massflow of  ��� �

[kg/s] theboundary-layerthicknessalmostcovershalf thechannelheight. Theboundary-
layerthicknessbecomesthinnerasthemassflow increases.

Thevaluesfor ¡£¢ and ¤ arefunctionsof
� �

andarecalculatedaccordingto Equation(5.4). The
simulationresultswith the correctionfor the othermeanmassflows in the divergentchannel
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Figure5.17:Turbulentboundary-layerthicknesswith respectto themeanmassflow in thecase
of a flat plate.

for differentStrouhalnumbersareshown in Figure5.18(a)andreveala small improvementof
theamplitudeandphase.In Figure5.18(b)thecomparisonis shown versusthemassamplitude
ratio, ¥ . As canbeseen,for ¥,¦r§�¨ © , thepressuredifferenceamplituderatio, ª , is for thenew
simulationimprovedsuchthat thepressuredifferenceamplitudebecomesalmostequalto the
measuredpressuredifferenceamplitude.A time tracefor «¬® §�¨ ¯ [kg/s], ° '± ¨ ± , ¥  §�¨ ±�±
is shown in Figure5.19(a),which shows that theconventional(old) modelalreadyis closeto
themeasuredpressuredifference.Nevertheless,accordingto Figure5.18the improved(new)
modelsimulatesapressuredifferencethatis evencloserto themeasuredpressuredifference.

For ¥³²"§�¨ © the correctionin the improved model is not enoughto becomeequal to the
measuredpressuredifferenceamplitude(i.e. ª e± ). In Figure5.19(b)a time tracefor «¬#§�¨ ¯ [kg/s], °  §�¨ ´�© , ¥  §�¨ µ ± is shown. Theoverpredictedpressuredifferenceamplitudeis
clearlyseen.

5.5 Discussion

In this chaptera modeldevelopedfor a fully-developedlaminarflow is appliedto a turbulent
inlet flow. With simulations,for both a straightanda divergentchannel,it is shown that the
measurementscanbesimulatedbetterif acorrectionontheconventionalmomentumequationis
used.Especially, for thedivergentchannel,in which theflow is exposedto anadversepressure
gradient,thesimulationsshow anadjustmentof theamplituderatio anda well-capturedphase
betweentheoscillatingmassflow andpressure.This improvementdependson themassflow
amplituderatio, ¥ , andworksbestfor small ¥ .

The correctionneededin the straightchannelis small. This is explainedby the fact that the
Stokesnumberfor thestraightchannelis between§�¨ ¶X·r¸¹·rº�¨ » , which is mainlysmallerthan
theStokesnumbeŗ�¼ ½  © , for whichno relaxationequationis needed.This is alsoseenin the
small time constant,¾  º�¨ ¿ÁÀ ± §�Â�Ã [s], which suggeststhata correctionwithout therelaxation
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Figure 5.18: Comparison measurementand simulation for the divergent channel forÒÓ?Ô#Õ�Ö × [kg/s]. Ø�Ù , Ú dependonmeanmassflow.
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Figure5.19: Simulationsof the divergentchannelflow.

ÒÓ,è"é�Ö ê [kg/s], Ø�ë è#Õ�Ö ì�í£× é�î�ï ,Ú è9×�Ö êÁí�× é�î�ð [s]

equationof thecorrectiontermcanbesolved,i.e,:ñ ÒÓñ�ò èôó�õö#÷�øhù'óAøhù£ú ú û'ü#ý ñ ÒÓñ�ò�þýÿè�� � �ú� ñ�� Õ�� � 	
� õ� ö ñ øhù ú úñ ÒÓ Ö (5.5)
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Thiscanberewritten to:���������� ���� � ����� ��� � � � �
! ! "$#
This resultshows that the introducedcorrectioncanbetranslatedto anadjustmentof thegeo-
metricalparameter

�
or
�

. In thecaseof thestraightchannelthemaximumvalueof �%�&� ' # � ,
which meansthatsimulationswith theconventionalapproachwould becomecloseto themea-
surementsif

�
is taken

� ' % largeror
�

is taken
� ' % smaller. Thisadjustmentof ageometrical

parameteris a well-known practicein compressorsurge modelling,[1], [30], [70]. Often the
lengthof the compressorduct is taken asa fit parameterand is adjustedsuchthat the surge
frequency of the simulationsmatchesthe measuredsurge cycle. A drawbackof the resulting
‘duct length’ is that it is no longera geometricallydeterminedquantityandcannotbe physi-
cally appointedanymore. Thesuccessof thefitting suggeststhat theStokesnumbersof these
compressionsystemsaresmall andthat the relaxationequationin thecorrectionequationcan
be omitted. The Stokesnumberfor the divergentchannelis between

� # (�)+*&)+,�# (
, which

meansthatfor this channeltherelaxationequationcannotbeomitted.

For thedivergentchannelmeasurementsandsimulationsareperformedat differentmeanmass
flows,

�.-0/ # � [kg/s]. It is seenthat the improvedmodel,with
*21 � / ' andan appropriate

valuefor theboundary-layerthickness,simulatesthemeasuredpressuredifferencebetterthan
theconventionalmodelif themassflow amplituderatio, 3 - ' # / . Although,moreexperiments
arerequiredto determinetheexactcauseof thevariationin pressuredifferenceamplituderatio
and phaseat different meanmassflow oscillationsa suggestionis given basedon the data
available. The correctionthat is developedandappliedin the improvedmodelrepresentsthe
contribution of the unsteadyviscousterm in the unsteadymomentumequation. Omitted is
thecontribution of the non-linearconvective term,which canbecomeimportantin a pressure
gradientflow. Especially, for massflow amplitudesthat becomeas large as the meanmass
flow thenon-linearcharacterof theconvective termbecomesimportantto model. Thecurrent
modelsdo not take into accountthe unsteadycontribution of the convective term andmight
thereforeproduceincorrectresultsfor oscillationswith a largermassflow amplituderatio.

In Chapter3 thecompressorflow is simulatedwith theconventionalmodel.It is concludedthat
the simulatedmaximumpressurerise is lower comparedto the measuredmaximumpressure
rise. In this chapterit is seenthattheimprovedmodelhasaninfluenceon theamplitudeof the
simulatedpressure.Therefore,it seemsa promisingtool to be usedin the simulationsof the
compressionsystem.In thenext chapterthe improvedapproachis appliedto thecompression
system.



Chapter 6

Impr ovedmodelapplied to the
compressionsystem

In Chapter3 thesimulationwith alumpedparametermodel,in whichaquasi-steadycompressor
performanceis assumed,shows a larger surge frequency anda lower maximumpressurerise
thanthemeasurement.Dueto theshortductlengththeinertiaof thesystemis smalland,during
the pressurizationperiod, the steady-statecharacteristicis followed. This resultsin a lower
simulatedmaximumpressurerise. If thecompressorperformanceis extractedfrom measured
transientsurgedata,it is foundthat theunsteadycompressorperformanceonly slightly differs
from the measuredplenumpressuredata. Therefore,to obtainbettersimulationresults,the
assumptionof a quasi-steadycompressorperformanceshouldbe abandonedandan unsteady
compressorperformancerepresentationshouldbeused.In this chapterthecorrectionmethod
developedin Chapter4 is appliedto thecompressionsystem.

6.1 Governing equations

The needto apply the correctionto the modeldependson the Stokesnumberof the studied
system(Equation(4.1)):465879$: 9�;�< =>@?
In Chapter2 it is shown thatthemeasuredsurgefrequency is betweenA BDC < = C 9�E [Hz]. The
kinematicviscosityin thecompressoris >D5 A ? FHG A I�JLK [m M /s] andtheboundary-layerthickness
is assumedto equalthehalf width of theoutletof thecompressor(Table2.1), 7 5ON G A I�J�P [m].
TheStokesnumbernow is:Q ? R C 4 COA I ? Q ?
SincetheStokesnumberis in thecorrectionrangeI ? F C 4 CSB�I , seeTable4.2, thecorrection
shouldbeappliedto this compressionsystem.In addition,the relaxationequationis required
sincetheStokesnumberis largerthan 42T UH5 9 .
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The setof equationsthat describesthe compressionsystemconsistsof the rateof changeof
thecompressorandthrottlevalvemassflows,representedby conservationof momentumfor an
incompressibleflow in a duct,Equations(3.1) and(3.2),andtherateof changeof theplenum
pressure,representedby a massbalancein the plenum,Equation(3.3). Theseare extended
with thecorrectionEquation(4.21)andEquation(4.22)to accountfor anunsteadycompressor
performance:V�WX�YV�Z@[]\&^ Y_ Ya` b�c \ b
d \�e b Y f%gihkjV�WX�lV�Zm[]\&^ l_ ln` b
d \ b�c g e b l f$jV

b�cV�Z [@o�pcq c `
WX�Y \ WX l f$j

r V hV�Zs[utwv2x p ^ Yy _ Y
V e b YV�WX�Y

V�WX YV�Zz\ hk{ (6.1)

The geometryvalues
^ Y , _ Y , ^ l ,

_ l , and
q c are shown in Table3.2. The compressorand

throttle characteristic

e b Y and

e b l aredeterminedin Chapter3 andChapter2, respectively.
Theremainingparametersto bedeterminedare

t v
and r .

6.2 Parameters |k} and ~
Thegeometryof thecentrifugalcompressorproducesa complex flow field. Sincetheparam-
eters

t v
and r dependon boundary-layerthicknessof the compressorthey aredifficult to de-

terminein sucha flow field. Thegrowth of theboundary-layerin thecompressordependson
theflow paththroughthecompressor[59]. First, theflow paththroughthecompressorchanges
from one frameof referenceto another. Second,the flow is curved from axial to radial di-
rection,which introducessecondaryflow movementof fluid. Third, thereexists an adverse
pressuregradient,which quickensthe growth of the boundary-layerthickness.Startingfrom
the ideathat thecompressorcanbemodelledasa rectangularduct,anda turbulentboundary-
layergrowth asonaflat platecanbeapplied,thethicknesswould increasefrom zeroat theinlet
to � d � � � [+� { �D�L� ����� [m] at the outlet of the compressor. This thicknessexceedsthe smallest
half width at theoutletof thecompressor

xw� � [%� { � �L� ����� [m]. Therefore,it is assumedthat
theboundary-layerfluid occupiesthewholewidth at thecompressoroutlet,i.e., � [ xw��� , [10].

Theparameters

t v
and r dependon the relevantboundary-layerthicknessaccordingto Equa-

tion (5.4). Assumingthat the relevant boundary-layerthicknessequalsthe half width of the
smallestpassagein thecompressortheparametersbecome:t v [ut � p�� xw����� p [ � � � ��j

r [�� � � p�� p� y [ ��{ � � ��� � � p [s] { (6.2)
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Herein, �O�i��� ��� and �2���¡ �� aretaken to be equalto the valuefound for the analytically
solvedchannelflow, which is tabulatedin Table4.2.

In Section3.2twocriteriaareusedto determinewhetherthemeasuredsurgecycleis approached
well by the simulation, that are the simulatedsurge frequency and maximumpressurerise.
In Figure6.1 the two criteria areshown with respectto the parameters�w� and � . Sincethe
combinationof �w� and � assuggestedin Equation(6.2)doesnot give theright surgefrequency
andmaximumpressurerise, the simulationsare performedat a small �w� (which givesgood
resultsfor the � -value)andalarge �w� . Generally, it is seenthatfor acertain� thesurgefrequency
decreasesandthemaximumpressureriseincreasesfor increasing�w� . Theeffectof anincreasing� for a certain �w� is opposite.Comparingtheseresultswith resultspresentedin Figure3.5 an
increaseof � � or a decreaseof � hasthesameeffect on the frequency andmaximumpressure
riseasincreasingthe duct length, ¢¤£ , or decreasingthevolume, ¥�¦ . Nevertheless,the surge
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cycledoesnotchangefrom adeepsurgecycleto aclassicsurgecycle in thecaseÛwÜ is increased
or Ý is decreased.In Figure6.2 it is seenthatan increaseof ÛwÜ resultsin practicallythesame
cycles. So, the correctionparametersdo not influencethe inertia of the systemas the duct
lengthdoes.Themeasurementresultsareshown for referenceandwill bediscussedin thenext
section.

The points of intersectionof the simulatedlines with the measuredvaluesin Figure6.1 are
shown in Figure 6.3. Remarkableis that thereexists a relation betweenthe parametersÛwÜ
and Ý . A linear fit is plotted for the intersectionpoints of both surge frequency, ö ÷ , and
maximumpressurerise, ø¤ùûú ü . Both ratiosarenearly the same, ÛwÜ ý Ýûþ ÿ �ñà�á�â ã ç [s ë � ] and
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��� � ���  !#" $&%�'�( )�)
[s*#+ ].

