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Summary

At smallmassflows the performancenf a compressiorsystemis limited by the occurrenceof
aerodynamidlow instabilities,which canleadto catastrophidailure of the compressodueto
mechanicahndthermalloads. This so-calledsuige of the compressiorsystemis characterised
by large amplitudepressureise oscillationsand an unsteadymassflow. The presentstudyis
concernedvith measuremerandmodellingof centrifugalcompressosumge.

Sugeis studiedin alaboratorygasturbineinstallation.At differentrotationalspeedsndthrot-

tle valve settingssuigewasmeasuredvith apressurgéransduceatthe outletof thecompressor
Fromthepressuraatathe minimumandmaximumpressureisein asuigecycle,andthesumge
frequeny (= 19 — 24 [Hz]) aredeterminedThesugefrequeng increasessthethrottlevalve

is closed,which indicatesthat the systemexperiencesa classicor deepsumge. To investigate
the massflow oscillationduring suige, a single hot-wire probewas positionedat the inlet of

the compressorBy correlatingthe velocity to the massflow animpressionof the periodwith

positive flow in the suige cycle is obtained.

Existingmodelsto simulatesuige arebasedon a lumpedparameteapproaclof the systemin
which the compressoperformanceas modelledto reactquasi-steadyo flow changesilf in this
conventionalmodelthe parametersf the compressiorsystemthataregeometricabdletermined
are used,the simulatedsumge frequeng is larger and the maximum pressureise is smaller
comparedo measurementHowever, the shapeof the suige cycle at the maximumpressure
riseis capturedwvell. To matchthe simulatedmaximumpressureise andsuige frequeng with
measurementheratio of thecompressoductlengthandthe plenumvolumehasto beincreased
by afactortencomparedo the physicalvalue.Neverthelessin this casethe shapeof thesuige
cycle atthe maximumpressureiseis simulatedncorrectly

In this study anew correctionis developedo improvethesimulationresultsof thecorventional
model.In thecorventionalmodelthe compressoperformances assumedo reactquasi-steady
to flow changeswhile an unsteadyperformanceas morerealistic. Therefore,the developed
correctionaccountdor the influenceof the unsteadyboundarylayer on the compressoper
formanceandis derivedby consideringhe unsteadynomentunmequationof a fully-developed
laminarflow in a duct. An importantparametein this simplified caseis the Stokes number
(o). The correctionappliedin therange0.5 < a < 80 resultsin a betteragreementf the
amplitudeand phaseof the simulatedpressureand massflow oscillationswith respecto the
exactsolution.

Subsequentlyt is studiedwhetherthe correctiontermcanbetranslatedo aturbulentinlet flow.
For verificationpurposesPIV andpressur@ropmeasuremenis awaterchannefacility with



andwithout an adwersepressureggradientare performedfor 0.7 < a < 7.5. Especially for
the adwersepressurggradientflow a differencebetweenthe simulationswith the corventional
modelandexperimentss found. Simulationswith theimproved modelresultin anamplitude
ratio anda phasepf themassflow andpressurethatagreewell with the experimentaresults.

Finally, the correctionis appliedto the experimentalcompressiorsystemfor which o = 10.
Simulationswith theimprovedmodelresultin a suige frequeny anda maximumpressureise
aswell asa pressurisatiomperiodof the suige cycle thatagreewith measurementHence,the
contritution of the unsteadyboundary-layepn the performancef the compressois captured
well by the developedcorrection.A gainof theimprovedmodelis thatthe parameterslepend
onthe physicalguantitiesof the compressiosystem.Furthermorea specificpoarameteratiois
obtainedhatdepend®nthekind of compressothatis used ratherthanonthesystemn which
thecompressooperates.



Chapter 1

Intr oduction

1.1 Axial and centrifugal compressors

The topic of this thesisis the physicalunderstandinggnd modelling of sugein compressors.
Aerodynamicflow instabilitiesof this kind limit the performanceand operatingregime of the
machineandcanleadto severedamageof a compressor

Axial andcentrifugalcompressorarewidely usedfor the pressurizatiorf gases.Thedriving
forcefor thedevelopmenbf compressiblédlow machinesvasthegasturbine,whichapplication
is mainly seenin aircraft enginesandelectricalpower generation. The gasturbine produces
mechanica({shaft)powerby expansiorof acompressedasthroughanexpander A comhustion
chambeipositionedbetweerthe compressoandexpandermprovidesenegy to overcomeosses
andto develop useful power. Besidesthe gasturbine a large market exists for the internal
comlustion engineturbochager, which is usedin dieseland gasolineengines. The internal
comhustionengineturbochagercompressethe gasenteringthe manifold of the engineandis
drivenby aturbinerunningontheengineexhaustgasesin turbochaging awide rangeof stable
operations necessaryThisis anadvantageof a centrifugalcompressowith its generallywider
operationabhrea.Otherapplicationsf thecompressoarefor ventilation,procesandchemical
industries.

Axial andcentrifugalcompressorgransferenegy from a rotatingdevice to a gas,usingshaft
torqgueto impartthe momentto the gas. Differentcomponent®f the compressocanbe dis-
tinguished.In the caseof an axial compressqrseeFigure1.1(a),eachstageconsistsof a row
of rotor bladesfollowed by a row of statorblades. In the rotor passagehe flow is initially
accelerate@ndthendeceleratethy the statorblades.Herethekinetic enegy transferredo the
gasin therotor passagés corvertedto staticpressureThe centrifugal(radial) compressqrsee
Figure1.1(b), consistsessentiallyof a rotatingimpeller anda numberof fixed diverging pas-
sagesn whichthegasis decelerateavith a consequentise of the staticpressureThedifferent
diverging passages the diffuserregion arethe vanelessor vanedregion, anda volute which
functionis to ductflow away andto decelerateheflow further.
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Impeller i Vaned
diffuser

(a) axial compresor (b) centrifugalcompressor

Figurel.1: Sketchof acompressor

1.2 Compressormap

Thesteadyperformancef thecompressois oftenspecifiedn acompressomapby curvesthat
relatethe rotationalspeedthe pressureise acrossthe compressoandthe massflow through
the compressor Figure 1.2 shovs a compressoperformanceof the centrifugalturbochager
compressousedin this study approximatedy Willems [70] seeAppendixC.4, presentedn
two differentways. Theleft-handsideFigurel.2(a)shons theoverall performancef thecom-
pressoby plotting the pressureatio versughemasdlow for arangeof rotationalspeedsn full
dimensionsThecompressopressureatio is theratio of thecompressooutletpressurdp;) to
thecompressomlet pressurdp; or p, if theinlet pressureés ambient).In theright-handside
Figurel.2(b)the samedatais plottedbut nondimensionalisely useof the aerodynamiccal-
ing. A discussioron the aerodynamicscalingcanbefoundin AppendixA. Thefigure shavs
the pressureise coeficient versusthe inlet flow coeficient. Expressedn theseaerodynamic
variablesit is seenthat the compressoperformanceas almostindependentf the rotational
speedj.e. the Mach numberis not animportantvariablein the rangeof rotationalspeedsn
which this compressowasoperated.The operatingrangeof a compressois boundedor high
massflows by the phenomenorknown as choking, which is indicatedby the stonewall line.
The choking occurswhenlocally, usuallyin the vaneddiffuserthroator impeller throat, the
flow becomesequalto the speedof sound([72]). At low massflows the compressoexperi-
enceaunstableflow. As theflow is reducedata constantotationalspeeda pointis reachedht
which the slightestfurtherreductionin flow rateleadsto anabruptanddefinitechangean flow
patternin the compressorBeyondthis point the compressoentersinto eitherrotatingstall or
sulgethatis markedby the sulge (or stall) line.

1.3 Unsteadycompressorflow

Two compressoflow instabilitiesare known to occurfor small massflows in compressors,
I.e., rotatingstall andsuige. A review of theseinstabilitiesin turbomachineganbe foundin
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Figurel.2: Compressomap.

Greitzer[33] and Pampreerf56].

Rotatingstall is a two-dimensional)ocal instability phenomenomn which oneor morelocal

regionsof stagnanflow, i.e. stall cells,rotatearoundthe circumferencef thecompressorThe

annulus-geragedcompressomassflow is steadybut circumferentiallynon-uniform.This can
have alargeimpacton the bearingsf the compressoshaft. Furthermorerotatingstall induces
largevibratorystresses thebladesandcanresultin alargedropin performancendefficiency

thathasdisastrougffectsontheperformancef e.g.airplaneengines.Theeffectof therotating
stallis local to the compressqrsoit hardly affectsthe flow far upstreanor downstreanmof the
compressorSomefeaturesf rotatingstall canbefoundin AppendixB.

Suigeis aflow statein whichtherearefluctuationsn the averageflow throughthewholecom-
pressiorsystem.Themasdlow fluctuationsat suige canbethatlargethatduringa shortpartof
the suge cycle the massflow becomesggative. The oscillatoryloadingandunloadingof the
compressom sumge imposedransitoryloadson the bearingssupportingthe compressoshaft
andcanhave disastrougffectson thewhole compressiosystem.Furthermoresumgeproduces
mechanicalibrationsandis usuallyclearlyaudible. This sectiondiscussethegenerafeatures
of theaerodynamidlow instability suige.

Theinitiation of suge canbe explainedby looking at the compressomap, seeFigure1.3(a),
and consideringthe compressoandthe throttle characteristicshovn by the dash-dottecand
dottedliine, respectrely. To explaintheinstability of acompressiosystemandthedevelopment
of sugethe modelandsimulationparameterasproposedy Willems [70], seeAppendixC.4,
areused. Thediscussiorof theinitiation startsat a massflow for which the compressomass
flow, ¢., and pressurerise, 1., is stableand equalsthe massflow and pressurerise of the
throttle valve, (Y71). At this point (x), the compressoflow is unconditionallystable,i.e., if a
smallreductionof massflow is consideredt resultsin anincreasdn the compressopressure
riseandadecreasén thethrottle pressureise. Theflow will acceleratendwill increaseuntil
theoriginal equilibriumis restored.
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As thethrottlevalveis closed dependentn thethrottlevalve position,i.e.,in betweeny,, and
Yrs3, unstabldlow situationsoccur Supposehatthe compressois operatingat point Y3 when
asmalldecreaseén massflow occurs;the pressuregise decreaseslightly andthe pressureise
of thethrottledecreasesubstantialln the casethe compressoandthrottlewould beconnected
directly, without ary volumein which flow canbe accumulatedthis would resultin a stable
operationakystem. Neverthelessbetweenthe compressoandthrottle thereis a volumeand
the producedcompressopressureise at this smallermassflow is lower thanthe pressureise
thecompressoproducedeforethesmalldecreasen massflow hadoccurred. Thecompressor
no longeris able to work-up to the pressureof the gasin the volume. The gasthroughthe
compressowill decelerater even acceleratdackwardsthroughthe compressqrwhich will
reducethe massflow further, leadingto anunstabldlow situation.