Theratio
��� � �

canbedeterminedanalytically, with Equation(6.2):���
�
,,,, - %

�/.102435 6 � 7�8 0 7 9;:
and is independentof the boundary-layerthickness< . Using:

�=%>)�� ?�'
,
.�02 %�7�' , 3 %)�( @4A ) ' *�B [m 0 /s],

6 %DC4A ) ' *�E [m], thisanalyticalratiobecomes
��� � ��� - %F)�( G [s *�+ ]. This is one

orderof magnitudelarger thanthevalueobtainedfrom thesimulations.This differencecould
bebroughtaboutby the interpretationof the lengthscale

6
, which is taken to be the smallest

passageat theoutletof thecompressor. Anotherlengthscalethatcanbeusedis, e.g.,basedon
the(mean)hydraulicdiameterof thecompressorpassage.Thisdiameterwill belargerthanthe
smallestpassageof thecompressorandthusasmaller

��� � ��� - will beobtained.

Furthermore,
�

and
.102 arebasedonvaluesderivedfor afully-developedoscillatinglaminarflow

in astraightchannel.In thecompressortheflow is turbulentandrathercomplex thatinfluences
the specificationof

�
and
.102 . For example,in the definition of

.102 and the ratio
��� � �1� - the

laminarkinematicviscosityis usedwhich actuallyshouldbe representedby the valuefor the
’turbulent-viscosity’appropriatefor thecompressor. To know moreabouttheseparametersin
compressorsthey shouldbestudiedin variouskind of machines.

6.3 Resultsimpr ovedmodel

In this section,thesimulationsarecomparedwith measurementsexplainedin Section2.6 for
two rotationalspeeds. The referencemeasurementsare shown in Figure 2.16(b) for H %7�'�) '�'

[rpm] andFigure2.18(b)for H %=7�G�7�'�' [rpm]. First, the simulationresultsfor H %7�'�) '�'
[rpm] arediscussed.Figure6.4(a)showsthesurgecycle in thecompressormapobtained

with theconventionalmodelin which thecompressorperformanceis takento bequasi-steady.
Figure6.4(b)showsthesurgecycleobtainedwith thecorrectionmethod.If in Equation(6.1) I
is addedto thesteady-statecompressorperformanceJLK#M , anadjustedcharacteristicis obtained:

JLK M - N O P Q R S N % JLK MUT IWV MX M
(

Herein,is I a measurefor thecorrectionthat is neededto accountfor thedifferencebetween
thesteady-stateperformanceandthe(real)unsteadyperformanceof thecompressor. As canbe
seen,theadjustedcompressorcharacteristicis mainly largerat thepressureriseextremesof the
steady-statecharacteristic.Apparently, at themaximumpressurerisethelossesfor thetransient
flow aresmallerthanfor thefully-developedflow.

Thesimulationwith correction,with
� � � �U%D'�( ) Y

[s*#+ ], shows thatthepressurefollowsduring
the pressurizationandpressuredrop period the adjustedcompressorcharacteristicinsteadof
thesteady-statecharacteristic.Comparedto thesimulationwithout correctionthepressurerise
extremesarelargerandapproachesthemeasuredmaximumpressurerisebetter.

The time tracesof thesimulationwithout andwith correctionareshown in Figure6.4(c)and
6.4(d), respectively. First, it is seenthat with the correctionthe measuredsurge frequency
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Figure6.4: Comparisonof simulationresultswithout andwith correction(c�dLegf�h ikj�l i�m�n ,o epl h q�rsj�l i m#t [s], c d u o e=i�h l q [s m�t ]). vxwzy�{�| {�{ [rpm], }�~�w�{�� y�� , ����wz{�� | � ,��� w�y�� ������| { m�n [m � ]

is found. Furthermore,the pressuretracewith correctionshows a good similarity with the
measurementsfor the pressurizationas well as for the pressuredrop period. The measured
massflow traceis ratheruncertainandthereforeit is difficult to determinewhetherit is better
simulatedwith or withoutcorrection.

Theresultsof simulationsfor vgwDy���y�{�{ [rpm] areshown in Figure6.5. Thetime tracesshow
that thesimulatedsurgefrequency, � ��wg| ��� � [Hz], is not exactly equalto themeasuredsurge
frequency, � ��wgy�{�� � [Hz]. The pressurerise traceis, especiallyat its extremes,rathergood.
Nevertheless,in thecompressormapatthetopof thecompressorperformancetherelatively low
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pressureis notcapturedandthemaximumpressureriseis a little higherthanthemeasuredone.
To beableto modeltheflow at thepressuredip in themaximumpressurerisearea,moreshould
be known aboutthe flow phenomenonthat causesit. This requiresdetailedmeasurementsof
thecompressorflow field.
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Figure 6.5: Simulation results with correction.®°¯�±�²�±�³�³
[rpm], ´#µ ¯�³�¶ ±�· , ¸�¹ ¯�³�¶ º » [m], ¼�½ ¯�±�¶ ²�·�¾�º ³�¿�À [m Á ]

In Section6.2 it is shown that thesimulatedfrequency andmaximumpressurerisedependon
theparametersÂ�Ã and Ä . To improve thesimulationfor

®p¯Å±�²�±�³�³
[rpm], theparameterÂ�Ã is

adapted.With Â�Ã ¯&º�¶ Æk¾�º ³�¿�À ( Ä ¯&º�¶ Ç�²k¾�º ³�¿#È [s]) thefrequency andmaximumpressurerise
arein betteragreementwith themeasurements,seeFigure6.5.Theratioof theparametersthen
is changedfrom Â�Ã É Ä ¯=³�¶ º Ç [s

¿�È
] to Â�Ã É Ä ¯g³�¶ º�º [s

¿#È
], which is within the rangethis ratio



82 Impr oved modelapplied to the compressionsystem

canbe determined.This shows that the characteristicsof the simulatedsurge cyclesarevery
sensitiveto thevalueof theratio Ê�Ë Ì Í .

6.4 Discussion

In Table6.1 a summaryof the presentedmodelswith respectto fully-developedsurge simu-
lation is shown. Thesevaluesaremainly determinedfor ÎÐÏÒÑ�Ó�Ô Ó�Ó [rpm], Õ�Ö>ÏÒÓ�× Ñ�Ø .
In this thesisthe surge cycle shape,surge frequency, and maximumpressureratio are three
criteria to determinewhetherthe measuredsurge cycle is approachedwell by the simulation.
All variationson theconventionallumpedparametermodel,i.e., with physicalbasedparame-
ters,matchedparameters,andwith a transientcompressorresponse,show for somecriteria a
similarity with themeasuredsurgecycle,but not for all three.

Table6.1: Comparisonof thediscussedmodelswith respectto themeasuredsurgecycles.

Model Parameters Ù�ÚÛ1Ü Ý Þß Equation Figure Surge Surge Max

[m à�á ] [sà#â ] cycle fr equency surge
shape pressure

ratio
Conventional
(a) physical ã�× ä - (3.1),(3.2), 3.4 OK too too

(3.3) large small
(b) matched ä�Ó - as(a) 3.6 dis- OK OK

similar
(c) physical ã�× ä - as(a) å 3.9 OK too smaller

(3.11) large than(a)
Impr oved
(d) physical ã�× ä Ó�× Ô�æ (6.1) 6.2, OK OK OKÓ�× Ñ 6.5

(a) conventionallumpedparametermodel
(b) conventionallumpedparametermodelwith matchedç�è and é�ê
(c) conventionallumpedparametermodelwith transientcompressorresponse
(d) improvedlumpedparametermodel

On theotherhand,theimprovedlumpedparametermodelwith a quasi-steadycompressorper-
formanceanda correction,to take into accountthe dynamiccharacterof thecompressorper-
formance,capturesthedynamicsof thepressurizationperiodof theflow duringsurgeandthe
surge frequency. Insteadof matchinggeometricalparameterslike thecompressorduct length
or theplenumvolume,which have to bedeterminedfor every compressionsystem,onesingle
parameter, Ê Ë Ì Í , is found. This ratio, which is obtainedon physicalgrounds,representsthe
correctionthat is neededto accountfor the transientperformanceof thecompressoritself and
dependssolelyon thegeometricaldimensions,thegasviscosityandthe relaxationfrequency.
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Therefore,this ratiodependsonthecompressorinsteadof on thecompressionsystemin which
thecompressoroperates.Theratiohasto bedeterminedonly onceafterwhich it canbeusedin
every compressionsystemset-up.In principle, theratio dependson thegeometryof thecom-
pressor. Nevertheless,a smallvariationof theratio is foundfor differentrotationalspeeds.To
find outwhichgeometricalparametersdeterminetheunsteadyflow field in thecompressorand
which parametersdeterminethe ratio moreresearchshouldbeperformedon variouskindsof
compressors.

Dueto anunsteadyflow theperformanceof thecompressorbecomessteeper, especially, near
its pressurerise extremes.This influencesthe stability predictionof the system,which is in-
terestingin thecasesurge initiation is studied.Since,surge is commonlyencounteredduring
speedtransientsandsetpoint changes,the correctionterm will influencethe stability of the
system.Moreover, thecorrectiontermdependsonthetimescaleof thetransient.Thereforethe
stability of thesystemwill dependon thetime scaleassociatedwith thesetpoint change.It is
of interestto investigatetheinitiation of surgewith thedevelopedmodel.Since,if theinitiation
of surge is capturedcorrectlyin a simulation,surgecontrollerscanbedesignedto control the
surgebeforethedisturbancesin thesystemgrow into undesiredlargepressureoscillations.
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Chapter 7

Conclusionsand recommendations

7.1 Conclusions

In this thesiscompressionsystemsurge is studiedby meansof experimentson a laboratory
gasturbineinstallationandwith useof a lumpedparametermodel. In the modellingspecial
attentionis paid to the unsteadyperformanceof the compressor. The simulationresultswith
the new developedcorrectionterm are,comparedto the conventionalmodelresults,in better
agreementwith measurements.

Pressuremeasurementsat the outlet of the compressorshow that the surge frequency of the
compressionsystemincreaseswith decreasingthrottlevalvesetting.Furthermore,for a certain
throttlevalvesettingasmall influenceof therotationalspeedis found,i.e., thesurgefrequency
decreasesasthe rotationalspeedis increased.The dependenceof the surge frequency on the
operatingconditionof the compressionsystemshows that the systemexperiencesclassicor
deepsurge,which is determinedby thewholecompressionsystem.

To comparethesimulatedsurgecycleswith themeasuredsurgecyclesthemaximumpressure
riseamplitudeandsurgefrequency canbeusedthebest.Furthermore,with hot-wiremeasure-
mentsin theinlet of thecompressoranimpressionof thepositiveflow periodof thesurgecycles
is obtained.This impressioncanbeusedasanextraverificationof thesimulatedsurgecycles.

In theconventionalmodeldifficultiesarisein determiningthegeometricaldataof thecompres-
sionsystemandthequasi-steadycompressorcharacteristicsuchthat themeasuredsurgecycle
frequency andmaximumpressurerisearesimulated.It is found thatby fitting theequivalent
duct lengthandtheplenumvolumethemeasuredmaximumpressureriseandsurgefrequency
arereproduced.Then,theratio of thecompressorduct lengthandtheplenumvolumeneedsto
be increasedwith a factortencomparedto thephysicallengthandvolume. Nevertheless,the
shapeof thesurgecycleat themaximumpressureriseis simulatedincorrectly. To simulatethe
measuredconstantpressureriseduringdecreasingmassflow asmallcompressorductlengthis
required,but thenthemaximumpressureriseis simulatedlowercomparedto measurement.

To describethe compressorresponseto departurefrom steady-state,a relaxationof the com-
pressorperformanceas suggestedin literatureby Greitzer[31] is applied. It is found that
simulationswith this relaxationequationshow a lowermaximumpressurerisethanthesimula-



86 Conclusionsand recommendations

tionswithout this equation.Apparently, this representationof thedynamicsof thecompressor
flow is not applicableto thepresentflow problem.

The study of an oscillating fully-developedlaminar channelflow yields a representationof
unsteadyflow performancebasedonphysicalarguments.Herein,acorrectiononaquasi-steady
viscousapproachis derived by extracting the quasi-steadysolution from the exact solution
obtainedfrom theunsteadyone-dimensionalmomentumequation.An importantparameterin
this study is the Stokesnumber( ë ), which characterizesthe relative importanceof the time-
dependentinertia termswith respectto viscousterms. If this Stokesparameteris in therangeì�í îsï ë ï;ð�ì thecorrectionon aquasi-steadyapproachshouldbeapplied.