1.8 —— . 1.8
YT1:0.40
1.6f Y,,=0.32 ] . 1.4F
¥,,=0.30 =2 A
1.4 R Y1,70-29
o 065 0.1 0.2 0.3 0.4 0.5
3> 1.2 B B ; \ |
: 0.2 . g y ¥
1F /," : '\_‘ 4
— 5 ° 0.4}
0.8} . Y 1 9
T |
0.6 : — 0 : : : :
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4 0.5
@ t[s]
(a) sumge cycles. ---: steady-stateompressor (b) time tracesof pressureaise andflow coefi-
characteristic; - - : throttleline, —: suigecycle, cient. Y7,=0.29
x. stableperformanceat Y, +: stableperfor-
manceat Yo

Figurel.3: Compressoperformancet differentthrottle valve positions.N = 21000 [rpm].

The developmentof the suge cycle, aftertheinitiation of sulge, is shavn in Figure1.3(b)for
throttle valve position Y7 4. After sometime a limit sulge cycle is reachedwhich shapeand
frequeny dependon the configurationof the system. Parameterghat play a role are, e.g.,
thethrottleandcompressocharacteristicthevolumeandductwork in betweerthe compressor
and the throttle, and the throttle valve position. Startingat the maximum pressurerise the
sulgecycle is formedby a counterclockwisenotionin the compressocharacteristicDueto a
reductionof massflow throughthe compressothe pressuran the volumedrops. At a certain
pressurghe compressois ableto work-up to the pressuran the volume againandthe mass
flow throughthe compressowill restore. Then,the pressuran the systemwill rise until the
maximumpressureiseis reachedandanothersuigecycleis started.

Dependenibn the compressiorsystemand the operatingconditions, different cateyories of
massflow and pressureluctuationsduring suige can be distinguished,De Jager[41]: Mild
sumge,classicsuge, deepsuige andmodifiedsuge.

e During mild surgethefrequeng of theoscillationis closeto theHelmholtzfrequeng, i.e.
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the resonancdrequeng of the compressoductandthe volume connectedo the com-
pressolf13], andnoflow reversaloccurs.A mild sugecycleisillustratedin Figurel.4(a)
(1). Themild sugefrequengy is independentf rotationalspeedor operatingconditions
[66], [40]. Measurementsf mild sulge areperformedby, e.g.,Fink etal. [23] and Ribi
andGyarmathy[62].

e Classicsumge is characterisedy larger pressureoscillationswith a lower frequeng,
which is dependenbn the rotational speedand operationalcondition. For this condi-
tion thedynamicsdbecomenon-linearthatis foundin theoccurrencef higherharmonics.
In Figurel.4(a)classicsumgeis illustrated,the compressooperatingoointdescribegor a
smallsystenvolumearoughlyoval cycle (2) centredaroundthethrottleline. At alarger
systemvolume(3) thehigherharmonicsaareseenmoreclearlyandthe massflow can,for
ashortperiod,becomenegative, Greitzer[31].

e Deepsumgeis characterisetly evenlargerpressurandmasslow oscillationswhich be-
comesegativefor partof thecycle, seeFigurel.4(b). In reversedilow theinstantaneous
operatingpointmovesdown aline known asthenegativeflow characteristicThisline de-
finestheresistance¢hattherotatingbladesoffer to flow in thereverseddirection. For flow
in the positive directionthe operatingpoint closelyfollowsthe steady-stateharacteristic,
[31], [16]. Thefrequeng of deepsulgeis determineduy thefilling andemptyingof the
volumeconnectedo the compressoandthereforedepend®n the systemconfiguration.

e Finally, suge canalsooccurin combinationwith rotatingstall, so calledmodifiedsurge.
Thenthemasdlow throughthecompressois unsteadyandnon-axisymmetricgueto the
superpositiorof rotatingstall andentireannulusmassflow oscillationsin flow direction.
Theeffectof rotatingstall onthe performancef thecompressois shovn in AppendixB.

17— T —— T 1.7

1.5} 15

1.3f 1.3f

3”11 3 11
0.9} 0.9t
0.7 0.7t \
037 0 : 0.1 0z 0.3 031 0 0.1 0.2 0.3
% @
(a) mild andclassicsuige (b) deepsumge
Vo1 =3 x 1073 [m?], Vpg = 4 x 1073 [m?] V, =4 x 1071 [m?]

andV,3 =2 x 1072 [m?]

Figure1.4: Classificationof sulge cycles. ---: steady-stateompressocharacteristic; - - : throttle
line,—: sugecycle, N = 21000 [rpm], Y7 = 0.30 [-]

Generally the stability of a compressiorsystemis guarantee@slong asthe slopeof the com-
pressorcharacteristiés negative. This meanghatthelimit of dynamicstability coincideswith
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the maximumof the pressureise characteristic[33]. Hunziker and Gyarmathy[40] extended
this agumentto the individual componentf the stageto indicatethe componentghat are
potentiallyunstable.For example,it is shovn thatwhenthe massflow is reducedthe slopeof

the characteristién the diffuserthroatchangesith decreasingnassflow. Although,its slope
is alwaysnegative,andsothis components stable therapid decreasef its slopewith smaller
massflows causeshe compressiorsystemto becomeunstable.

By changingthediffuservanesettingHunziker andGyarmathy40] and Buseetal. [8] shaved
thatthe stability of a compressiorsystemcould be influenced.Usingthis knowledge,Harada
[35] implementedomputercontrolledvariablediffuservanednto acentrifugalcompressoand
shovedthatthe stableoperationarangeof the compressocould be improved. An advantage
of this variablegeometrystabilisationis thatit is basedon local measurements the diffuser
andonly a characteristicurve of the staticpressuralifferenceon the diffuservaneagainsthe
angleis required.Ontheotherhand,this methodintroducesarelatively large efficiency penalty
([26], [24]), andis difficult to apply to existing machinesanddesigns.A methodthat canbe
appliedto a wide rangeof existing machinesanddesigngs the suppressiof the instabilities
by active control. In literaturea considerablg@erformanceémprovementup to 20% reductionin
suigepointmasdlow is reportedoy applyingactive controlto experimentaket-upq[71], [57]).
The methodof active controlrequiresa modelof the compressiorsystem|.e., the compressor
andits connectingducts,volumesandvalves.In this thesis thefocusis onthemodellingof the
compressiomsystemincludingthe unsteadyflow dynamicsn thecompressoduringsumge.

1.4 Surgemodelling

In 1976 Greitzer[31] obsered that, althoughthe phenomenaotating stall and suige were
known to occurin compressiorsystemsjt wasnot yet understoodvhat fundamentamecha-
nismsareresponsiblgor determiningthe modeof instability. Therefore,compressiorsystem
modelswere developed. The oscillationsin the systemare modelledin a manneranalogous
to thoseof a Helmholtzresonatar This kind of modellinghasan analogywith electricaland
mechanicasystemsasshowvn by, e.g.,DeanandYoung[18] andCumpsty[13]. TheHelmholtz
resonatobehaiour was proposedearlierby Emmonset al. [19] who useda linearisedanal-
ysis to examinecompressiorinstability. However, this approachs fundamentallyunableto
describethe large amplitudepulsationsencounteredluring a suige cycle. To overcomethis
problemGreitzerdevelopeda nonlinearmathematicamodel of transientcompressiorsystem
behaiour.

Theassumptionsf aHelmholtzresonatormply thatall thekinetic enegy of theoscillationsis
associateavith the motionof the gasin the compressoandducts. The potentialenegy of the
gasis associateavith the compressiomf the gasin the plenum.Furthermoretheassumptions
arethattheinlet Mach numbersarelow andthatthe pressureisesare small comparedo the
ambientpressureThe gasdynamicmodelthatis usedin theanalysisis shovn in Figurel.5.

Thecompressoandits ductingarereplacedy anactuatodisk,to accounfor thepressureises
dueto thecompressqQrandaconstanareapipewith acertainlength,to accounfor thedynamics
of the gasin the compressoduct. Similarly, thethrottleis replacedoy anactuatordisk, across
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[ Greitzer[31]]

Figurel.5: Equivalentcompressiorsystemusedin analysis.

which the pressuredrops,plus a constantareaduct. The actuatordisk theoryassumeshata
bladerow canbe representedby a small planeacrosswhich the massflow is continuous put
pressurehangesanbediscontinuousTheflow in theductscanbeconsideredncompressible,
sincetheinlet Machnumberis assumedo below, thepressureiseis smallandthefrequeng of
the oscillationsassociatedavith sulge areregardedio below. As a consequencehe massflow
attheinlet of theductis equalto themasdlow attheoutletof duct. The detailsof theequations
of motion aswritten down by Greitzer[31] aregivenin AppendixC. The modelling of the
compressiorsystemwith alumpedparameteapproachs widely acceptedn literature,andis
usefulin the stabilisationof rotating stall and suige by meansof active control. Furthermore,
it formsabasisfor modelsdealingwith long compressorq/9], [22]), or compressibilityin the
compresso([54], [48]).

Theresultingequation®f thedynamicsof the systemareEquationgC.3),(C.4),and(C.6):

dm, A
¢ = —ZE{Ap-A 1.1
dt LC { p pC} ’ ( )
diny  Ar
STl st SR (12)
dp, a®
—— — . 1.

Thefirstandsecondequatiomarethe one-dimensionahcompressiblenomentunequationgor
the compressoandthrottle duct, respectiely. Herein,is Ap the pressureise acrosshe duct.
The loss (viscous)terms, and the contritution of the rotationin caseof the compressqrare
assumedo reactquasi-steadyo massflow, 7, changesandarerepresentetly the steady-state
characteristicsAp,., Apr. Thethird equationdescribeshe conserationof massn theplenum
in which anisentropiccompressionms assumed.