Sinceonly part of a Taylor seriesexpansionis usedfor the correction,the correctionshould
vanishfor large Stokesnumbers.Therefore,a relaxationequationis addedfor ëDñÅëóò ôkõgö .
Theresultingmodelintroducestwo new parameters( ÷�ø , ù ) thatdependon theStokesnumber,
andcanbedeterminedstraightforwardlyfrom thecharacteristicparametersof thechannelflow.
In addition,the relaxationtime ù is a functionof anappropriateStokesnumberthatappeared
to be ëóú4õûö ì .
The correctionterm is appliedto a turbulent inlet flow, with andwithout an adversepressure
gradient. To be able to evaluatethe simulations,experimentsin a waterchannelfacility are
performed.The studiedwaterchannelflow hasan inlet flow characterwhich meansthat the
flow is not fully-developed.Therefore,thelengthscalein theStokesnumberis notequalto the
channelheight.Instead,thesteadyboundary-layerthicknessis used.Although,it is difficult to
determinethisthicknessfor adevelopingflow, it is foundthatthelengthscalethatgivesthebest
simulationresultis of theorderof magnitudeof themeasuredsteadyboundary-layerthickness.
Besides,alsohere ëóú4õûö ì appearsto beappropriate.

Especially, for theadversepressuregradientflow adifferencebetweenthesimulationswith the
conventionalmodelandexperimentsis found.Dependenton themassflow amplituderatio, ü ,
thesimulationswith the improvedmodelresultin anamplituderatio anda phase,of themass
flow andpressurethatagreewith theexperimentalresults.For ü�ñ ì�í ö boththeconventional
modelandtheimprovedmodelsimulatea largerpressuredifferenceamplitudecomparedto the
measuredoscillationpressuredifference.

Generallyspeaking,thewaterchannelexperimentsandmodellingshow thatthederivedcorrec-
tion for a relatively simpleconfigurationanda laminarflow canbeappliedto aflow atahigher
Reynoldsnumberandwith aninlet flow character. In additionto thedependenceon theStokes
number, adependenceon themassflow amplituderatio is found.

The improved model is appliedto the compressionsystemflow. In the model the physical
parametersof thecompressionsystemareused.Thetwo new parameters,÷�ø and ù , aredifficult
to determinein the compressor. It is found that for the currentcompressorboth parameters
reduceto one parameter÷�ø ý ùÿþ ì�í � [s��� ]. This parameterrepresentsthe correctionthat is
neededto accountfor the transientperformanceof the compressorandis independentof the
systemin whichthecompressoroperates.Thevalueof thisparameteris for thesimulationsone
orderof magnitudesmallerthanif it is derivedanalytically. This differenceis not surprisingly
sinceit canbebroughtaboutby theassumptionsthataremadefor theboundary-layerthickness,
thefluid viscosityandtherelaxationtime.
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Applicationof the improvedmodelon the experimentalcompressionsystemrevealeda surge
frequency anda maximumpressurerise thatagreewith measurement.Additionally, themea-
suredconstantpressureriseduringdecreasingmassflow is captured.

7.2 Recommendations

This studycontributesto the understandingof flow instabilitiesthat canoccur in a compres-
sion system. It focusseson the unsteadycharacterof compressorflow. The dynamicsof the
compressionsysteminstabilityarecapturedreasonablyby a lumpedparameterapproachof the
entire system. Therefore,the influenceof unsteadyflow on the compressorperformanceis
incorporatedin this model.

In this study, cubicpolynomialsareusedto describethesteadycompressorperformance.The
coefficients are determinedfrom measurements.Especiallyin the unstableregion this per-
formanceis hard to determine,sinceno measurementdatais available. Therefore,it seems
worthwhile to investigatethe possibility to determinethe compressorcharacteristicfrom en-
ergy considerationsandcompressorgeometryasproposedby GravdahlandEgeland[29].

Theverificationof thesimulatedsurgecyclesis mainlybasedonthemeasuredsurgefrequency
and measuredmaximumpressurerise. In addition, the relation betweenthe massflow and
pressurerise is of interestin the understandingof compressorsurge. Therefore,this relation
shouldbeverifiedaswell. Although,pressuremeasurementscanbeperformedquiteeasilyin
thecompressor, measurementtechniquesto obtainunsteadymassflow measurementsareless
easy. In this studya singlehot-wire probewaspositionedin the inlet of the compressor. It
is foundthatduringsurge thehot-wireprobemeasurementsonly give a measurefor themass
flow if thereexistsa forwardflow andan increasingpressurein thecompressor. A promising
techniqueto accuratelymeasurethe unsteadyflow in the compressorduring surge is Digital
ParticleImagingVelocimetry(DPIV), Wernetetal. [69]. Thismeasurementtechniquecaptures
thevelocityvectorsin aplaneobtainedby apulsedlaserlight sheetthatilluminatesaflow field
seededwith tracerparticlessmallenoughto follow theflow.

Parametersthat appearare ��� and � , which are physicalparametersthat dependon the rel-
evant boundary-layerthickness. In the compressorit is difficult to determinethis thickness.
Nevertheless,the parametersareexpectedto dependon the flow type andtherefore,for vari-
ouscentrifugalcompressorsexpectedto beof thesameorderof magnitude.A studyof these
parametersfor differentcompressorsis necessaryto validatethis assumption.

The correctionterm dependson the time scaleof a transient. Since,surge is commonlyen-
counteredduringspeedtransientsandsetpoint changes,thecorrectiontermwill influencethe
stability of the system. That is, the stability of the systemwill dependon the time scaleof
the setpoint change.In the framework of thecompanionproject: Compressorsurge control,
Willems[70], it is of interestto investigatetheinitiation of surgewith thenew developedmodel.
If theinitiation of surgeis capturedcorrectlyin asimulation,surgecontrollerscanbedesigned
to control the surge beforethe disturbancesin the systemgrow into undesiredlarge pressure
oscillationsthatcanleadto severedamageof thecompressor.

Throughoutthis studythedevelopmentor existenceof rotatingstall cells is not taken into ac-



88 Conclusionsand recommendations

count. Thesetwo-or three-dimensionaldistortionsof the flow throughthe compressorcanbe
partof theflow instability surge. Experimentson thecompressionsystemshowedthatfor low
rotationalspeedsthedevelopmentof a fully-developedsurgeis mostpossiblyprecededby ro-
tating stall. To be able to predict rotating stall and its influenceon the axial aswell as the
circumferentialflow of thecompressora two-dimensionalmodelof thecompressorflow is re-
quired. A modeldevelopedfor this purposeis theMoore-Greitzermodel[53]. Thesuggested
correctionon a quasi-steadycompressorperformancecould be incorporatedin this model to
obtainbetterresultsfor the surge dynamicsin that model. The influenceon the rotatingstall
andthenecessityfor acorrectionon therotatingstall flow couldthenbestudied.
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Appendix A

Aerodynamicscaling

To assesstheaerodynamicpropertiesof thecompressorflow anappropriatescalingis applied.
Theresultingaerodynamicscalinggives,e.g.,a measurefor thebladeloadingor theincidence
of theflow on theblades.Theaerodynamicscalingcanbefoundin Cumpsty[13].

Pressure rise coefficient( � )

Theenthalpy riseof a stageis relatedto the squareof the rotationalspeed,�������� , where �
caneitherbe thebladetip speedor thespeedat midradius,the latterbeingquitecommonfor
axial compressors.Thetip speedin radialmachinesis definedas:

��������� �
���� �

Herein,is � � theimpelleroutletdiameterand
�

theangularvelocityof theshaft,alsoreferredto
asrotationalspeedin [rpm]. For compressorsin whichthepressurerise( �! ) is smallcompared
to theabsolutepressurethedensitymaybereasonablyapproximatedasconstant.Thepressure
risecoefficient is thendefinedas:

" � �!#
� $ � �&% (A.1)

where ' �)( is sometimesomittedand $ is theinlet densityof thecompressor. Thedenominator
givesameasurefor thedynamicpressureimpartedby theblades.

Flow coefficient( * )

The work input to a stagedependson the flow throughit. For an axial compressorthe flow
coefficient is definedas:

+ �-,/.� � % (A.2)
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which is theratio of theaxial velocity ( 0/1 ) to thebladespeed( 2�3 ). Theflow coefficient deter-
minesthe incidenceinto the rotor, andthereforeeffectively determinesthe performance.For
radialcompressorsasomewhatotherexpressionfor themassflow coefficient is used:

4 57689�: 2<; (A.3)

This givesa measurefor the ratio of impeller inlet velocity to the bladespeed.Here 9 is the
inlet densityand : is theinlet areaof theimpeller.

Reynoldsnumber ( =?> )
The choiceof the appropriateReynoldsnumberin a centrifugalcompressordependson the
choiceof the mostrelevant lengthscale. The mostseriousviscouslosssourceis believed to
beat or neartheimpelleroutlet,largely becausethepassageis narrowesthere,Casey [10]. An
appropriatechoicethereforeis:

@BA C 5 2�3�DEGF (A.4)

where 2 3 is the impeller tip speed,D is theexit impeller tip width and E the inlet viscosity. In
axialcompressorstheReynoldsnumberis basedonthechordlengthof theblades,H , (e.g.,[46]
and[38]):

@BA I 5 2JHE ;
Mach number ( K )

TheMachnumberis determinedfrom:

L 5 2 M ; (A.5)

This gives a measurefor the ratio of the bladespeedand the speedof sound,which for a
caloricallyperfectgasis:M 5<N O @�P ; (A.6)

Herein,is
@

thegasconstant,
P

thetemperature,and
O

is theratioof specificheats( H Q)R)H S ). The
Machnumberis usedto giveanindicationof thecompressibilityof thecompressorflow.
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Rotating stall

Rotatingstall consistsof zonesof stalledpassagescovering a small numberof blades. The
stalledflow rotatesatsomefractionof therotorspeedin theabsolutedirectionof rotor rotation.
It occursin rotatingandstationarybladerows andin both axial andcentrifugalcompressors.
Therotationof thestall cellscanbeexplainedby viewing thebladerow from thetop in a linear
cascadesetting,seeFigureB.1. Dueto theregionof stalledflow theflow is locally deflectedto
thefront andto thebacksideof thestalledregion. This resultsin anincreaseof theincidence
angleat the rearward bladeanda decreaseof the incidenceangleat the forward blade. The
effect is suchthat the unstalledrearward bladewill becomestalledwhile the stalledforward
bladerecovers. In this way a relative motionof thestalledregion is induced.Thepropagation
of thestallcell is oppositeto therotor rotationin therelativeframeof reference.As observedin
theabsoluteframe,thecell appearsto move in thedirectionof therotor rotationbut at a much
reducedspeed.Dependingonthesizeof thestall cell(s)therotationalstall speedis betweenT�U
and V�U�W of therotor speed:largercellsrotateata lowerrotationalspeedthanthesmallercells,
Greitzer[33].

X Y Z [ \ ] Y ^ _ ^ ` a ] b c c d [ c c
FigureB.1: Rotatingstall in therelative frameof reference.

Oncethe compressorexperiencesrotating stall, the working point of the compressormoves
to the so-calledstall characteristic.This canhappenin a progressivestall way, in which the
pressuredecreasesgraduallyasthemassflow decreases,or in anabruptstall way in which the
pressuredropsabruptatacertainmassflow. Thesetwostallphenomenaareshown in FigureB.2
in acompressorcharacteristic.Thedropof thepressurerisedependsontheamountof disturbed
flow in thecompressor. In thecaseof part-spanstall thestall cell is formedonly closeto thetip
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(b) abruptstall

FigureB.2: Stall characteristic.

for arotorandcloseto thehubfor astator. In thecaseof full-spanstall thestall cell is stretched
from hub to tip andthe drop of pressurerise is larger thanfor part-spanstall, Day [17]. The
full-spanstall canbe progressive or abrupt. Stall usuallystartswith multiple cells. Then,as
flow is reducedthenumberof cellsmay increase.As theflow is further reduced,thenumber
maydiminishuntil only a few cellsarepresentanda deepstall is obtained,Pampreen[56]. In
the caseof rotatingstall, reductionof the flow resultsin a stableoperatingcompressor, since
its operationalpoint is positionedon the stalledcharacteristic.Typical for abruptstall is the
hysteresisthatexistsasflow is increasedto unstalledconditionsof thecompressor. Thenthe
flow rateis higherthantheflow rateat which stallwasfirst encounteredduringflow reduction,
[12].