In this modelthe assumptiorthat the compressoflow reactsquasi-steadyo flow changess
guestionableln literature,it is shovn thatary lag of responsef the compressoflow, dueto
transienflow duringsumge or the appearancef rotatingstall, canbe simulatedby a first-order
transient-responsmodel (for details,seeSectionC.3). A dravbackof the lumpedparameter
modellingis thattheresultingmodelparameter¢e.g.,A., L., V,) aredeterminedy fitting the
simulationsto the measurementsatherthanbeingfoundedon physicalarguments.
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1.5 Reseach objectives

In the lumpedparametemethodequivalentcompressolengths,areasandvolumeshave to be
providedthatarenot straightforward obtainablefrom physicaldimensionf the compression
system. Furthermore a relaxationequationis necessaryo obtain simulationresultsthat are
comparablavith measurementslhe necessarparametersireobtainedby fitting the simula-
tionsto measurementslhis limits the usefulnes®f the modelfor commercialuseandmakes
the understandin@nd explanationof suige in physicalterminologydifficult. Therefore,the
researchs focusedon developinga physicalmodelthatparticularlytakesinto accounthe un-
steadycharacteof the compressofiow. In thisway a modelrepresentationf the compression
systemis obtainedwith parameterghatcanbe determinedy physicalarguments.

Thestudycontains:

1. Investigationof suigein alaboratorygasturbineinstallationwith a centrifugalcompres-
sor
(Chapter2)

2. Applicationof thelumpedparametemodelto this laboratorygasturbineinstallation
(Chapter3)

3. Analyticalderivationof acorrectiontermthataccountgor theunsteadylow performance
of thecompressoduringsumge
(Chapter4)

4. Applicationof the correctiontermon anunsteadyturbulentinlet flow in awaterchannel
installation
(Chapterb)

5. Application of the correctiontermon the suiging compressoflow in the laboratorygas
turbineinstallation
(Chapter6)

A betterknowledgeof the physicalbackgroundf suge andits initiation resultsin refinements
to existing models,and providesnew insightsinto methodsthat suppresshis instability. In a

companiorresearclproject: Compessorsurge control, the practicallimitations of actve suge

controlon centrifugalcompressorbave beenstudied([70]). Togethemith theresearctproject

into flow modelsfor compressosuige, the companiorprojectis partof the multi-disciplinary

CompessorSuige Projectatthe Departmenbf MechanicaEngineeringEindhosenUniversity

of Technology The Netherlands.



Chapter 2

Experiments on Surge

MostresearcherBnd mild sugeanon-disastroukind of instability, sincetheamplitudeof the
oscillationandits frequeny is boundedsuchthatit cannotharmthecompressorn thecasethe
systemexperiencesnild suige,seee.g., Toyamaet al. [66] and Hunziker and Gyarmathy[40],

thefrequeng of the suige correspondso the Helmholtzfrequeng of the compressiorsystem
andremaingthe sameat otherrotationalspeedsndthrottle valve positions.

More effort hasbeenputinto thedevelopmenbf theunstablecompressoflow aftermild sulge
hasstartedandthe massflow is throttled further Then,the so-calledclassicalsumge or deep
sume cycles are obtained,[32], in which intermittentmild suige cycles aswell as rotating
stall canoccur [61]. A characteristiof deepsumge cyclesis shavn by Arnulfi et al. [1] and
Meulemanet al. [49]. As the throttle valve is closed,the suige tracesshav that the period
with positive flow decreasesnd the period with negative flow increases. This resultsin a
maximumsumge frequeng at an intermediatethrottle valve setting, betweensuige inception
andvalve shut-of. The explanationof this behaiour is thatfor deepsumge cyclesthe period
with positive flow is mainly characterizetby a pressurduild-upto thecritical pressureDueto
a smallerthroughflav area,asthe throttle valve is closed,this pressurebuild-up occursfaster
Thenegativeflow periodis characterizetby the blow-down processyhich occursasa positive
flow throughthe throttle valve and as a reverseflow throughthe compressor As the throttle
valveis closedtheflow resistancencreaseswhich resultsin alongerblow-down period.

To beableto developandvalidatemodelsthatdescribehedynamicsin acompressiorsystem,
knowledgeaboutthe dynamicsis necessaty Therefore,suige is studiedin a laboratorygas
turbineinstallation.By generatinguigeat differentrotationalspeedsndthrottle valve settings
the influenceof theseparameter®n the suige characteristicss studiedby meansof pressure
measurements-urthermorehot-wireprobemeasurementgreperformedo find outthenature
of thesumge.

2.1 Experimental set-up

A laboratory-scalgasturbineinstallationdesignedandinstrumentedy VanEsserf20], is used
to studysumgein a centrifugalcompressorTheinstallationis designedarounda turbochager,
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asis showvn in Figure2.1. Theturbochager consistof a singlestage centrifugalcompressor
with a vaneddiffuserand an axial turbine both mountedon the samerotationalaxis. Suge

control %%
desk  #** =

(a) photograptof theinstallation

Studied compression system

i Compressor |
! throttle valve Orifice '
i Il |
i I Vo
Ll e e ———
1
i
i 4 \
1
i Compressor Turbine Turbine
: throttle Vessel
1
1
I sl =
Orifice \_/W
Natural gas Compressed

air
(b) schemeof theinstallation

Figure2.1: Experimentaket-up.

measurementare performedwith a configurationin which the compressoandturbine mass
flows aredecoupledTheturbinethatis only usedto rotatethe compressounderinvestigation,
is poweredby externally suppliedcompressedir that first flows via a comhkustion chamber
beforeit expandsovertheturbine.Dueto therotation,air is suckedinto the compressqmwhere
it is pressurisedandis dischagedvia the compressothrottle valve into theatmosphere.

Sincethe massflow rate of the externally suppliedcompressedir is limited, the maximum
rotationalspeedn the decouplednassflow configurationis ~ 25000 [rpm]. Higherrotational
speedsanbe achieved by usingtheinstallationin the gasturbine configuration,in which the
pressuriseccompressoflow drivesthe turbine. This configurationis lesspracticalfor suge
measurementsFirst, the suige relatedpressureoscillationsare dependenbn the dischaged
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volumeof the compressorThe smallerthe dischagedvolumethe lessflow is accumulatedn
the volume, resultingin smallerpressureoscillationsthat arelessharmful for the equipment.
Comparedo the gasturbine configuration the decouplednassflow configurationhasa rela-
tively small dischagedvolume, with which reproduciblesuige measurementare performed.
SecondFink etal. [23] and Arnulfi et al. [1] shaved that with a small dischage volumethe
compressols stablefor smaller massflows, which meansthat the steady-state&eompressor
characteristicaremeasuredip to smallermassflows. Third, in the decouplednassflow con-
figurationthesystencanbeoperatedtary desiredcompressorpperatingooint, astheturbine
andcompressoarecoupledonly by a power balanceln thegasturbineconfiguratiorthe num-
berof operatingpointsis reduceddueto the extra balanceof massbetweerthe compressoand
turbine. Moreover, the large massflow fluctuationsduring suige causea comhustorflame-out,
which makesdetailedgasturbinesuige experimentampossible.

measuementsystem

In Figure2.2(a)theisolatedcompressiorsystemis shavn with thelocationof the transducers
usedfor the suige measurementsTo determinethe overall performanceof the compressqr
thesystemis equippedwith athermocoupl€e’s;, to measuregemperatur@nda high-frequeng-
responsegoressurdransducerp,, to measurestatic pressurest the outlet of the compressor
Therotationalspeed,N, of theimpelleris registeredby a semiconductotachometerWith an

1. inlet

2. impeller

3. diffuser vanes
4. volute

H-W. hot-wire

P: I _ _ b == -_“‘,*_q‘;‘_ A

(a) compressiorsystemwith measuremergositions (b) cross-sectiolf thecompressor

Figure2.2: Detailsof the compressoset-up.

instrumenboirifice, po,, Apor, T,r, thesteadycompressomasdlow is determinedThecompres-
sormassflow is controlledby athrottle valve, which positionis measuredYr. The accurayg
of the measuremengéquipmentcan be found in Van Essen[21]. All transducersignalsare
connectedo a‘NATIONAL INSTRUMENT' dataacquisitionPlug-inboardin the measurement
computer A ‘LABVIEW’ baseddataacquisitionsystemis usedto measuremonitorandstore
all theavailablemeasuremerdignals.

Measurementsf the transientgnto andduring fully-developedsurge consistbasicallyof data
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from the high-frequeng-responseressureprobeat the outlet of the compressarthe throttle
valve position sensorand the rotational speedtransducer The samplerate of the transient
measurementwas 200 [Hz]. Neverthelessinformationof the unsteadymassflow cannotbe
determinedrom theinstrumentedarifice, sinceit is only capableof measuringsteadyflow. To

obtainsomeinformationabouttheflow velocity, v, a singlehot-wire probeis usedat 35 [mm]

upstreanof theinlet of the compressoduct, seeFigure 2.2(b). The positionof the hot-wire
probeis measuredrom the casingwall (¢ = 0 [-]). The maximumpositionis & = 1 [-] at

theinnerwall of theinlet. Furtherdetailsaboutthe hot-wire measurementsanbe foundin

AppendixD andin Maas[47]. Measurementsicludingthe hot-wire probeareperformedat a

1000 [Hz] samplingrate.

2.2 Compressorcharacteristic

Measurementsre carriedout on a single-stagecentrifugalcompressqrwith an unshrouded,
radialendingimpellerwithout backswee@nda diffuserwith straightvanesseeFigure2.2(b).
The compressois partof aturbochager (BBC VTR 160L). Relerantgeometricakompressor
parametersanbefoundin Table2.1.

Table2.1: Geometricacompressoparameters.

Impeller Diffuser
numberof blades VA 20 [-] || numberof vanes z 45 []
inducerinlet diameter(casing)| d;, | 0.106 [m] || vanesnletdiameter | d3 | 0.215 [m]
inducerinlet diameter(hub) dyp | 0.054 [m] | vanesoutletdiameter| d, | 0.258 [m]
impellerdiameter dy |0.180 [m]
impellerexit width by 0.007 [m]

Steady-stateneasurementare performedto determinethe overall performanceof the com-
pressorandto find the minimum massflow for which steadycompressiorwas assured. In
Figure2.3(a)the pressureatio of the outletpressurep,, andtheinlet pressurep,, of thecom-
pressowversusthe massflow, 7., is shovn for threerotationalspeeds/V. Sugeis determined
experimentallyby detectingthe initiation of suige. Thenthe compressors operatedcloseto
thesugepoint suchthatno sugewasincepted.In this way the minimum stablemasslow was
measuredisingthe orifice massflow.

In Figure 2.3(b) the nondimensionatompressomapis shavn. The definition of the nondi-
mensionapressureise (Equation(A.1)) andmasslow (Equation(A.3)) are:

Ap,

Ve =15 dimensionlespressureise
QPOUt
Me . .

¢ = dimensionlessnassflow
pOAcUt

in which Ap. is the pressuralifferencebetweenhe outlet pressurep,, andtheinlet pressure,
Do, po 1S theatmospheridensity A. is thecompressothroughflav area,andU, is theimpeller
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tip speed.Theatmospheri@ensity pg, is determinedrom theideal gaslaw,
Po
_ P 2.1
Po RT, (2.1)
(The atmospheriaensityis differentfrom the one usedby Willems [70] who took it to be

constantp, = 1.2 [kg/m?]). Theatmospheripressurep,, andtemperature];, aredetermined
atthebeginningof every measuremergessionThecompressothroughflav areais definedas:

di —d?
Ao = w% —6.53107% [m?] , (2.2)
andtheimpellertip speeds:
N
Ut — de@ .

The nondimensionatompressomap shows that the rotationalspeedcurves nearly coincide.
The critical flow coeficient at which suige is initiated is not unique. In Meuleman[52] it is
shown thatthe critical flow coeficientincreasesvith increasingotationalspeed.

1.5t Lot
A
o n®o )
1.4} 1 | o &
1.4 5 .
o
o [m]
o 1.3f T o 1.2¢
o = ¢
1.2 1
1.1 —=— 18000 [rpm] ; o8l o 18000 [rpm] s
—6— 21000 [rpm] O 21000 [rpm]
. —A— 23000 [rpm] A 23000 [rpm] @
0.1 0.2 0.3 0.4 0.5 081 0.15 0.2 0.25 0.3 0.35
mass flow [kg/s] Q.
(a)dimensional (b) nondimensional

Figure2.3: Measureccompressomap.

2.3 Throttle valve characteristic

The compressomassflow is controlledby a throttle valve. Sincethe relation betweenthe
massflow throughthe throttle andthe openingareaof the throttle is linear, the massflow is
proportionalto thevalve position,Y,, (VanEsserf21]). The positionof thevalve is measured
by a potentiometemnwhich givesa measurdor the openingareaof the valve. For subsonidlow
conditionsthethrottle valve massflow is assumedo be givenby:

¢r=cr Y7 \/ZT (2.3)
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Herein,a nondimensionathrottle valve massflow, ¢, andnondimensionathrottle valve pres-
surerise, 1, areused.Both nondimensionaliselly relevantcompressoparametergseeEqua-
tions (A.1) and (A.3)). Furthermorethe throttle valve positionis nondimensionalisedy its
maximumposition:

¢pr = —1 dimensionlessnassflow
pOAcUt
A . . .
Iy 1pp52 dimensionlespressureise
2P0V
Yr = 9T dimensionlessghrottle valve position
YT mazx

The pressurdifferenceApr of thethrottleis definedasthe differencebetweertheinlet pres-
sure,p2, andthe outletpressurep,, of thethrottle. The geometricaparametersf theimpeller
canbefoundin Table2.1.

The dimensionlesgshrottle valve parametercy, is determinedfrom Equation(2.3) with use
of the measurednassflow, rotationalspeed pressureise, andthrottle valve position. In Fig-
ure2.4(a)theratio ¢ /+/1r is showvn versughe measuredimensionlesshrottlevalve position
Y. As canbe seentheratio ¢r/+/7r is linearin Y7, socr is a constant. The bestfit of ¢
in a leastsquaresensds madefor the measurement®r Y,y < 0.8. Thency = 0.406. Fig-
ure2.4(a)shavsthat¢r //4fr canaccuratelypedescribedy thelinearapproximationaslong
asYr < 0.8. In addition,cr, is usedto estimatehe nondimensionatmassflow, ¢, seeEqua-
tion (2.3). This givesreasonableesults,asshovn in Figure2.4(b). However, careshouldbe
takenfor masslows ¢ < 0.15 and¢r > 0.28.

] ] i 0.35
O measurement #*
oall * linear fitc .= 0.406
0.3f @ &
~ & 0.25} o
g 03f EK‘Q
2 ¢ g ¥
& @ 0.2f w ¥
0.2} W u ¥
w v 0.15f ;
o o measurement
* * estimated @
0'6.2 0.4 0.6 0.8 1 O'C1).4 0.6 0.8 1 1.2 1.4 1.6

YT

(a) cr determinedrom measurement

N
(b) measurec@ndestimatedp

Figure2.4: Dimensionlesshrottle valve characteristic.
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2.4 Surgedevelopmentmeasurements

Sugeinitiation measurementareperformedto determinethe stability of the compressosys-
tem. In Figure2.5 theinitiation of suigeis shavn. By closingthethrottle valve, Y, the mass
flow is decreasedandsumeis initiated ascanbe seenin the pressuregatio. Theinitiation of

suge is definedasthe point at which the amplitudeof the pressureracestartsto grov and
a distinct oscillation frequeng appearswhich is pointedout in the lower right plot. Upon
sumeinitiation a sulge developmentzoneB is recognizedn which the surge developsto fully-

developedsulgethatoccursin zoneC. Dueto aconstanshaftpower, thereductionof masslow

resultsin aslightincreaseof themeanrotationalspeed N. Thefigurealsoshavsthatwhile the
throttle valve is keptat a certainvalue,the rotationalspeedstill increaseslueto inertiaof the
rotatingparts.
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time [s] time [s]
(a)throttlevalve (b) rotationalspeed
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(c) pressureatio (d) detailedpressureatio at suigeinitiation

Figure 2.5: Systemsignalsassumge is incepted. A: normaloperation,B: suige development,C:
fully-developedsuige

The developmentof thesuigeis sketchedn acompressomapin Figure2.6(a).As thethrottle
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is closedthe compressoperformancedollows the steady-stateharacteristiqfor simplicity a
constantrotationalspeedscenarias followed). At a certainpressureatio the surige limit line
is reachedanda suige cycle is initiated. Beforereachingthe limit cycle somesmallercycles
occur asis seenin thepressureatioin the B-zoneof Figure2.5(d).

Surge line 15} xx
ik - 23000 [rpm]
\\\ 1.4_ )(
N - 21000 [rpm
N N \\\ o B
- < AN £, 13 ;{ 18000 [rpm]

T~ N \ o
[=] N \ .
— ~ \ \
s \ 1.2
; AN \ 23000
2 ‘o 22000
8 NN 1.1f
s \ 20000 x  surge initiation

18000 . .
“““ fitted surge line
1 . .
0.1 0.2 0.3 0.4 0.5
mass flow mass flow [kg/s]
(a) sketchof thesumgecycle (b) sumgeinitiation line

Figure2.6: Stability of the compressiorsystemin thecompressomap.

Thestability line of the compressois determinedalsofrom thetransientmeasurementsSince
for transientmeasurementsito sulgetheinstrumentedrifice cannotbe usedfor reliablemass
flow measurementghe relationbetweenthe throttle valve positionandthe massflow, Equa-
tion (2.3), is usedto determinethe sumge initiation massflow. First, for differentrotational
speedshesumgeinitiation points,i.e. pressureatio, rotationalspeedandthrottle valve position
atinitiation, aredetermined.Thenthe massflow is calculated.In Figure2.6(b)the sugeiniti-
ation pointsareshawvn in the compressomap. As canbe seen the determinatiorof the mass
flow via the throttle valve positionis reasonablesincethe sumge initiation pointsare closeto
the lowestmeasuredteadymassflows. Only theinitiation of the curve with rotationalspeed
N = 18000 [rpm] shavs anoverestimatiorof the massflow determinedsia the transienimea-
surementsThisis dueto thefactthatthefit thatis usedto determinghetransientmassflow is
notapplicablefor flow coeficient ¢, < 0.15.

For this compressiorsystem,the developmentof suge after the surge initiation point asde-
scribedabove, only appliesfor rotationalspeeddarger than~ 19000 [rpm]. For rotational
speedsmallerthan~ 19000 [rpm], prior to fully developedsuge,adropin compressopres-
sureratio is measuredasshaowvn in Figure2.7. Thisis a characteristiof abruptrotatingstall,
seeAppendixB. After thedropin pressureatio,in zoneB, adistinctfrequeng is found,which
indicateshatthe systemis notin a stableoperatingpoint but ratherexperiences suige around
the assumedotatingstall characteristic Furthermoreijt developsto fully-developedsuige, as
shown in zoneC. The stability of the presentcompressiorsystemis explainedby assuming
thatthereexists a rotatingstall limit line thatis specificfor the compressqranda sulge limit
line thatis specificfor thewhole compressiorsystem.For N' > 19000 [rpm], sketchedn Fig-
ure2.6(a),reductionof massflow leadsto the suige limit. Dueto a quick changeof massflow
andpressurea fully-developedsumgeis obtainedwithout ary signof (abrupt)rotatingstall. For
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N < 19000 [rpm], sketchedin Figure 2.8, a reductionof massflow first resultsin an abrupt
rotatingstall. Sincethe rotatingstall limit andthe suge limit arevery close,the systemdoes
not operatestableon the rotatingstall characteristic.The unstableflow eventuallydevelopsto

afully-developedsuge.
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(a) sudderdropin pressureatio

(b) detail of thedropin pressureatio

Figure2.7: Systemsignalsasrotatingstall andsurgeis incepted.N = 18700 [rpm], A: normal
operationB: pressuraropandsuige developmentC: fully-developedsuige
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Figure2.8: Sketchof the suige cycle precededy rotatingstall in the compressomap.