Note,thattherotatingstall line indicatestherelationbetweenthemassflow andpressurerisefor
which compressorstartsto experiencestall. It dependson thesystemin which thecompressor
operateswhetherthe surge or rotatingstall limit occurs. A discussionon this subjectcanbe
foundin this thesisin Section2.4andis explainedwith Figure2.8.

In literature,two mechanismsfor the inceptionof rotatingstall cellscanbefound. Both orig-
inate from the paperof Emmonset al. [19] and are discussedby Day [15]. The first flow
mechanismresultsin a disturbanceof a short lengthscale. In a row of highly loadedblades,a
minor physicalirregularity, or flow uniformity, canresultin momentaryoverloadingandflow
separation.This separationwill restricttheflow throughthepassageandwill thereforedivert
the incomingstreamlines,resultingin the rotatingstall shown in FigureB.3(a). A cell that is
initiated in this way only affectsthe flow aroundjust a few bladepassages.The secondflow
mechanismis basedon modalperturbation, which may be visualisedassmall sinusoidalve-
locity fluctuationsthat rotatearoundtheannulusat a steadyspeed,asshown in FigureB.3(b).
A velocity perturbationwith a wavelengthequalto the circumferentiallengthof the annulus
would be referredto as a modeof order 1. The bladesin Figure B.3(b) are moving to the



99

right andsodoestheperturbation,but alwaysat a speedlower thanthebladespeed.Whenthe
flow is throttledtowardthestall point thestability of thecompressorgraduallydecreases.This
meansthat theperturbationslowly grows in intensity, without abruptchangein frequency and
amplitude,until a fully developedstall cell is formed. Initially, thewave amplitudewould be
infinitely small andnot discernibleabove thebackgroundnoise,but asthe instability point is
approachedgrowth of thewave would berapid. To theobserver thecompressorwould appear
to stall instantaneously.

(a) shortlengthscale

Ý�Þ
p

(b) modalperturbation

FigureB.3: Stall cell inception.

In the paper([15]), Day makesa cleardistinctionbetweena stall cell anda modalwave. A
modalwaveisa‘reversible’disturbance,whichcanbemadetocomeandgobyslightchangesin
thethrottlesettingandmaybevisiblein themachinefor asmuchas200rotorrevolutionsbefore
stall. During this time thepressureriseacrossthecompressorwill remainnearlyconstant.A
stall cell, on theotherhand,is a comparatively ‘irreversible’disturbanceandonceformedwill
leadto acollapseof thepressurerise,usuallywithin four to six rotor revolutions.

In TableB.1 theinceptionmechanismsfoundin literaturearegiven.As canbeseen,bothstall
inceptionmechanismsaredetectedandcaneven exist in the samecompressorconfiguration.
For example,BreuerandServaty [6] studiedstall inceptionin ahigh-speedaxialflow compres-
sor. They foundthatstagematchinginfluencesthetypeof disturbanceoccurring.At 60percent
of thedesignspeedtheinstabilitystartedasashortlengthscaledisturbanceatthefront stage.At
speedsof 80to 90percentof thedesignspeedtheinstabilityemergesfrom amodaldisturbance.
Then,at designspeedthedisturbancestartsasa shortlengthscaledisturbanceat thelaststage.
All articlesshow the possibility to detecteither a modalwave disturbanceor a short length

TableB.1: Initiation of stall in ( multi-) axial compressors.
shortlengthscale modalperturbation

Dayet al. [15] x -
RießandWalbaum[63] x -
BreuerandServaty [6] x x
Hoying [39] x x
PoensgenandGallus[58] - x
Tryfonidiset al.[67] - x

scaledisturbancebeforewell-developed(lengthandrotationalspeedis settled)rotatingstall is
obtained.Unfortunately, thecauseof thedisturbanceis still not clear. Especially, thecauseof
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theinitiation of a modalwavedisturbanceis not understood.Theshortscaledisturbancecould
be causedby somedisturbancein the flow. Think of inlet distortionandmismatchingof the
flow from onestageto thenext one.

Experimentalevidenceof theinitiation of stall in centrifugalcompressoris lessextensive than
in axial compressors,[56]. Mostly, thestudiesareconcentratedon theinteractionbetweenthe
impeller, thevanelessdiffuser, andthevaneddiffuser, seee.g.,[25], [43], [36], [45], [8].
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Lumped parameter modelling

A compressionsystemmodeldevelopedby Greitzer[31] is discussedbelow. Theoscillations
in the systemare modelledin a manneranalogousto thosein a Helmholtz resonator. The
assumptionsof a Helmholtz resonatorimply that all the kinetic energy of the oscillationsis
associatedwith themotionof thefluid in thecompressorandducts.Thepotentialenergy of the
fluid is associatedwith thecompressionof thegasin theplenum.Furthermore,theassumptions
arethat the inlet Machnumbersarelow andthat thepressurerisesaresmall comparedto the
ambientpressure.Thefluid dynamicmodelthatis usedin theanalysisis shown in FigureC.1.
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FigureC.1: Equivalentcompressionsystemusedin analysis.[Greitzer[31]]

The compressorandits ductingarereplacedby an actuatordisk, to accountfor the pressure
risedueto thecompressor, anda lengthof a constantareapipeto accountfor thedynamicsof
thefluid in thecompressorduct. Similarly, the throttle is replacedby anactuatordisk, across
which the pressuredrops,plus a constantareaduct. The actuatordisk theoryassumesthat a
bladerow canbe representedby a disk with an infinitesimalthicknessacrosswhich themass
flow is continuous,but pressurechangescanbe discontinuous.The flow in the ductscanbe
consideredincompressible,sincetheinlet Machnumberis assumedto below, thepressurerise
is smallandthefrequency of theoscillationsassociatedwith surgeareregardedto below. As
a consequence,themassflow at the inlet of theduct is equalto themassflow at theoutletof
duct.

Therateof changeof themassflow in thecompressorduct, representedby theaxial velocity,*,+ -
, is relatedto thepressuredifferenceacrosstheduct, .0/213/�4056/87 , andthepressurerise
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acrossthecompressor, 90:8;6<=:>;,?@:>A ,BDC ; E�F�G HE�I <KJ : A ?@:�L�MONP9Q: ; R (C.1)

An analogousequationis written to describetheflow in thethrottleduct:BDC,S E�F�G TE�I <UJ :�L0?V: A MV?=9Q: S@W (C.2)

in which 9Q: S <=: S ?@:>A is thepressureriseacrossthethrottle.Equations(C.1)and(C.2)are
essentiallythefirst integralsof theone-dimensionalmomentumequation.Sincetheflow in the
ductsis assumedincompressibletheequationscanbewrittenas:C ;X ; EOYZ ;E�I <[?Q90:\N]90: ; W (C.3)C,SX S EOYZVSE�I^<_9Q:&?=90: S R (C.4)

Thegeometryof theequivalentducts, C ; and C,S , is determinedby requiringthata givenrate
of changeof massflow producesthesameunsteadypressuredifferencein theactualductasin
themodel,andby matchingtheareaof themodelductwith a characteristicareaof theactual
duct. In thecompressorthis canbetheinlet area,andin thethrottlethethroughflow areain the
dischargeplane.This requirementleadsto therelation:CX < `ba ; c d a e�f d ; c g h i E>jX J j M R (C.5)

The integration is assumedto be carriedout over all regionsof the actualducting in which
theflow hassignificantkinetic energy. Note, that in bothductstheequationof continuityhas
enteredimplicitly in thedefinitionof theform of theequivalentductlengths.

In theplenumthefluid velocitiesarenegligible. Furthermore,plenumdimensionsaretypically
verymuchsmallerthanthewavelengthof anacousticwave having a frequency on theorderof
thatassociatedwith surge.Hence,thestaticpressurewill beuniform throughouttheplenumat
any instanceof time. During theflow transient,themassflow throughthecompressorandthe
throttlemayhavedifferentvalues,therefore,thecontinuityequationis appliedto theplenum:YZ ; ? YZOS <lk�L E B LE�ImR
If thethermodynamicprocessin theplenumis isentropic,thenthedensitychangewill berelated
to thechangesin plenumpressure,which for acaloricallyperfectgasis::,J nB M op<rq s t j I u t I WE B LE�I < B Lv :�L E : LE�I W
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in which w is theratio of specificheats.In addition,Greitzerassumedthattheoverall pressure
andtemperatureratiosof the compressionsystem,i.e., plenumto atmosphere,arenearunity.

Consequently, thequantity x yz y in theplenumis notsignificantdifferentfrom xz in ambient.With

useof thespeedof sound,{ , correspondingto ambientconditions:w zx}| {�~��
theexpressionfor massconservationin theplenumbecomes:��O�,� ��O� |2� y{ ~V� z y���m� (C.6)

In centrifugalcompressorsthepressureandtemperatureratiosof thecompressionsystemare
oftenlargerthanunity. Therefore,Fink etal. [23] usedthespeedof soundbasedontheplenum
conditioninsteadof theambientconditionat thesteady-stateoperatingpoint.

Equation(C.3), (C.4),and(C.6) aretheequationsfor a lumpedparameterapproachof thedy-
namicsof acompressionsystem.Theequationsarereferredto asalumpedparameterapproach,
sincedifferentfluid propertiesarelumpedto a certainaspectof thecompressionsystem.The
inertiaof thesystemis lumpedto aduct,thecompressibilityto avolumeandthepressureriseto
anactuatordisk. Themodellingof thecompressionsystemwith a lumpedparameterapproach
is widely acceptedin literature,andis usefulin thestabilisationof rotatingstall andsurgeby
meansof activecontrol.

Equation(C.3),(C.4),and(C.6)form themathematicalequationsof thedynamicsof thesystem,
in which thepressureriseof thecompressorandthrottlevalve, � z>� and � z8� , respectively, are
known parametersof thesystem.Theseequationscanbenondimensionalisedaccordingto the
aerodynamicscalingdiscussedin AppendixA:

��� ��8�� |��� �b��� �D� � �b� �0� � (C.7)��� ��8�� |��� � � � � � � ���� ����� � � � � � � � (C.8)

� ��8�� |
� � � { ~�Q� y �b� � � �b� � � � � (C.9)

The time is nondimensionalisedby the Helmholtz frequency of the compressorduct-volume
systemin absenceof thecompressorandthrottle, �� | � �b� :� � | {O� �0�� y � � � (C.10)

Two nondimensionalparametersappear, thatis:� |��� �b��� � � (C.11)� | � � � �� � � � � (C.12)
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Theparameter� canbegiventhephysicalsignificanceby writing it as(Cumpsty[13]):

�l���¡ 0¢£p¤� ¤Q¥  �¦¨§ª©Thenumeratorgivesa measureof thepressurerisecapabilityof thecompressormultiplied by
the duct area. The denominatorcontainsthe product � ¤0¥ , which is the massof the gasin
the duct, the velocity   , and the frequency of naturaloscillation ¦b§ . The axial velocity «>¬
for a given axial compressorwill be approximatelyproportionalto the bladespeed  . The
denominatoris thereforeapproximatelyequalto that � ¤Q¥ « ¬ ¦ § , which is theforcerequiredto
producesmall oscillationsof the flow in the duct at the naturalfrequency. The parameter�
canthereforebeviewedasthe ratio of thecompressorpressurerisecapabilityto thepressure
rise requiredto inducemassflow oscillations. If � is low it is equivalentto sayingthat the
compressordoesnothavemuchpressurerisecapabilitycomparedto whatis requiredto begin a
surge.Althoughaircraftenginescaneithersurgeor moveinto rotatingstall,thecleartrendis,as
predictedby the � -parameter, that theengineis morelikely to surgeasthespeedis increased,
seeMeuleman[50]. However, theimportanceof the � -parameteris not suchthatit allowsone
to predictwhetheranenginewill surgeor stallbut thatit hasalteredthewaythatsurgeandstall
arethoughtabout.Thework of Greitzerwasdirectedat axial compressorsandthemagnitude
of thecritical � wasappropriatefor this type of machine.Nevertheless,theunderlyingidea,
thatsurgecanonly occurwhenthepressurerisecapabilityof thecompressoris large enough
in relation to the pressuredifferenceneededto oscillatethe flow in the ductsat the natural
frequency of thesystem,is quitegeneralto all typesof compressor.