Willems [70] wasableto stabilisethe investigateccompressiorsystemfor suige by one-sided
suige control. For rotationalspeedsmallerthan= 19000 [rpm] the stabilisedsystemappeared
to operatestableon the rotatingstall characteristicinformationaboutthe presencef rotating
stall cellsatinitiation andduringfully-developedsumgeis lacking,asthereareno pressuresen-
sorsplacedaroundthe circumferenceof the compressoandthe samplefrequeny of 200 [Hz]
istoolow to acquireary informationontherotatingstall frequeng, whichis of theorderof the
rotationalspeed.
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2.5 Fully-developedsurgecharacteristics

Fully-developedsuigedatais collectedfor differentrotationalspeedsndthrottlevalve settings.
Theproceduref datacollectionis thatthecompressowasputinto sugeby closingthethrottle
valveto adeterminedhrottlevalve setting.After therotationalspeeds settleddatais acquired.
Therefore,in this sectionthe settledrotationalspeedoelongingto the throttle valve settingin

sumlgeis usedto discusghedependencef thesuige characteristicen therotationalspeed.The
sulgefrequeng is determinedrom a spectralanalysisof the fully-developedpressurescilla-
tions. In this way the computedsuge frequeng is within 0.5 [Hz] of thereal frequeng. In

Figure 2.9 the resultingsuige frequeng is shovn versusthe throttle valve positionandrota-
tional speed[52]). As canbeseenthesulgefrequeny shavs arelationwith thethrottlevalve
position,seeFigure2.9(a). The sulge frequeng increaseasthe throttle valve is closed. Fur-

thermoreaslightinfluenceof therotationalspeeds seen.For a certainthrottle valve position,
thesumgefrequeng decreaseslightly astherotationalspeedncreasesthis wasalsofound by

Arnulfi etal. [1], Jinetal. [42], andHanseretal. [34]. In Figure2.9(b)it is seenthatthe sulge
frequeng is notdirectly relatedto therotationalspeed.
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Figure2.9: Sugefrequeny for differentrotationalspeed$x10* rpm].

Figure2.10shaows for two rotationalspeedshe pressuresignalsbelongingto two throttle valve
positions. The time is nondimensionalisedith the suige frequeny. As canbe seen,no dis-
tinct differencebetweenthe signalsis found. This meansthat for this compressiorsystema
smallerthrottle openingresultsin a proportionalreductionof the pressurizatiorand pressure
dropperiod.

In Figure 2.11 the meanmaximumand meanminimum nondimensionapressureise versus
therotationalspeedandthrottle valve positionareshovn ([51]). As canbeseenthemaximum
pressureaise coeficient seemdo be virtually constant.A detailedstudy shaved thatthereis
a smallincreaseof the maximum pressureise for a decreasinghrottle valve position. The
scatterin the minimum pressureise coeficient is larger thanfor the maximumpressureise
coeficient. Thisis mainly dueto the sharppressuresignalat the minimum pressurewhich is
notalwayssampledatits minimumvalue. Thepressureise coeficientsatinitiation of suigeare
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Figure2.10: Pressureatio versushe nondimensionalime for differentthrottle valve settings.

alsoshown in Figure2.11. As canbe seenthe maximumpressureise during fully-developed
sumgeis largerthanthe pressureise atinitiation of suige.
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Figure 2.11: Maximum and minimum compressopressureduring fully-developedsuige for
differentrotationalspeed$ x 10* rpm].

Both the pressure-risgperiod and pressure-dropperiod are shortenedas the throttle valve is
closed.Thisresultsin anincreasef thesuigefrequeng. A decreasef thepressureise period
is expected sincedueto a smallerthroughflav areathe pressureouild-up occursfaster Onthe
otherhand,the pressuredrop periodis expectedto increase sincedueto the increasediow
resistanceof a smallerthrottle valve settingthe pressuredrop occursslower. Apparently in
this system the pressuradrop periodis lessdeterminedy the resistancef the throttle valve.
Ratherby theresistancef theimpeller, which is independenof thethrottle valve setting.This
couldalsoexplainthe nearlyconstanpressureise of the suigecycle for differentthrottlevalve
settings If thethrottlevalve determinesheflow resistancethe pressurgisebecomesigheras
thethrottle valve is closed.In this systemthe pressuradrop periodseemdo be broughtabout
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by massflow throughthe throttle valve aswell asthroughthe compressorTherefore a period
of reversedlow throughthe compressois expectedto occut

2.6 Pressue-flow relation at fully-developedsurge

To obtainsomeinformation aboutthe flow during suige, velocity measurementat different
positionsfrom the casingat the inlet of the impeller are performedat N ~ 21100 [rpm] and
Yr ~ 0.30. In this section,the presentediatais filtered with a low-passfilter with a cut-off
frequeng of 400 [Hz] to obtaina clearerview onthe pressureandvelocity traceduringsuige.
In Figure2.12a detail of the pressureatio andvelocity for £ = 0.73 areshown in onefigure.
The position, ¢, is theratio betweerthe distancefrom the casingwall andthe locationof the
innerwall. Startingfrom time ¢ = 1 [s] a decreas®f the velocity is seenwhile the pressure
ratio increasesAs the maximumpressureatio is obtainedthe velocity shavs a suddendrop.
Thereafter the velocity signal fluctuatesto at leastthe time at which the minimum pressure
ratiois obtained At ¢ ~ 1.05 [s] thecycleis repeated.

£=0.73

40 14

pressure

30f -

v, [m/s]

20f U o W R 7 [ R

velocity;
0 . 1

1 1.05 11 1.15
time [s]

Figure2.12: Detailedpressureatio andvelocity. £ = 0.73, N = 21100 [rpm], Y = 0.30, x:
uncertairmeasurement

The periodswith the large fluctuationsof the velocity are marked (x). In theseregionsthe
velocitymeasuremenereuncertain.Thedistortedmeasuremerdanbecausedy theexistence
of three-dimensiondlow attheinlet of theimpellerwhich causegoolingof thewire otherthan
perpendiculato it andmechanicalibrationsof the probeandwire duringthesuigecycle. The
suddenvelocity drop at the beginning of the fluctuationsmight indicatethe turning of the flow
from forward to reversedflow. In the caseof flow reversal,the flow comesfrom theimpeller
andhasa swirl that coolsthe wire. Furthermorethe wire would be confrontedwith a wake-
jet flow which couldinitiate vibration of the wire andprobe. Both resultin a larger measured
velocity. Ontheotherhandtheflow comingfrom the outletof thecompressois muchwarmer
T =~ 350 [K], which would cool thewire lessthanforward flow at ambienttemperatureThis
would resultin a smallermeasuredielocity. A secondsuddenvelocity drop at the endof the
fluctuations,which indicatesthat the flow hasturnedto forward flow again,is lessvisible.
Therefore,it is not clearwhetherflow reversaltakes placeduring suge in this compression
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system.Neverthelessthe large fluctuationperiodare causediy a changen theflow field that
seemdo be highly distortedduringthis periodandis notyet understood.

In Figure 2.13 signalsof the pressureratio and velocity are shovn for four hot-wire probe
positions.Theproceduref operationwasthatthecompressowasoperatectastableoperation

£=0.23 £=0.53 £=0.73 £=0.97

(=]
o

N
o
Q)
£,

—
>

0 . 0 . 0 . .
1 11 1.2 1 1.1 1.2 1 11 1.2 1 1.1 1.2
time [s] time [s] time [s] time [s]

Figure2.13: Pressureatio andvelocity for differentradial positions.§ = 0 casingwall, £ = 1
innerwall, N ~ 21100 [rpm], Y7 = 0.30

point. The hot-wire probewas positioned,the compressowas put into suige and datawas
acquired Hereafterthe compressowasagainoperatedn a stableoperationpoint andthe hot-
wire probewasrepositioned.In this way the reproducibilityof suigeis shovn in the pressure
ratio data.As canbeseenthepressureignalsarequitesimilar. The pressuresignalis periodic
with asugefrequeng of 20.5 [Hz].

Lookingatthevelocitytracein detailit is seerthatatleastfor ¢ > 0.53 thereexistsafastfluctu-
atingpart,whichis mainly recognizedy large velocity peaksbeyond 30 [m/s], andasmoother
part,whichis mainly characterizetdy aslow dropin velocity. For ¢ = 0.23 thesepeaksareless
pronounced.Here,the velocity decreaseslowly, while the pressureatio increases.The two
suddendropsof the velocity (only onedropis seenfor ¢ > 0.53) asthe maximumandmini-
mum pressureatiosareobtained mightindicatethereversalof theflow. First, from forwardto
backwardflow, andsecondtherecovery of the massflow, from backwardto forwardflow.
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In Figure2.14avelocity profile of phaseensembleveragedsuige datais shovn for the period
in whichadecreasingelocity takesplace.Thelinesareseparatethy At = 0.003 [s]. It is seen
thatthevelocity is largeras¢ is larger, whichis an effect of the curvedinlet ductandthe way
thehot-wire probeis traversed.

0.2}

0.4t

0.6

0.8f

0 5 10 ll5 2I0 2I5 30

v, [m/s]
Figure 2.14: Velocity profile determinedfrom suige measurementst different positions.
N =~ 21100 [rpm], Y7 = 0.30, At = 0.003 [S]

To be ableto comparethe velocity datawith the measuredsteadycompressomassflow, the
velocity measuredat one positioné hasto be multiplied by a factor.A, which in the casethe
velocity is uniform over the heightof theinlet, would representhe productof the densityand
thethroughflav areaof the compressqrAniform = prA. = 0.008 [kg/m]. Sincethevelocity is
notuniformthefactoris determinedisingsteady-stateneasurementg hemasslow measured
with the orifice is correlatedo the measuredelocity at position¢ = 0.66. In Figure2.15it is
seenthattheresultingfactor.4 depend®n massflow androtationalspeed Generally factor.4
is largerthan Ay niform: Which suggestshatthe measuredelocity is smallerthanit would be
in auniformvelocity case.Furthermorethis differencebecomedargerfor smallermassflows.
In the next discussionthe factoris determinedor eachrotationalspeedat the loweststeady
measureanasdlow. Thereforethemasslow of thesuigecycle only givesanimpressiorof the
unsteadymassflow ratherthantherealone. This shouldbe keptin mind duringthe discussion
onthesumgecycle.

To getanimpressiorof themeasuredumgecyclein acompressocharacteristiovay, thesignals
at{ = 0.66 areseparatedn avalid part, basicallyfor which the pressuregatio increasegrom
low to high, and an invalid part, for which the large hot-wire fluctuationsare found andthe
pressureatio is dropping.An exampleof separatiorof the signalsis shavn in Figure2.16(a).
In Figure 2.16(b)fifty valid partsof the sulge cycle are plottedfor N = 20100 [rpm] and
Yr = 0.28. Furthermorea phaseaverages determinedandplottedwith squaresFigure2.17,
for N = 20100 [rpm] andY7, = 0.26, andFigure2.18,for N = 23200 [rpm] andYy = 0.29,
arecomparedvith Figure2.16.

Thevalid partof thesurigecycle canbedividedin threeareasi.e.:

1. massflow recovery, atlow pressureatio
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Figure2.15: Factor. 4 versusghemassflow. £ = 0.66

2. pressurduild-up, while the massflow decreases

3. pressureandmassflow beyondthe sugeline

In the first area,the massflow recovers while the pressureincreases. Especially in Fig-

ure2.17(b)for asmallerthrottlevalve settingandin Figure2.18(b)for alargerrotationalspeed
a local maximumpressuras obtained. After this maximumthe pressureatio shavs a small

drop beforeit entersthe secondarea.To understandhis partof the suge cycle, detailedmea-
surementsn the compressoare necessary For example,it could be causedoy a temporary
appearancef rotatingstallasin [1] and[3] in which arotatingstall onthelow pressurgortion

of the suge cycle wasobsened.

In the secondarea,a gradualrise of pressureand decreasef massflow is seen. Due to the
uncertaintyin themassflow traceit is not obviouswhetherthe steady-stateharacteristigs fol-
lowed. For N = 23200 [rpm] the 4 seemdo be chosenwell sincethe loweststeadymeasured
massflow coincideswith partof the suigecycle.

In thethird areathe massflow decreasepastthe suigeline to very smallvalues.The pressure
ratio is ratherconstanin this areaandlargerthanthe maximumsteadymeasuregressurgSee
alsoFigure2.11). This agreeswith whatwasmeasuredy Arnulfi etal. [1], Fink et al. [23],
and Hansenet al. [34]. The transitionfrom the secondto the third areais quite smoothfor
N = 20100 [rpm], but a small pressuradrop andthereaftera suddernpressurencreasds seen
for N = 23200 [rpm].
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Figure2.16: Impressiorof the measuresgumgecycle. £ = 0.66, N = 20100 [rpm], Y = 0.28,
A = 0.024 [kg/m]
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Figure2.17: Impressiorof the measuresgumgecycle. £ = 0.66, N = 20100 [rpm], Y = 0.26,
A = 0.024 [kg/m]
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Figure2.18: Impressiorof the measuredugecycle. ¢ = 0.66, N = 23200 [rpm], Y = 0.29,
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2.7 Discussion

In this chaptersulgeis studiedin a laboratorygasturbineinstallation. With pressureneasure-
mentsat the outlet of the compressosuige was measuredt differentrotational speedsand

throttlevalve settings.Theinfluenceof theseparametersnthe suige characteristicss studied.

Furthermorehot-wire probemeasurementre performedo find out the natureof surge.

The sugefrequeny depend®nthe operationakonditionof the system.Sincefor mild suge,
the frequeny of the suige would correspondo the Helmholtzfrequenyg of the compression
systemandremainthe sameat otherrotationalspeedsndthrottle valve positions,this system
experiencelassicor deepsumge.

At theinlet of the compressohot-wire measurementare performed. Unfortunately no defi-
nite informationon the occurrenceof a changen flow directionis obtained.Neverthelessby
correlatingthe velocity to the massflow animpressiorof the positive flow periodof the suige
cycleis obtained.

With the pressureneasurementt the outletof the compressothe characteristiparametersf
the suige cycle in the compressiorsystemareobtained.Thesearethe suige frequeng andthe
pressureiseamplitudeghatareusedo evaluatethesimulatedsuigecyclesthatarediscussedh
thenext chapterandin Chapter6. Furthermoretheimpressiorof the periodwith positive flow
in the sulge cycle thatis determinedrom the measuremerns usedto seewhetherthe shapeof
thesimulatedsulge cycle approachethe measureghape.
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Chapter 3

Compressionsystemmodelling

In this chaptethelumpedparametemodelasdiscussedh Chapterl.4andAppendixCis used
to simulatesulge in the experimentalsystem. It is found thatthereare mary uncertaintiesn
the model. First, the steady-stat@erformanceof the compressohasto be known in a region
of negative andpositive massflows. Only partof this region, for which the systemis stable,is
measuredSecondthe geometrydatais difficult to determinestraightforwardfrom the system
dueto alumpedparameteconcept.Third, thequestionariseswvhethera quasi-steadgompres-
sor characteristicanbe appliedin the frequeny region the sugeis in. Thisis discussedy
meansof determiningthe compressocharacteristiérom the measuregressureandmassflow
data.

3.1 Governing equationsand parameters

The compressiorsystemis modelledby a non-linearlumpedparametemodel, for which the
differentcomponent@reshavn in Figure3.1. Detailsof the equationsof motionaregivenin
AppendixC. Threecomponentganbe distinguishedthe compressoduct, the plenum,and

Compressor

Plenum Throttle
P, p; Po
m, m;
A,
A
| P I

! g !
Figure3.1: Compressiorsystemcomponents.
thethrottle valve duct. The pressureisethatis establishedn the compressoandthe pressure

dropin thethrottle valve arerepresentethy conseration of momentunfor anincompressible
flow in aduct. Dueto the presencef the plenum,in whichisentropiccompressiolis assumed,
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Table3.1: Parameterandvariablesusedin the model.

Symbol Definition Dimension
A, Compressoductarea [m?]
Ar Throttlevalve ductarea [m?]
a Speedf sound [m/s]
L, Equivalentcompressoductlength [m]
Ly Equiwalentthrottle valve ductlength [m]
Me Compressomassflow [kg/s]
mrp Throttle valve massflow [kg/s]
N Rotationalspeed [rpm]
Do Ambientpressure [Pa]
Dp Plenumpressure [Pa]
Ap, Steady-stateompressopressurdaifference [Pa]
Apr Steady-statéhrottle valve pressuralifference [Pa]

t Time [S]

U, Bladetip speed [m/s]
v, PlenumVolume [m3]
) Helmholtzfrequeng [rad/s]
cr Dimensionlesshrottle valve parameter [-]

t Dimensionless$ime [-]
Yr Dimensionlesshrottle valve position [-]

O Dimensionlesg€ompressomassflow [-]

o7 Dimensionlesshrottle valve massflow [-]

P Dimensionlesplenumpressureise [-]

P Dimensionlessteady-stateompressopressurgise  [-]

r Dimensionlessteady-statéhrottle valve pressureise  [-]

themassflow throughthe compressocanbe differentfrom the massflow throughthethrottle.
Thereforea massbalancean the plenumis applied. The governingequationghatdescribethe
dynamicsof the compressiosystemare(Equation(C.3),(C.4), and(C.6)):

drn, A,
e S U RS (3.1)
drr B Arp
7R Ly {po—pp + Apr} , (3.2)
dp, _ G

= 7 {rhe — g} . (3.3)
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The meaningof the parameterandvariablesusedin the modelarelistedin Table3.1. Intro-
ducingthedimensionlessnasslow ¢ andthe dimensionlesgressuralifferencey:

m

QS 7 pACUt bl
Ap

Y = .
ToU?

The nondimensionatepresentatiorof the dynamicsof the compressiorsystemare (Equa-
tion (C.7),(C.8),and(C.9)):

do.
L= B}, 3.4
dey B
dor _ Dy 3.5
dep 1
WL s 3.6
L g dn) 36)
with
Ut LTAC > AC

B:; o j— — .

sonl.’ O LAy Ttww, wn—a VL.

To be ableto solve the setof equationsa relationfor the steady-stateompressoandthrottle
valve pressureise, i), andr, respectrely, andthe geometricaparameterfiave to be deter
mined.In Section2.3the pressureise overthethrottle valve ductis determinedasfunction of
thethrottle valve position, Y7, andthethrottle valve flow, ¢r:

N RY - _
Yr — , with cr = 0.406 .

crYr

The steady-stateompressopressureise, ¢, is a function of the compressoflow, ¢., and
the rotationalspeed,N. A discussionon the determinationof the steady-stateharacteristic
is givenin SectionC.2. Fromthe measurementsnly part of the massflow rangeneededor
the calculationis known. Startingat a high massflow, at a certainpoint suge startsandno
steady-statelatais obtained.Therefore thesepartsof the compressocharacteristihave to be
guessed.The compressocharacteristias approximatedyy a cubic polynomialin ¢. (seefor
referenceMooreandGreitzer[53]):

m(qsc)wc(owﬂ{ug(%—l) —%(%—1)} @7)

in which ¢.(0) is the valley point of the characteristidocatedat the compressopressuregise
axis. ParameterH andW arefit parametersAn illustration of the approximateccompressor
characteristigs givenin Figure3.2. The differencebetweerthe maximumpressureise,

Cing?
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Figure 3.2: lllustration of the approximatecdcompressocharacteristic.—: cubic polynomial
fitted to measurement,-: with adjustedvalley point

andthe minimum pressureise at zeromassflow, 1.(0), is definedas2/{. The dimensionless
compressomassflow atthetop of the characteristicg,, ., is definedas2W. To obtaina best
fit of all steady-stateneasurementsquation(3.7)is rewrittento ([70]):

Ye(@e) = co(N) + c1(N)@2 + ca(N)g2
with

WN) = 4el0), (V) = 5 and () = i

For eachrotationalspeedine in the compressorcharacteristidhe parameters,(N), ¢1(NV),
andcg (V) aredetermined.The dependencef theseparametersn rotationalspeedN is ap-
proximatedoy a quadratigoolynomialin NV:

co(N) = —8.0952-1071°N? +2.6068-10"°N + 1.1289,
ci(N) = —6.4091-10"8N? +3.8522-107°N — 2.5466- 10",
co(N)= 3.1337-107"N? —1.6641-107°N + 9.5245-10".