Theparameter canbeinterpretedastheratio betweentheinertiaof thefluid flow acrossthe
throttleandthecompressor. If thethrottlelengthis smallcomparedto thecompressorlengthor
if theareaof thethrottleis largecomparedto theareaof thecompressor, Equation(C.8)canbe
omittedandonly Equation(C.7)andEquation(C.9)aresolved.

C.1 Systemstability

For small  andby consideringsmallperturbationaroundthetime-meanvaluestheremaining
two equations,Equation(C.7)andEquation(C.9),canberearrangedsuchthatasinglesecond-
orderordinarydifferentialequationis obtained.For referenceseeCumpsty[13]. Thena static
anddynamicinstability of thesystemcanbe identifiedbasedon theslopesof thecompressor
andthrottlecharacteristic.Thesinglesecond-orderordinarydifferentialequationfor ® is:¯ ¢ ®¯8°± ¢³²

´¶µ�m·¹¸Pº �@» ¯ ®¯8°± ²
´ µ ¸ º· »l®P�½¼ © (C.13)

In which º � ¯ ®,¾ ¿ ¯�À ¾ and ·½� ¯ ®,Á�¿ ¯�À Á are the slopesof the compressorand throttle
characteristic,respectively. Equation(C.13) shows that the compressor-duct-plenum-throttle
systemhasananalogywith amass-spring-dampersystem.

Consideringtheundampedpartof Equation(C.13)astaticstability limit canbeidentified.The
dampingpartof Equation(C.13)is expressedin thecoefficient beforethefirst derivativeof ® .
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If this coefficient is negative it is equivalent to negative dampingin the mass-spring-damper
analogy, which is known asadynamicinstability. Theinstability conditionsoccurat:ÂÃÅÄrÆ�Ç

staticinstability
ÇÆÈ ÃªÉ Â ÈKÊÌË Ç dynamicinstability Í (C.14)

Fromthedefinitionof thestaticanddynamicinstability it follows that thedynamicinstability
dependson thewholecompressionsystem,while staticinstability only dependson thethrottle
andcompressorcharacteristic.For mostsystems,dynamicinstability is obtainedat a larger
massflow thanstaticinstability. This meansthat thesurge measuredin compressionsystems
normallyaredueto thedynamicstability limit andtherefore,dependontheconfigurationof the
system.For example,a largervolume,ductarea,or a smallerduct lengthresultin a dynamic
stability limit at largermassflows.

However, sincethe compressorcharacteristicandthe geometricalparametersof a systemare
difficult to determineaccuratelythe stability limit of a systemis very difficult to defineby
consideringtheinstability conditionsin Equation(C.14).

C.2 Quasi-steadycompressormodelling

The first generalmethodto determinethe steady-statecompressorcharacteristicis by mea-
surement.Fink et al. [23] andArnulfi et al. [2] showed that the forward flow characteristic
canbe measuredup to very small massflows if a very small volume(small

È
-parameter)is

placedin thecompressionsystem.Then,theoccurrenceof surgecanbepostponedto low mass
flows or caneven be prevented. The negative massflow branchof the characteristiccurve is
determinedby fitting thenegative flow decreasingportionof themeasureddeepsurgecycles.
This is allowedsincefor a largevolume(large

È
-parameter)thedecreasingportionof thedeep

surgecycle is determinedby theemptyingof thevolumeinsteadof the inertiaof theducting.
Then,theplenumpressureis thoughtto be very closeto thesteady-statecompressordelivery
pressure.Hansenet al. [34] measuredthenegative branchof thesteady-statecharacteristicby
feedingshop-airto thecompressorexit to forcea negativeflow. Furthermore,they did not use
a small volumeto determinethe positive flow characteristic.Instead,they assumedthat the
curvebetweenthesteadymeasurablepositiveflow branchandthenegativeflow branchcanbe
connectedby asmoothcurve.

Thesecondgeneralmethodto describethesteady-statecompressorcharacteristicis byusingthe
typically smoothS-shapedcurve,shown in FigureC.2,whichfollowsfrom acubicpolynomial:ÎbÏ Ð Ñ¨Ò@Ó3Î,Ï ÔVÕ3ÖØ× Æ ÕÚÙÛ�Ð ÑÜ ÉÝÆ Ò É ÆÛ,Ð ÑÜ ÉÞÆ Ò ß�à Í (C.15)

Herein,is
ÎbÏ Ô

thevalley point of thecharacteristiclocatedat thecompressorpressureriseaxis,
is
Û Ü

theflow coefficientcorrespondingto thetopof thecharacteristic,andis
Û Ö

thepressure
risecoefficient correspondingto thetop minusthebottompressurerisecoefficient of thechar-
acteristic.The parameters

Î Ï Ô
,
Ö

, and
Ü

aredeterminedfrom steady-statemeasurementsof
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thecompressorcharacteristicandfrom transientsurgedata.This representationof thesteady-
statecompressorcharacteristicis usedin axial compressorsby, e.g.,MooreandGreitzer[53],
Wangetal. [68], D’Andreaetal. [14], andGravdahlandEgeland[27]. In centrifugalcompres-
sorsit is usedby, e.g.,Botros[5] andMeulemanet al. [52].

Figure C.2: Notation used in definition of cubic axisymmetriccompressorcharacteristic.
[MooreandGreitzer[53]]

A thermodynamicrelatedpredictionmethodto determinethequasi-steadycentrifugalcompres-
sorcharacteristicis usedby GravdahlandEgeland[28]. Insteadof modellingthecompressor
characteristicby describingthepressureto bea functionof themassflow androtationalspeed,
thecompressorcharacteristicwasmodelledby anisentropicprocessconsiderationto whichthe
lossesareadded. Hendrickset al. [37] determinedthe quasi-steadyperformanceof an axial
compressorfrom acomputationof a meanline flow model.

Koff andGreitzer[44] suggestedto identify theaxisymmetriccharacteristicfor anaxial com-
pressorin the low forward flow regime from transientmeasuredcompressordata. In this ap-
proachone’subtractsoff ’ thatpartof thepressurerisedueto flow accelerations(or decelera-
tions)duringanaxisymmetriccompressorsurgecycle. In Chapter3 thequasi-steadycentrifugal
compressorcharacteristicis alsoderivedfrom surgemeasurements.Theconclusionis that the
compressorperformanceduring surge is far from beingquasi-steady. So, no (axisymmetric)
quasi-steadycharacteristiccouldbefound.

C.3 Time lag in compressorresponse

Greitzeret al. [31] observed that the developmentof rotating stall cells took approximately
seven rotor revolutionsto grow to full growth. The time neededfor developmentof the stall
cell canbelongenoughsothatthecompressormassflow undergoesasignificantchangeduring
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this process.Undertheseconditionsa quasi-steadyapproximationis not adequate.Therefore,
a simple,first ordertransientresponsemodelto simulatethis lag in compressorresponsewas
proposed.

Theapproximationfor thetransientcompressorresponseis writtenas:á6â�ã0ä8åâ�æUç ãQä å è è6é ã0ä å�ê (C.16)

with ã0ä8å è è denotingthesteady-statemeasuredcompressorcurve. Thetimeconstantá is defined
to beproportionalto thetime for somenumber, ë , of rotor revolutions:á çíì�î ëVïðòñ (C.17)

Thenondimensionaltimeconstant,óá ç á�ôbõ , is:óá ç î ëVïö å ÷ ñ
Greitzerfoundthat ë dependson thecompressorconsidered.For hisapplicationë ç ì suited
best.Thisfirst orderdelayof thecompressorperformanceis usedin axialcompressors,e.g.,by
Nishihara[54], Massardoet al. [48], andHendrickset al. [37]. For centrifugalcompressorsit
is usedby, e.g.,Hansenet al. [34], Fink et al. [23], Botros[5], andArnulfi et al. [2].

As wasobservedby Greitzerthevaluefor ë dependson thecompressorused.Hansenet al.
foundthat ë ç&ø ñ ù is of theorderof thetransporttime throughtheimpeller. A remarkto this
work is thatthey did notexplicitly observedevelopingrotatingstall cellsduringthesurgecycle
andusedthefirst ordertime lag to fit thesurgesimulationsto themeasurements.Furthermore,
Arnulfi et al. used ë ç2ú . Remarkableis that the correspondingvalueof the time constant
is imposedonly whenthe compressoris operatingin the stalledportion of the characteristic,
namely, for a flow coefficient greaterthan zero and less than the stall limit value. On the
contrary, when reverseflow occursor the compressoris runningon the unstalledbranchof
thecharacteristic,óá is setequalto a very small valuethat correspondsto the fastcompressor
responseobservedwhenrotatingstall is absent.

Fink et al. usedthetime constantto modelthe lag periodthat is measuredfrom theprecursor
of mild surge to deepsurge. The time constantis basedon the convectiontime throughthe
impellerandvanelessdiffuser. Thecompressorthroughflow time is givenapproximatelyby:á ç ö,ûü�ý ê
in which

ö,û
is themeridionalthroughflow lengthof theimpellerandvanelessdiffuser, and

ü ý
is themeridionalaverageflow velocity. Thenondimensionalthroughflow timeconstantis:óá ç¹þ ÿì

ö,ûö å�� ÿ÷�� � å � ñ
Physically, this time lag hastheeffect of flatteningtheinstantaneouscompressorcharacteristic
relative to thequasi-steadycurve,which leadsto aslowergrowing instability.
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C.4 Model parameters

Theparametersin thelumpedparametermodelaredifficult to determinestraightforward.This
is shown by presentingherethemodelparametersasusedby Willems [70] for thesamecom-
pressionsystemasdiscussedin Chapter2 and3.

ThelumpedparameterEquations(C.7),(C.8),and(C.9)areusedwith anadditionalassumption
that the � -parameteris small. This meansthat the throttleduct lengthis assumedto bemuch
smaller than the compressorduct length. A two statelumpedparametermodel is obtained
accordingto:���
	�
������� � 	�� ����� (C.18)� ��
��  �� � � 	 ���
� ��� (C.19)� � ���� (C.20)

To beableto solve thesetof equationsa relationfor thesteady-statecompressorandthrottle
valve pressurerise, � 	 and � � , respectively, andthe geometricalparametersaredetermined.
Thesteady-statethrottlevalvecharacteristicis determinedas:

� �  � � �� �
 
�"!$# � with � � &%�� '('�)*�
Thesteady-statecompressorpressurerise, � 	 , is a functionof thecompressorflow,

� 	
, andthe

rotationalspeed,+ . Thecompressorcharacteristicis approximatedby acubicpolynomialin
� 	

asdiscussedin C.2. To obtaina bestfit of all steady-statemeasurementsthecubicpolynomial
is rewritten to:� 	 � � 	 �� � , � + �.- � / � + � � #	 - � # � + � �
0	 �with � , � + ��1� 	 � %���� � / � + �� '�2)�3 # � and � # � + ��

� 2)(3 0$�
For eachrotationalspeedline in the compressorcharacteristicthe parameters� , � + � , � / � + � ,
and � # � + � aredetermined.The dependenceof theseparameterson rotationalspeed+ is ap-
proximatedby aquadraticpolynomialin + :� , � + �� �54 � ' � '(%*6 � %�7�8 + # -1)9� :�; 4 ;56 � % 7�< + � � � %(:�=(=>�� / � + �� 4 � ;(?�'(;56 � %�79@ + # � )9� :�% A*6 � % 7 # + -B)9� )�' A�: 4 A*6 � % # �� # � + �� � '�� � 4�4 A>6 � %�7�C + # -1;9� 4 :(%*6 � % 7 # + � ;9� %�%(; � '�=56 � % # �
As in Section3.3 theestimatedcompressorpressureriseat zeroflow is improvedby changing
the valley point of the cubic polynomial with D 	 , . The resultingapproximatedcompressor
characteristicis determinedwith theparameters3 and 2 , and � 	 � %�� thatdependon

� 	
:�
	FE )(3G�H2�I�J2 and �KI	 � %���L� 	 � %��K�
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M
NFO1P(QGRTSVU�WJSYX[ZP"\ N ] and ^ UN _ `�a W ^ N _ `�a"b \ N ]�c
Thevaluesof thegeometricparametersof thecompressionsystemasindicatedin Figure3.1are
shown in TableC.1 for theproblemdiscussedby Willems aswell asfor theproblemdiscussed
in this thesis(Chapter3). Bothdefinitionsobtainasurgefrequency which is within therangeit

TableC.1: Compressionsystemparametersaccordingto Willemsandthis thesis(Chapter3).