The stagnationpressureratio at zero massflow can be determinedfrom (Cohenet al. [11],
Gravdahletal. [30]):

/7
2 2( 42 2

P2 7 (N/60) (dz_d1)>7—1

P2o,ny = 1+ .

pl( ) ( 2Cpirl

(3.8)

Inwhichd? = 1/2 (d, + d3 ) isthecompressoaverageinlet diameteyd; is theimpellerexit
diameterc, isthespecificheatof air atconstanpressurendy is theratio of specificheats.The
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geometricparameter®f the compressocanbe foundin Table2.1. The compressopressure
riseatzeromassflow thenis:

(2.3 -1)n

P1
3pU?

Yea(0, N) = (3.9)
Thecalculated/.a (0, V) doesnot agreewith theapproximatedsalley point.(0), thatis cho-
sensuchthat the measuredteady-stateharacteristids approximatedvell. Therefore,asin
Willems [70], the valley point of #.(0) is moved without changingthe approximationat the
measuregbartof thecompressocharacteristicTheamountof movement, A, depend®nthe
rotationalspeedandis determinedaccordingto:

AcO(-]\]) - ¢c(07 N) - ¢CA(07 N) :

The dependencef this parameteon rotationalspeedV is approximatedy a quadraticpoly-
nomialin V:

Aw(N) = —9.4433 - 1071°N?  2.6631-107°N + 3.2717-107".

Theresultingapproximatedompressocharacteristics determineavith theparameter$l” and
H, and.(0) which dependn ¢.:

¢ =2W, H'=H and (0)=¢.(0),

1
¢ <2W, H' = H + §Aco and ¢.(0) = .(0) — Ay .

In Figure3.3(a)the approximatedhondimensionatompressomapis shovn. As canbe seen,
in theregion for which measuredompressodatais available,the compressocharacteristiés

approximatedvell. Also, whenthe datais transferredo full dimensionsijn Figure3.3(b),the
measuredompressodatais approximatedvell.

Thegeometrigpparametersf thecompressiosystemareindicatedn Figure3.1. All parameters
arebasedon physicallengthsof the systemandareshowvn in Table3.2. For the compressoa
momentunrelationfor anincompressibldlow in a ductis solved. This requiresalengthover
whichthepressureisetakesplaceandanareaonwhichthepressuracts.Thereforethelength,
L., is choserto bethelengththeflow travelsfrom theinlet of thecompressoto theinlet of the
volute. Theassumptioris thatthisis thelengthin whichthelargestpartof the pressurduild-up
takesplace.(Thecontritution to the pressureise from theinlet to the outlet of the volute only
measure$.5 % of thetotal pressureise.) Thearea, A, is basedntheinlet throughflav area,
accordingto Equation(2.2).

For the throttle valve alsoa momentunrelationfor anincompressibldélow in aductis solved.
The pressuradropis assumedo take placeover the lengthof the throttle valve flow channel.
Furthermorethe areaof thethrottleis takento be a function of the throttle valve position. The
maximumareais assumedo betheareaof thepipethethrottleis connectedo. For theplenum
anisentropiccompressionms assumedThis requiresthe speeddf sounda,, in the plenumand
thevolumein which compressionakesplace. The plenumconsistsof the volume of the pipe
betweerthe compressoandthethrottleandthe volumeof thevolute.
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Figure3.3: Approximatedcompressomap.

Table3.2: Compressiomsystemparameters.

Parameter| Value Parameterl Value
Compressor Throttle

A, 6.53-10=° [m?] || Ap 9.56- 102 Yy [m?]
Le 0.16 [m] | Lr 0.10 [m]
Plenum

Vv, 12.39-107%  [m7]

3.2 Variation of compressorduct length and plenum volume

Thelumpedparametemethodrequiresequialentductlengths areasandvolumesthatcannot
alwaysbe determinedstraightforvardly from the compressiorsystem.Therefore,n literature
(e.0.,[70], [30], [2]) especiallythe lengthof the compressoductis usedto matchsimulations
with measurements he parametersf the compressiorsystem pbasedon physicallengthscan
be foundin Table3.2. In Figure 3.4 the simulatedsuige cycle andits power spectraldensity
obtainedwith theseparametergareshavn. In this chapterthe simulationsare comparedvith
measurementsxplainedin Section2.6, Figure2.16(b). Note, thatthe measuredlow is deter
minedfrom a measuredelocity traceandthereforenot accuratelydetermined.The pressure
traceis measuredaccurately Therefore,the comparisoncan be madebestwith the pressure
trace. Comparedo measurementhe simulatedsumge revealsa highersuige frequeny anda
lowermaximumpressureise. Furthermorethepressurisatioandpressuraropperiodfollows
the steady-stateharacteristicywhichis typical for adeepsumgecycle.

A bettermatchwith someof the measureduige characteristiceanbe madewhenthe length
of inertia, L., andthe size of the compressiorvolume, V,,, are variedandtheir influenceon
the suige frequeny andsuige amplitudeis evaluated.In Figure 3.5 the sulge frequeng, and

maximumand minimum pressuraisesare shovn versusthe compressoduct length, L., for



3.2 Variation of compressorduct length and plenum volume 35

1.8f E 10

1.6f

1.4}

=>1.2f

l.

0.8}
0.6f
0.4 - : : :
-0.1 0 0.1 0.2 0.3 0 10 20 30 40 50 60 70 80 90 100
® Frequency [Hz]
(a) sumecycle. o: valid partsof 50 measuredgumge (b) power spectraldensityof the pressureise

cycles,00: meanmeasured/alues,- -: steady-state
characteristic: simulation

Figure3.4: Simulationresult. L, = 0.16 [m], V, = 2.39- 1072 [m?], N = 20100 [rpm],
Yr=0.28

differentplenumsizes,V,, for N = 20100 [rpm] andYy = 0.28. Furthermorethe expected
(measuredyalueis indicatedby astraightline. In Figure3.5(a)is seernthatthereis notaunique
combinatiorof (L., V,) whichfits theindicatedsuigefrequeng. Thetrendis thatwhenalarger
L. is choserthevolumeV,, shouldbecomesmaller

To find outwhich (L., V,)-combinationapproximateshe measurementsestanextracriterion,
besideghesulgefrequeng, is neededIn Figure3.5(b)and3.5(c)the maximumandminimum
pressuraisesareshavn. As canbe seenthe pressureisesare,for small L., hardly affected
by achangen plenumvolume. Furthermoreit is seenthatthe measuresmaximumandmini-
mum pressuregisesarenot coincidingfor the samecombinationof (L., V,). Thereforeonly
the maximumor minimum pressureise canbe usedasextra criterion. The correctnessf the
minimum pressureise is not giventoo muchweight. On onehand.,it is shavn in Section2.5,
Figure2.11thatthe meanmeasuredninimum pressureseveal a scatteredesult. On the other
hand,in the simulationgthe steady-stateompressocharacteristies usedfor which the lowest
pressureise at zeromassflow is determinedy calculationinsteadof by measurementBoth
argumentsntroducea large uncertaintyaboutthe minimum pressureduring suige. The maxi-
mumpressureés measureavith lessscatterandin thesimulationameasuregnaximumpressure
riseis usedn thederivationof thesteady-stateharacteristicThereforethemaximumpressure
riseis usedto determinehe (L., V,)-combinationthatapproximateshe measurementsest.

Theresultinglengthandplenumvolumeare L. = 1.4 [m] andV, = 2.01- 1072 [m?]. These
dimensiongdo not agreewith the compressiorsystemdatasuggestedn Table3.2,i.e., espe-
cially the compressotengthis overestimatedy a factor~ 9. In Figures3.6 the simulation
resultis shovn. Themeasuresgurgefrequeny andhigherharmonicsaresimulatedwell. Also,

the maximumpressureise is achiezed. Dueto thelarger ductlengththe inertiaof the system
is increasedandlarger excursionsfrom the steady-stateharacteristi@aresimulated.So-called
classicsuge cyclesareobtained.Neverthelesslooking at thetop of the cycle the pressureise
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Figure3.5: Simulationparametersersushecompressoductlengthfor differentplenumsizes.
N = 20100 [rpm], Y = 0.28, — measuredaluewith uncertaintyindicatedby ---

decreasewo fastwith decreasingnassflow to fit the measurementd.heratherconstaninea-
suredpressureiseis bettercapturedf ashortductlength,whichresultis shavnin Figures3.4,
Is used.

Variationof thegeometricallatain the simulationsyieldssomecharacteristicef themeasured
sulge. However, asimulatedsuigecycle thatexactly matcheshemeasuremertannotefound.
In this study it is assumedhatthe geometricatlatausedin the modelat leastshouldbe of the
orderof magnitudeof the datadeterminedrom the compressiorsystemunderinvestigation.
Therefore the studyis continuedwith thesevaluesandanotheruncertaintyin the model,i.e.,
theassumptiorof a (quasi-)steadycompressoperformances lookedupon.
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Figure 3.6: Simulationresult. L, = 1.4 [m], V, = 2.01- 1072 [m*®], N = 20100 [rpm],
Yr=0.28

3.3 Quasi-steadycompressorcharacteristic

In the simulationsit is assumedhat the compressoperformanceduring suige follows the
steady-stateompressocharacteristicDueto theinstability of thecompressiomsystemit is dif-
ficult to determineghis characteristicThereforejt is interestingto derive the steady-stateom-
pressompressuregise from the suige measurementsA methodto determinethe (steady-state)
axisymmetriccompressocharacteristiaduring suige is known from Koff and Greitzer[44].
In this approachone ‘subtractsoff’ that partof the pressureise dueto flow accelerationgor
decelerationsjluringasuigecycle.