Parameter Willems this thesis
Compressord N e�c f5g Z `�h�i [m j ] k c l(m*g Z `�h�i [m j ]n N Z c o [m]

` c Z k [m]
Throttledqp r&d N

[m j ] f�c l k g Z `�h�i [m j ]n p ` c Z ` [m]
` c Z ` [m]

Plenums�t P�c ` m*g Z `�h j [m
i
]

P�c m(f*g Z `�h j [m
i
]

Density u Z c P [kg/m
i
] f(T,p) [kg/m

i
]

Throttleparameterv p ` c m(m�P
[-]

` c w ` k [-]
Compressorcharacteristicshift \ N ] ` c m [-] f(N) [-]

canbedeterminedfrom measurement.Thedifferenceis foundin theshapeof thesurgecycle.
The influenceof the geometricalparameterson the shapeof the surge cycle is discussedin
Section3.2.
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Appendix D

Hot-wir ecalibration

Theprincipleof hot-wireanemometry(HWA) is basedon transferof heatfrom anelectrically
heatedelementto theflow. Theheattransferto theflow dependson thefluid velocity, which
cools the heatedelement. Due to the cooling the electricalresistanceof the elementdrops,
which indirectly gives a measurefor the fluid velocity An extensive overview of the HWA
techniqueis givenby Bruun[7]. Thehot-wireis usedin a ConstantTemperatureAnemometer
(CTA) mode. The lengthof the hot-wire elementwas x [mm], the thicknesswas y [ z m] and
wasmadeof tungsten.Theoverheatratio of thewire was x�{ y .
A relation betweenthe measuredoutput voltageand the velocity can be found whena heat
balanceof thewire is performed,seefor referenceBruun[7]. Therelationusedis:|>}F~L�����Y� � { (D.1)

In which
|

is thewirevoltage,
�

and
�

areconstantthathaveto bedeterminedfromcalibration,
and
�

is thevelocity.

The calibrationof the hot-wirewasperformedbeforeevery measurementsessionwith useof
an airflow out of a nozzle. FigureD.1(a)givesa sketchof the calibrationset-up([55]). The
airflow out of the nozzleis generatedwith high-pressureair of � [bar]. After the valve, the
air is led into a buffer to attenuatethehigh frequency pressurevariations.Beforeit entersthe
massflow controller(MFC) theair is filteredby anoil filter. TheMFC is usedto regulatethe
massflow andtherebyindirectly theoutletvelocity of thenozzle.FromtheMFC theair flows
througha heaterthat is controlledby a regulatoranda feed-backtemperatureindicator. The
hot-wire probeaxis is placedin the main streamdirectionat the centreline of the jet, which
minimizesthe influenceof the probeon the flow. The hot-wire signalof the anemometeris
led via an A/D convertor to a personalcomputer. The softwareusedto control the sampling
of thewire signalis written in LABV IEW. Themassflow throughthenozzleis readfrom the
MFC. Therelationbetweenthevelocityat thenozzleandthemassflow throughthenozzlehas
beendeterminedby calibration,with useof thepressuredropover thenozzle,Ovink [55]. The
calibrationprocedurecanbefoundin Maas[47]. In FigureD.1(b)acalibrationcurve is shown
from which the calibrationconstants

�
and
�

, in Equation(D.1), aredetermined.As canbe
seen,for velocitieslargerthan � [m/s] thereis agoodapproximationof therelationbetweenthe
velocity andtheoutputvoltage,for velocitiessmallerthan � [m/s] thefit is lessaccurate.The
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FigureD.1: Hot-wirecalibration.

velocitiesexpectedto bemeasuredin thecompressorarebetweenÈ É and Ê(É [m/s] which is in
theaccuratelydefinedareaof thecalibration.



Appendix E

Analysesof an oscillating pipe flow

In Chapter4 thedifferencebetweenanexactsolutionof a flow anda solutionobtainedwith a
quasi-steadyapproachof theviscouscontribution is studiedby meansof ananalyticalstudyof
anunsteadyflow in aninfinitely longchannel.In thischaptertheresultsarepresentedfor apipe
flow (Schlichting[65]). In this way it is studiedwhethertheresultsdependon thegeometry.

E.1 Exact solution of an oscillating pipe flow

Thepipe is assumedto be infinitely long, with the ËÍÌ axis lying in thecentre,seeFigureE.1.
Sincethepipe is assumedto be long, a developedincompressibleflow, which motion is inde-
pendentof Ë , is studied.FromtheNavier-Stokesequationsa linearequationis obtained:

Î
Ï
Ð

FigureE.1: Infinitely longpipe.Ñ9ÒÑ9Ó�Ô Ì�ÕÖ1× Ø× ËÚÙÜÛ ÕÝ�Þ
ÑÑ Ý Ý Ñ9ÒÑ Ý
ßáà (E.1)

with boundaryconditions
Ò Ôãâ at Ý Ôãä . The pressuregradientis assumedto be setby a

harmonicallymoving piston:ÌåÕÖL× Ø× Ë Ôáæèç é êÍë ì Ó í à
in which æ is a constant.To solve the linear differentialequationa complex notationof the
pressuregradientis used:ÌåÕÖL× Ø× Ë Ô ÌGî æ&ï ð ñ ò à (E.2)
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whereonly therealparthasphysicalsignificance.

Theunsteadyvelocityprofile is:

ó�ô õ ö ÷ øåùûúýü þ>ÿ � � � �� ��� ú	��
�� õ�� � �� 
 ô � � ø
� �� ö (E.3)

in which� � ù ��� ú��Kö
andthedimensionless:� ù �� þ �
is a Stokesnumberthat characterizesthe relative importanceof time-dependentinertia terms
relative to viscousterms. � 
 is thezerothorderBesselfunction.

Theexactmassflow is obtainedby multiplying thevelocity profile by thedensityandby inte-
gratingit over theradiusof thepipe:��Gô ÷ ø ù � � ü��  ��"!� �$# � ú&%� � ��' ô � � ø��
 ô � � ø)( ÿ � � �+* (E.4)

ThemomentumEquation(E.1)canbeintegratedsuch,that it givesanexactmomentumequa-
tion expressedin termsof themassflow:, ��, ÷ ù ú �  !.-./021 % � 43 5 * (E.5)

Herein,is
3 5 ù6� �87 ó+9 7 õ;: 5 thewall shearstress,with

7 ó+9 7 õ<: 5 thederivativeof thevelocity
at thewall (at = ù  ). Theexactwall shearstresscanbedeterminedwith Equation(E.3):3 5 ù � � ü � ��' ô � ø��
 ô � ø ÿ � � �"* (E.6)

E.2 Quasi-steadyapproachof the viscouscontribution

For very low frequenciesaquasi-steadyvelocityprofile is obtained:ó�ô õ ö ÷ ø > ?åù ú@�.üA �CB  ! úGõ ! D ÿ � � � ô þCEGF ø * (E.7)

Thequasi-steadymassflow is:���> ? ô ÷ ø ù ú � � ü��  �H � ÿ � � � * (E.8)
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Themomentumequationwith a quasi-steadyviscouscontribution is obtainedif a quasi-steady
wall shearstressis used:IKJLINM2OQP R�S.T.U.VW2XZY R�S4[ \^] _a` (E.9)

Thequasi-steadywall shearstresscanbedeterminedwith Equations(E.7)and(E.8):[ \^] _@ObPGcedR+S.f JLKg h ` (E.10)

In FigureE.2 the massflow determinedfrom the quasi-steadymomentumEquation(E.9) is
comparedwith theexactmassflow solutionfor differentStokesnumbers,i . Herein,theam-
plitude, jak , representstheratio of theamplitudeof theapproximatedmassflow andtheexact
massflow oscillation,characterisedby theratioof thestandarddeviations,accordingto:jak O std l JL�m

std l JL�n oNm ` (E.11)

This ratiobecomesequalto unity at smallandlargeStokesnumbers.

Thephase,Uqp k , is thedifferencebetweentheapproximatedmassflow oscillationphase,p k ,
andtheexactmassflow oscillationphase,p k�r n o . It indicatesthephaseleadof theapproximated
massflow with respectto theexactmassflow:Usp k O p k P p k�r n o ` (E.12)

Thegeometricalandphysicalvaluesusedareshown in TableE.1.As canbeseenin FigureE.2,
the quasi-steadyapproachoverestimatesthe massflow amplitudefor t ` u8v i vxw t . Fur-
thermore,comparedto theexactmassflow thequasi-steadyapproximatedmassflow leadsfory{z y t^|)} v i v�~ in phase,while for ~qv i v Y z y t T it is lagging.Theseresultsarecomparable
to thoseobtainedfor thechannelflow, seeFigure4.2.
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FigureE.2: Quasi-steadyapproachcomparedto theexactsolutionfor thepipeflow.
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TableE.1: Pipedimensions.�
[m] 0.01�
[m] 0.50�
[m/s� ] �N� �� [m � /s] �N� �.��� �^�^�� [kg/m� ] �N� �.��� �N�

E.3 Approximation of the error madewith the quasi-steady
approach

The error � madewith the assumptionof a quasi-steadyviscousterm equalsthe difference
betweenEquation(E.5)andEquation(E.9). Thequasi-steadyequationwill beimprovedby an
approximationof this � according:�K�����x�2�@� � �.� ��2�Z� � �G�N� �^� � ���� ¡� (E.13)

In which � is theerrorbetweentheexactwall shearstress,Equation(E.6),andthequasi-steady
wall shearstress,asmeantin Equation(E.9)with theexactmassflow, Equation(E.4):� � � � � � �)� � �
Following thesamederivationasin Section4.3 theexpansionof theerror � is:� � ��N¢ � �� � � �)� ��K�� �K�����Z� ��N� £N� � ¤� � � � �^� ��K�� � � ���N� � �G� � �^� (E.14)

In Figure E.3 the massflows determinedfrom the correctedEquation(E.13) (new) and the
quasi-steadyEquation(E.9) (old) are shown both comparedto the exact massflow solution
Equation(E.4) for differentStokesnumbers.In thecorrectedequationonly thefirst derivative
of themassflow is takeninto account.Thismeansthatthisapproachonly is expectedto bevalid
for ¥ smallerthan for which the higherorder term � � � ¦)§ �N� £N� �)¨ � � �� ¦ ��� �C©��N¦ �N¢ �K�� ¦ ��� .
This is thecasefor ¥6©	ª . As canbeseen,thenew approachgivesbetterresultsthantheold
approachfor �^� £s©�¥«©4� .
Thedependenceon ¥ of theexacterrorandthecorrectionterm:�+¬   �G® � �� � � �)� ��K�� �K����� ¯{®°� ��N¢^±6² (E.15)

is studiedin detail. In FigureE.4(a)theresponseon theimposedpressuregradientof theexact
errorandthe correctionterm is shown. Herein,the amplitude,³a´ , representsthe ratio of the
amplitudeof the approximatedor exact error, � , andthe pressuregradient,

� � ¦ �Nµ , according
to: ³a´ � �� � ¦ �Nµ �
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FigureE.3: Effectof thecorrectionfor thepipeflow. ¶C·¹¸ºN»
The phase,¼q½ ¾ , is the differencein phasebetweenthe approximatedor exact error andthe
pressuregradient:¼s½ ¾ ·&½ ¾6¿ ½ À Á Â À Ã�Ä
It is seenin FigureE.4(a),thatthepresentedapproximationof theerrorappliesfor Å«Æ º .
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FigureE.4: Error Ê andcorrectionÊ"Ë Á Á asfunctionof Å for thepipeflow.

In FigureE.4(b) the differencebetweenthe two responsesareshown. Herein,the amplitude,Ì ¾ , representsthe ratio of theamplitudeof the approximatederror, Ê Ë Á Á , andthe exact error,Ê"Í Ã , accordingto:Ì ¾8· Ê"Ë Á ÁÊ"Í Ã Ä
Thephase,¼sÎ ¾ , representsthedifferencebetween¼s½ ¾NÏ Ë Á Á and ¼q½ ¾NÏ Í Ã thatis equalto:¼sÎ;¾Ð·Ñ½ ¾NÏ Ë Á Á ¿ ½ ¾NÏ Í Ã Ä
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For Ò8ÓÕÔ thecorrectionshouldbecomesmallerandeventuallyfor large Ò becomezero. To
achieve this a relaxationequationof thecorrectiontermis suggestedaccording:ÖK×ØÖNÙ2ÚQÛqÜ�Ý.Þßáà.â8ãxÔ Ü�Ý�äNå æ^ç è ã�é ê«ëå Ö éÖNÙìÚ2í¡Ý.Þî Ö å æ^ç èÖK×Ø ÖK×ØÖNÙxÛ é@ï (E.16)

In FigureE.5themassflow determinedfrom thecorrectedandrelaxatedEquation(E.16)(new)
andthequasi-steadyEquation(E.9) (old) is shown versustheexactmassflow solution. Time
scalesbelongingto two extremesin Figure E.4(b), Ò Ú Ô and Ò Ú Ô�ðNð , are appliedand
shown in FiguresE.5(a)andE.5(c).For thelargetimescaletheold solutionwithoutcorrection
is obtained,for the small time scalethe correctionhasa positive influenceon the solution
comparedwith FigureE.3.Theamplitudecanbecomecloserto oneoverthetotal Ò rangeif the
time scaleis chosenin betweenthetwo extremes.This is shown in FigureE.5(b). For Ò Ú Ô�ð
agoodresultis obtainedfor theamplitudeandonly asmalldifferencefrom zero(maximumof
4 degree)in thephase.
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FigureE.5: Effectof thecorrectionwith relaxationfor thepipeflow.



Appendix F

Water channelset-upand measurement
system

To study the relationbetweenthe unsteadymassflow and pressurein an oscillatingflow at
different frequenciesa waterchannelset-upis built. An advantageof this set-upis that it is
accessiblefor detailedmeasurementof the unsteadyvelocity profile with which the unsteady
massflow is determined.The experimentalset-upconsistsof two reservoirs, seeFigureF.1.
In betweenthesereservoirs the test-section(3), which is madeof ÿ [mm] thick perspex, is
mounted. A circulationpumppumpsthe necessaryvolumeflow from the outlet to the inlet
reservoir. The oscillationsareappliedat the outlet reservoir. With the useof a direct current
motorandavariablepowersupplyanoscillationfrequency between����� [Hz] is produced.The
rotationof themotoris convertedinto a linearmovementwith theuseof anacentricpositioned
rod, which drivesa plate. The amplitudeof the pressureoscillationproduceddependson the
amountof waterthatis distributedby theplateduringits oscillation.

F.1 Steadyvolumeflow measurement

TheFiltra swimmingpoolcirculationpumpof KSB Nederlandhasameancapacityof � � [m � /h]
anda rotationalspeedof �	� 2800[rpm]. Since,therotationalspeedis fixedthevolumeflow
hasto be controlledby usinga by-passin the pumpflow circuit, seeFigure2.1. The steady
volumeflow throughthechannelis measuredwith a volumeflow meterdownstreamtheoutlet
reservoir. Thevolumeflow canbecontrolledby thevalvesin a rangeof �
���� ����� ����� [m � /s].

F.2 Pressuremeasurement

To measurepressuredifferencestwo low differentialpressuresensors(Druck LPM 5480)are
available.Thespecificationsare:
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FigureF.1: Experimentalwaterchannelset-up.

measuringgain: �t� � to ��� � [mbar]differential(bi-directional)
accuracy: max. ��� �+� [%] of themeasuringgain

outputgain: � to ��� [V]

Two pressuredifferencesensorsareused.Onesideof eachsensoris connectedto thechannel
andonesideto awatercolumn.In thiswaythepressureductlengthscouldbekeptsmallsothat
theresonancefrequency of thepressuresensorductsdid not exist in theoscillationfrequency
rangeof interest,� ����� .
Theacquisitionof thepressuredatais performedwith adataacquisitionprogramLabView. The
samplefrequency of thepressuredependson theoscillationfrequency of theoscillatorandare
tabulatedin TableF.2.

F.3 Unsteadymassflow measurement

F.3.1 measurementwith laser and CCD-camera

To determinetheunsteadymassflow in thechannela Particle ImageVelocimetry(PIV) tech-
niqueis employed,[4], [60]. With thisnon-intrusivemethodvelocityfieldsaredeterminedfrom
imagesof aseededflow. A planewithin theflow is illuminatedtwiceby meansof a (Nd:YAG)
laser. With the laserlight a light sheetis made,with mirrors andlenses,which is appliedat
the top of the channel.The directionof the light sheetis in flow directionandit illuminates
approximately���+� ����� [m] at thebeginningof thechannel.Theflow is seededwith Polyamide
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TableF.1: Waterchanneldimensions.

� kinematicviscosity [m � /s] ��� �
��� ������ density [kg/m� ] ��� �
��� �+�
test-sectiondimensions�

height(PIV-area) [m] 0.02�
width [m] 0.20�
length [m] 0.50

(synthetic) reservoir dimensions
volume [m � ] 0.240
height [m] 0.711
width top - bottom [m] 0.597- 0.656
depth top - bottom [m] 0.597- 0.656
thickness [mm] 6
oscillation plate dimensions
height [m] 0.01
width [m] 0.55
depth [m] 0.49
straightener dimensions
of onesquarechannel
height [mm] 5
width [mm] 5
length [mm] 50
thickness [mm] 0.5

TableF.2: Samplefrequency of thepressuretransducers.

oscillation fr equency[Hz] samplefr equency[Hz] number of samples
steadyflow ��� 100����  ¡������ � � ¢ 2048��� � ����  ¡ ����� £�� � � 2048��� £�����  ¡ �¤��� � ��� 4096

particlesof ��� [ ¥ m]. It is assumedthat the tracerparticlesmove with local flow velocity be-
tweenthetwo illuminations.Thelight scatteredby theparticlesis recordedby a CCD camera
on two separateframes.Thedisplacementof theparticleimagesbetweenthetwo light pulses
aredeterminedby anevaluation(cross-correlation)of thetwo PIV recordings.

The(dual) framerateof thePIV-measurementis � £�� ¦�¢ [Hz]. To obtainusefulrecordings,the
CCDcameraandthelaseraresynchronised.Thetriggereddoubleilluminationof thelaserand
exposureof theCCDcamerastartswith theusersuppliedtrigger(A) asillustratedin FigureF.2
and Table F.3. Sincethe laserhasa light output delay (B) after the flashlampis flashed,
thetime pulseallowancefor thefirst illumination mustbeprogrammedinto thecameravia the
command:TransferPulseDelay(TPD§¨��� ©�£m� � � ��ª [s]). Thesecondimagehasafixedexposure
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FigureF.2: Time traceof thetriggereddoubleexposure.

TableF.3: Time indicationof thetriggereddoubleexposure.

position on head«�¬��®
[s] flashlampzz lamptrig¯ ¬¤«�°�±+² ³+´
µ+± ®�¶�·
[s] Q-switchzz rear¸ ¬ ¯ °�¹
[s] Q-switchstraight sideº ¬ ¸�» ±+² ¼+½
µ+± ®�¶�·
[s] flashlampstraight lamptrig delay

periodof
´�´

milliseconds.Thetimebetweenthetwo illuminationsis setby thetimevariable
¹
,

whichdependsonthevelocityof theflow. Generally, speaking,thedisplacementof theseeding
in thesecondframeis

±+² ¾�µ�± ® ¶�·
[m] with respectto thefirst frame.

F.3.2 PIV evaluation

An exampleof anexposureof thechannelwith seeding(whitespots)is shown in FigureF.3(a).
Theboundariesof thechannelarerecognisedby thetwo horizontalwhite lines.Thelargewhite
spotabove thechannelis a light sourcethatis usedto synchronisethePIV-measurementswith
thepressuremeasurements.ThePIV-recordingsareevaluatedby locally cross-correlatingtwo
framesof singleexposuresof thechannel.Furthermore,thePIV-recordingsaresubdividedinto
interrogationareas.In TableF.4 thesizeanddisplacementof theinterrogationwindow in

¹
- and¿ -directionis given.At steadyflow measurementsthesizeof theinterrogationareais adjusted

for largermeanvelocities.Theflow directionin thechannelis mainlyin
¹
-direction.Therefore,

to obtain a better resolutionof the velocity field in ¿ -direction the interrogationwindow is
taken rectangular. Also, an overlapof half the sizeof the interrogationwindow is used. For
completeness,at the subpixel level the displacementis determinedfrom the correlationdata
with aGaussianpeakfit, whichexplanationcanbefoundin [4] and[60].

The vectorsshown in FigureF.3(b) representthe displacementof eachinterrogationareain
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TableF.4: Interrogationareas.

oscillating and steadymeanvelocities À�ÁmÂ Ã [m/s]
interrogationwindow ÄÆÅ¨Ç È+É [pixel] Ê�Å¤É [pixel]
interrogationwindow displacement ËtÄÆÅ¤Ì Í [pixel] Ë�Ê�Å�Í [pixel]

steadymeanvelocities Î�ÁmÂ Ã [m/s]
interrogationwindow ÄÆÅ�È�Ï+Ì [pixel] Ê�Å¤É [pixel]
interrogationwindow displacement ËtÄÆÅÐÇ È�É [pixel] Ë�Ê�Å�Í [pixel]

thechannel.As canbeseen,thedisplacementprofilesarequiteuniform in thewindow of the
measurementand the gradientof the boundary-layerprofile is capturedin detail. Next, one
velocityprofile is determinedfrom themeanof thedisplacementprofilesthat is dividedby the
timebetweenthetwo subsequentexposures.

(a)PIV image
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FigureF.3: Unsteadyvelocitymeasurementwith PIV.

Examplesof velocity profiles at different phasesof the oscillation for threedifferent mean
velocitiesareshown in FigureF.4(a),F.4(c), andF.4(e). For a meanoscillationvelocity ÑÒ�ÓÔ�Õ Ö

[m/s] thevelocitygradientat thewalls is largeandit leadsto astraightprofile furtheraway
fromthewalls. Nonegativevelocitiesaremeasured.For asmallermeanvelocity, ÑÒ×Ó Ô�Õ Ø [m/s],
the shapeof the velocity profile is found to dependon the phaseof the oscillation. At some
instancestheflow nearthewallsbecomesnegativeandbackflow occurs.For ameanoscillation
velocity ÑÒ×Ó Ô�Õ Ù [m/s] eventheflow far from thewalls reachesthezerovelocity line. Generally
speaking,thesethreevelocity profile figuresshow that with the PIV methodit is possibleto
capturethevelocityprofileof theflow in detailevenwhenbackflow occurs.

Finally, thevelocity profilesareusedto determinethemassflow oscillationin thechannel.By
integratingthevelocityprofileovertheheightandby multiplicationby thedensityof water, the
unsteadymassflow is obtained.Theresultingmassflow oscillationsareshown in FigureF.4(b),
F.4(d), andF.4(f). A smoothsinusoidalmassflow oscillation is found. Furthermore,at the
lowestmeanoscillationvelocity themassflow becomesnegativeduringapartof thecycle.
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(d) pressure difference and mass flow:ÚÜÛÐÝ+Þ ß Ý [Hz]
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FigureF.4: Oscillatingdivergentchannelflow at threedifferentmeanvelocities.
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In FigureF.4(b),F.4(d),andF.4(f) theunsteadypressuredifferencesof thechannelareshown
aswell. The pressureandmassflow measurementsaresynchronisedby usinga light source,
whichis triggeredby theoscillator. At acertainpositionof theoscillatorthelight is putonfor a
shortperiod.Togetherwith thepressuremeasurement,thevoltageof thelight is measured.As
the light is put on a voltagepeakis measuredandat the”sametime” in thePIV measurement
the light is capturedin oneor moreframes.A quotationmark is usedfor thesametime since
bothmeasurementsareonly synchronisedsuchthatthephaseof theperiodwith respectto the
oscillatoris equal.Thepressuremeasurementscouldbeshiftedcompleteperiodsin time with
respectto themassflow measurement.

In FigureF.4(b),F.4(d),andF.4(f) theinfluenceof theoscillationfrequency with respectto the
phasebetweenthepressuredifferenceandthemassflow is seen.Foralow frequency bothtraces
nearlyfollow thesamepaththroughtheoscillationwith respectto time. Thephasedifference
is small. For higher frequency the phaseof the massflow oscillation leadsthe phaseof the
pressuredifferenceoscillation.This resultis discussedin Chapter5.

F.4 Phaseaccuracy

In Chapter5 theamplituderatio of andthephasedifferencebetweenthemassflow andpres-
suredifferencemeasurementis discussed.Herethe accuracy of the phasebetweenthesetwo
measurementquantitiesis given.

The(dual)framerateof thePIV-measurementis â ã�ä å+æ [Hz]. Whichmeansthat2 exposuresare
capturedin ç�ä ç+å�ã [s]. Theexposuretime of thefirst imageis TPDèéâ+ä ê+ãtë�â ç�ì�í [s], which is
tooshortto capturethesynchronisationlight. Thesecondimageexposuretime is ã+ã�ë+â ç�ìîã [s],
in which thesynchronisationlight is captured.Now, somewherein betweenç [s] and ç�ä ç�å+ã [s]
the light switcheson, which is always broughtback to ïÜèðç [s]. This introducesa one-
sidedinaccuracy on the phaseof the massflow with respectto the oscillator. The maximum
inaccuracy in phasefor a frequency rangeof çÆñóò ôtñóâ [Hz] is equalto ã�õ+çtë+ç�ä ç�å+ã�ò ô [deg].
It meansthat the determinedmassflow can lead in phasecomparedto the real massflow.
Therefore,thedeterminedphaseof themassflow is in betweenö�ã�õ+ç/ë ç�ä ç+å�ã�ò ô ñ�÷ ø�ñùç [deg].

The pressuredifferenceis measuredsynchronicwith the oscillator. Furthermore,the voltage
change,whenthe light is switchedon, is sosteepthathardlyany time is pastbeforethe light
is really on. Therefore,the phaseuncertaintyof the pressurewith respectto the oscillator
canbeput to zero. Thephasedifferencebetweenthemassflow andpressuremeasurementis
determinedby hand,which introducesan error that is approximatelyútâ�ä æ [deg]. Hence,the
total inaccuracy of the phasedifferencebetweenmassflow andthe pressuremeasurementisö�ã+õ�ç�ë ç�ä ç+å�ã�ò ô/ö�â�ä æ�ñ�÷ ø ö�÷ ûtñ¤â�ä æ [deg].



126 Water channelset-upand measurementsystem



Nomenclature

In this appendixthesymbolsandacronymsusedthroughoutthis thesisareexplained.A refer-
enceto a specificchapteror appendixis madeif asymbolis specificallyusedin this chapteror
appendix.

Greek

Symbol Definition Dimension Chapter / Appendixü Stokesnumber ý+þ ÿ�� � � � [-]ü�� � maximum ü without relaxation [-]ü�� ü
	 �� [-]ü�� ü relaxationdetermining� [-]� ratio of specificheats [-]� � � shift of valley point � � � [-]�
boundary-layerthickness [m]� �
steadyboundary-layerthickness [m]�
phase [deg]� � ��� � � � � � ��� � � [-]�
amplituderatio [-] kinematicviscosity [m

ÿ
s!#" ]$

relativepositionof thehot-wireprobe [-] 2%&� '�� � ��( ')� �
[-]* density [kg m !,+ ]� timeconstant [s]-� nondimensionaltimeconstant [-] C� . wall shearstress [kg m !#" s! ÿ ]/

dimensionlessmassflow, flow coefficient [-]'
error( � . � � .�0 1 ) [kg m !#" s! ÿ ]� dimensionlesspressurerise [-]� pressurerisecoefficient [-]� � � � at zeroflow coefficient [-]2 frequency [rads!#" ]
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Symbol

Symbol Definition Dimension Chapter / Appendix3
area [m 4 ]3
calibrationconstant [V 4 ] D3
time indication [s] F5
multiplicationfactor [kg/m]6 speedof sound [m/s]7 84 9�:#;=< [-]7
calibrationconstant [V 4 (m/s)>#? @ 4 ] D7
time indication [s] FA
(exit impellertip) width [m]B
time indication [s] FC
constant [-]CED
constant [-]BGF
axial velocity [m/s]BGH
meridionalvelocity [m/s] CI J throttlevalveparameter [-]K
time indication [s] FL
diameter [m]L
height [m] 5, FM
wire voltage [V] DN
frequency [Hz]O ;�P�Q#<;=< Q,P [-]R
pressurerisecoefficientparameter [-]S
height [m]TGU
zerothorderBesselfunction [-] ET ? first orderBesselfunction [-] EV
constant [m s>�4 ]W
length [m]X
massflow amplituderatio [-]X
Machnumber [-] AYZ massflow [kg/s][
rotationalspeed [rpm][
numberof rotor revolutions [-] C\ ]^ N [rad/s]_
pressuredifferenceamplituderatio [-]` pressure [Pa]a ` pressuredifference [Pa]b
gasconstant [J/kg/K]b
radius [m]bdc
Reynoldsnumber [-] Ae radiusdirection [m]f
Strouhalnumber g h i j;

k
[-] 5
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Symbol continue

Symbol Definition Dimension Chapter / Appendixl
temperature [K]m
time [s]nm
dimensionlesstime [-]o
bladespeed [m/s]o
velocity [m/s] Dp velocity [m/s]q
volume [m r ]q,s
axial velocity [m/s]t velocity [m/s ]u
flow coefficientparameter [-]v x-direction [m]v timevariable [s] Fw#x
dimensionlessthrottlevalveposition [-]y throttlevalveposition [V] 2y y-direction [m]z
numberof impellerblades [-] 2{ numberof diffuserblades [-] 2{ z-direction [m]

Acronym

Symbol Definition Chapter / Appendix
CCD chargecoupleddevice F
H-W hot-wire 2
MFC massflow controller D
Nd:YAG neodym(ion): yttrium-aluminum-garnet(crystals) F
PIV particleimagevelocimetry
PSD powerspectraldensity
TPD transferpulsedelay F
VFM volumeflow meter 5, F
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Subscript

Symbol Definition Chapter / Appendix|
ambientcondition}
at compressorinlet}
at channelinlet 5~
at compressoroutlet~
impelleroutlet 2~
at channeloutlet 5�
at throttleinlet�
vanesinlet 2�
vanesoutlet 2� casing� analytical 6� �=� approximated�
exit impellertip width A� compressor� bladechordlength A� � exact�
Helmholtz�
hub� massflow� oscillation� � orifice� plenum� pressuredifference 5��� quasi-steady� surge� � steady-state�
throttle�
at thetip�
total condition 5�
meridional C� at thewall� error � versus� �E� � �



Samenvatting

Voor kleine massastromenwordt het operationelewerkgebiedvan compressorsystemenbe-
grensddoor het optredenvan aërodynamischestromingsinstabiliteiten.Deze instabiliteiten
kunnenleidentot eenrampzaligestoringvandecompressordoorhetontstaanvaneente hoge
mechanischeen thermischebelasting.Eén van dezeinstabiliteitenis surge van het compres-
sorsysteemdat wordt gekarakteriseerddoor groteoscillatiesin de drukopbouwvan de com-
pressoreneeninstationairemassastroom.Dit proefschriftgaatover hetmetenen modelleren
vansurgein eencompressorsysteemmeteencentrifugaalcompressor.

In eenexperimentelegasturbineinstallatiezijn doormiddelvandrukmetingenbij deuitlaatvan
de compressor, voor verschillenderotatiesnelhedenen smoorklepstanden,de karakteristieken
vansurgebepaald.Uit dedrukmetingenzijn deminimumenmaximumdrukopbouwtijdenseen
surgecyclusendesurgefrequentie( ��� ����� � [Hz]) bepaald.Het blijkt datdesurgefrequentie
toeneemtals de smoorklepwordt gesloten.Dit geeftaandat het systeemeenclassicof deep
surgecyclus doorloopt. Om de massastroomoscillatie te bestuderen,is eenhittedraadbij de
inlaatvandecompressorgeplaatst.Doordegemetensnelheidtecorrelerenmetdemassastroom
is eenimpressievandeperiodemeteenpositievemassastroomin desurgecyclusverkregen.

Bestaandesimulatiemodellenvan surge zijn gebaseerdop een lumpedparameterbenadering
waarindeprestatievandecompressorquasi-stationairwordt gemodelleerd.Als in dit conven-
tionelemodeldegeometrischbepaaldeparametersvanhetcompressorsysteemwordengebruikt
is, tenopzichtevandeexperimenten,degesimuleerdemaximaledrukopbouwte laagendeges-
imuleerdesurgefrequentiete hoog.Alleen devorm vandesurgecycluswordt dichtbij demaxi-
maledrukopbouwgoedgesimuleerd.De surgefrequentieendemaximaledrukopbouwkunnen
goedwordengesimuleerdwanneerdeverhoudingvandecompressorlengteenhetvolumevan
hetplenummet eenfactortien, tenopzichtevande fysischebepaaldeverhouding,wordt ver-
hoogd. De vorm van de surgecyclus komt danechterdichtbij de maximaledrukopbouwniet
overeen.

In dit proefschriftis eennieuwecorrectieontwikkeldwaarmee,tenopzichtevansimulatiesmet
hetconventionelemodel,betereresultatenwordenverkregen.In hetconventionelemodelwordt
aangenomendatde drukopbouwvande compressorquasi-stationairreageertop massastroom
veranderingen,terwijl eeninstationairebenaderingrealistischeris. De ontwikkeldecorrectie
geeftdeinvloedvaneeninstationairegrenslaagtenopzichtevaneenstationairegrenslaagopde
prestatievandecompressorweer. Decorrectieis afgeleiddoordeinstationaireimpulsvergelijk-
ing vaneenvolledigontwikkeldelaminairestromingin eenkanaaltebeschouwen.In dezever-
simpeldeafleidingkomthetStokesgetal( � ) alseenbelangrijkeparameternaarvoren.Wanneer
deontwikkeldecorrectiewordt toegepastin hetgebied���  
¡¢�£¡�¤=� , komt degesimuleerde
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amplitudeenfasevandedrukenmassastroomoscillatiesbeterovereenmetdeexacteoplossing.

Vervolgensis deontwikkeldecorrectietoegepastopeenturbulenteinlaatstroming.Omdesim-
ulatieste kunnenvergelijkenzijn er PIV- endrukmetingenin eenwaterkanaalgedaan,waarin
eenkanaalmet en zondereendrukgradïent is getestvoor ¥,¦ §©¨«ª¬¨«§�¦  . Vooral voor het
kanaalmeteentegenwerkendedrukgradïent is eenverschilgevondentussendesimulatiesmet
hetconventionelemodelendeexperimenten.Simulatiesmethetverbeterdemodelgeveneen
amplitudeverhoudingeneenfase,vandemassastroomendedruk,diegoedovereenkomenmet
demetingen.

Tot slot is de correctietoegepastop het experimentelecompressorsysteem,waarin ª¯®±° ¥ .
Simulatiesmethetverbeterdemodelresulterenin eensurgefrequentieeneenmaximumdrukop-
bouw, alsook eendrukopbouwperiodevan de surgecyclus, die goed overeenkomenmet de
metingen.Eenwinst vanhet verbeterdemodelis dat de parameterste bepalenzijn uit de fy-
sischeafmetingvanhetcompressorsysteem.Daarnaastis eenparameterverhoudinggevonden
die, in plaatsvan afhankelijk te zijn van het compressorsysteemwaarinde compressorwordt
gebruikt,specifiekafhankelijk is vandecompressor.
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perspex met eenföhn al sneltot eenkwaliteit van Lambertbehoorde,hetgeenbewijst dat hij
niet terugschrokvoor onbekendebewerkingen. Door mij eengrotematevan zelfstandigheid
te geven in dewerkplaatskregenwerkoom PeterEwaltsen Lamberthet voor mekaarom van
iemandmettweelinkerhandenin eenzeerkortetijd eenknutselmeidtemaken.Lambertik vind
heteenreuzegemisdatje mijn promotieniet kanmeemaken.

Velemensenhebbendagelijksietsvoormij betekent.Henwil ik danooktot mijn werkbroersen
werkzussenrekenen.Zoalsvaker in eengrotefamilie moetje je kamerdelenmeteenbroerof
zus.Tijdensmijn promotiewerkwasdit metachtereenvolgensHarmvanEssen,RobSchooken
Marja Houben.Stukvoor stukhebbenjullie ervoor gezorgd dat ik prettigwerkte,gemotiveerd
werd en aanspraakhad. Mocht ik dan toch eenkeertjehelemaalgeenenergie meerhebben
dandeedeenpraatjeen eenlach met werkzusMarjan Dijk veel goed. Zij wist er altijd de
positieve zin weer in te brengen. Grote broerskunnenje veel steungeven in tijden dat je



134 Nawoord

eennieuw padgaatbewandelenin je ontwikkeling. Tot mijn grotewerkbroersreken ik Rob
Bastiaans,BartSomersenDouwedeVries. Julliekalmtein gestresstetijdenenjullie helpende
handbij vele vraagstukken heeftme zeergesteundin mijn werk. Alhoewel broersen zussen
qualeeftijd altijd minstensnegenmaandenuit elkaarliggen(meerlingenuitgesloten)kwamen
bij onzevakgroepde Promovendi met golven. In mijn golf heb ik steungekregenvan Reńe
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