L. /d
Vs = (V18) gata + 27 (d_(f> o (3.10)

Herein,yrs is the inertially correctedpressureise, i.e., the quasi-steadgompressoperfor
mance,(¥rs) .., the nondimensionatransientpressureise acrossthe compressomeasured
in the suge cycle, and (d¢/dt),,,, the calculatedderiative to time of the measuredransient
meanmassflow. The assumptions that this equationcan be appliedwhenthe compressor
massflow transientime scale,7,u.s = 1/ fsurge, iS l1argerthanthe bladepassaggerformance
responséimescalesyq.. (Tuage = bladechord/throughflav velocity atinstability point, is as-
sumedto be of the orderof the time requiredto corvecta vortex throughthe bladepassage.)
In the caseof the centrifugalcompressor:f,,.,. ~ 20 [Hz], bladechord ~ 0.16 [m], and
the throughflav velocity at instability point ~ 10 [m/s]. SO, Tyrans =~ 5 - 1072 [s] is larger
thanm,.q. ~ 1.6-1072[s]. Furthermoreit is assumedhatthe massflow changehroughthe
compressors morerapidthanthetime for rotatingstall formation, 7., .

Thetransientompressopressurgisedependsntheterm2 L. /U (d¢/dt),,,,, whichdepends
onthe compressoductlength, .. Thelarger L. thelargerthe differencebetweerthe plenum
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pressure(t¢rs) ..., and¥rs. Furthermore the influenceof this termis mainly seenwhere
do/dt is large,i.e., in the region in which a maximumpressureise is obtainedandthe mass
flow changeguickly from a positive flow to a negative flow. In Equation(3.10)the measured
plenumpressureise andthe measuredompressomassflow is required.As explainedabove,
the massflow measuremeris determinedrom a one-pointvelocity measuremerdt theinlet.
Thereforeijt is difficult to determineareliabled¢/dt. In Figure3.7 simulationsappliedto the
valid suige pointswith thereversedlow modelfor L., = 0.16 [m] and L. = 1.4 [m] areshown.
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>
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(@) L. = 0.2 [m] (b) L, = 1.4 [m]

Figure3.7: Inertially correctedsuige datafor two ductlengths.N = 20100 [rpm], Y7 = 0.28

It is seenthatfor a shortcompressoductlengththe simulatedcompressopressureise hardly
differs from the measureglenumpressuraise. With respectto the steady-stateompressor
characteristicthatis fitted to steady-stateneasurementshe small ductsimulatedcompressor
pressureiseonly crosseshecharacteristionceinsteadof following it. Thetransientompres-
sor pressuraise is larger thanthe steady-stateompressopressureise, which is possibleif
duringthetransientghelossedn the compressoarelessthanthoseat steady-state.

For thelargerductlengththedifferencebetweerthesimulatedcompressopressuregise andthe
plenumpressureiseis largerdueto thecontribution of theincreasedengthin Equation(3.10).
As can be seen,the simulatedcompressopressureise follows the steady-stateompressor
characteristipartly in the pressurizatiomperiod. Neverthelessthe largestpartof the simulated
compressopressureise shovs a deviation from the steady-stateompressocharacteristic.

Anothermethodto obtainthecompressopressureiseduringsuigeis to useonly themeasured
plenum pressurerise. This methodis also describedn Meulemanet al. [51]. The rate of
changeof the compressoland throttle valve massflows, Equations(3.4) and (3.5), are still
applicable. The unsteadycompressopressureise is found by substitutionof Equation(3.4)
andEquation(3.5) in thederative of Equation(3.6):

- d*p 1 1
¢Cﬁ+{l+a} ¢_6¢T-
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However, note that the secondderivative of the measuredlenumcompressopressureise,
d*y) /dt?, is difficult to determineaccuratelyfrom the measurements.

In Figure3.4the higherorderharmonicsof the measureduige cycle aremorethanoneorder
of magnitudesmallerthan the first harmonic. Therefore,the measuredlenum pressures
approximatedoy a sinusoidalfunction basedon the first harmonicof the sulge cycle. This
resultsin a periodicsinusoidabehaiour of the simulatedcompressopressureise (.), which
only differsslightly from themeasureglenumpressuréy,), seeFigure3.8. Insteadof aquasi-
steadycompressoperformancehis methodalsoyields an unsteadycompressoperformance.
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steady-stateharacteristic riseandsimulatedmassflow

Figure3.8: Simulationof compressopressurgiseduringsuige. N = 20100 [rpm], Y, = 0.28,
L.=0.16 [m], V,, = 2.39 - 1072 [m?], ¢,: approximatedy., ¢: simulated

To extract the steady-stateompressorcharacteristidrom the transientsuige measurements
usingthe lumpedparametemodelappeargo be unsuccessfulTherefore the assumptiorthat
the compressoperformancecanbe modelledto reactquasi-steadyo flow changeseemaot
applicable. At least,the transientbehaiour of the compressoperformanceshouldbe taken
into account.

3.4 Departure fr om steady-statecompressorperformance

In literature,arelaxationequationis addedto the setof equationghatdescribethe compressor
responséo departurérom steady-statefFor detailsseeAppendixC.3. The approximatiorfor
thetransientcompressoresponses written as:

dAp.
dt

= Ape,, — Apc, (3.11)

Css
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with Ap,.. denotingthe steady-stateneasuredompressocurve. Thephysicalideabehindthis
is thatduringthe suge cycle the compressors not at all time working accordingto the quasi-
steadycompressocharacteristic.Originally, the equationis usedto describethe influenceof
thedevelopmenof astall cell onthecompressoperformancee.g.,[31] and[2]. Then,r isthe
time constant@ssociateavith the circumferentialdevelopmenif a stall cell. Hanseretal. [34]
usedtherelaxationequatiorto matchsimulationresultswith experimentablata.In thatcasethe
dynamiccompressoperformances lumpedon Equation(3.11)andit hasno physicalmeaning.
Furthermorethe equations appliedto describehe pressurduild-up delaysdeterminedy the
bladepassageesponséime (Strouhahumber)n acentrifugalcompressqr[23]. Thisresponse
time suggestghat a disturbancedevelopedduring a suige cycle is not necessarilycorvected
beforea new cycle starts.Sinceno formationof stall cellsduringthe suige cycle aremeasured
it is assumedhatthe bladepassageesponsdime, 7.0 ~ 1.6-1072[s], shouldbeappliedto
the experimentakystem.

TherelaxationEquation(3.11)mainly hasits influenceon themomentunequatiorfor theduct,
Equation(3.1),sinceonly in thisequatiorthesteady-stateompressoperformances used.The
respons¢imesof the Equationg3.1),(3.2),and(3.3) are,respectrely:

T. &~ 5-107* [g], (3.12)
o~ 7-107% [9], (3.13)
7, ~ 1-107% [g]. (3.14)

Herein,the differenttime scalesof the suige cycle areseen:At the beginning of a suige cycle
a fastdrop of massflow on the orderof the compressoandthrottle, responsdimes, =, and
T, respectrely, takesplace. This responsdime is alsofound whenthe flow recoversfrom a
negative to a positive flow. A slow drop of pressurean the plenumfor the negative flow period
anda slow repressurizatiof the plenumfor the positive flow period are representedby the
plenumresponseime, 7,,.

If, to acertainextent,theresponsdéime is expectedo have aninfluenceon thecompressoduct
equationit shouldbe on theorderof 7.. So,7 ~ 1-107% — 1 - 10~* [s], whichis an orderof
magnitudesmallerthanthe determinecbladepassageesponseime 7. =~ 1.6 - 1072 [s].
The simulationfor two differentresponsdimesareshawn in Figure3.9. For+ — 1 - 107 [s]
it is seenthatthe relaxationhasan influenceon the periodin which a fastmassflow change
takesplace. Here,the time-dependentompressopressurey/., differs from the steady-state
compressopressurey.;. If bothpressurearestudiedversugime . would alwaysbe behind
1ess. Thechosertime scaleis too smallto shav aninfluenceontheperiodin whichtheplenum
pressuralropsor repressurizeskor alargerrelaxationtime, 7 — 5 - 10~* [s], the difference
betweeny. andiy.,, becomedarger The large excursionsof the time-dependentompressor
pressurattheextrememasdlows aredueto atransitionalstagefrom afasttime scaleto aslow
time scale thatbecomesnoreandmoredominantasr is increased.

Althoughit hardlycanbe seenin Figure 3.9, the effect of the relaxationequationin the model
is thatin the simulationthe maximumpressureise is lower thanwithout this equation. This
meanghatit worksin the oppositedirectionof whatis necessaryo simulatethe sugecycle as
it is measuredThereforetherelaxationequationdoesnot suitthe presenproblem.
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Figure3.9: Simulationof compressopressurgiseduringsuige. N = 20100 [rpm], Y7 = 0.28,
L. = 0.16 [m], V,, = 2.39 - 1072 [m?]

3.5 Discussion

In this chapterit is shovn that the parametersn the lumpedparametemethodare difficult
to determinefrom the geometricaldataof the system.By varying the compressoductlength
andplenumvolumedifferentsuige cyclescanbe simulated. Neverthelessno combinationis
found that exactly seemsto describethe suge cycle asit is measured.Therefore,an other
componenbf themodelis focussedupon. The useof a steady-stateompressocharacteristic
for a simulationof transientflow is questioned.The two presenteanethodso reveal a quasi-
steadycharacteristidrom the measuremendataarenot successfulOn onehand,it is difficult
to usethe measuremerdatain the differentialequationsvhich aresolvedto obtainthe quasi-
steadycompressoperformance. On the other hand, it is crediblethat the compressoflow
during the suge cycle is relatedto a time-dependenperformance. Therefore,the useof a
steady-stateepresentationf thecompressoperformancas insufficientto simulatethe system
duringsume.

Application of a systemrelaxationequationto accountfor the transientperformanceof the
compressodoesnot provide the desiredeffect. Therefore,to be ableto modelthe unsteady
compressoflow basedon physicalgrounds,the unsteadymomentumequationof the ductis
studiedin detailin the next chapter A correctionon a quasi-steadyerformanceassumption
is derved by meansof ananalyticalconsideratiorof aninfinitely long straightchannelwith a
laminarflow. Hereafterin Chapter5, amodelexperimentis presentedn which the correction
is appliedto two differentwaterchannelsin Chaptel6 thecorrectionis putinto practiceonthe
experimentakcompressiorsystem.
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Chapter 4

Unsteadyfully-developedflow

In the corventionallumpedparametemodelthe compressoandits ducting are replacedby

an actuatordisk, to accountfor the pressureise dueto the compressorand a constantarea
pipewith a certainlengthto accountor the dynamicsof thefluid in the compressoduct. The

pressureise of the compressois takento occurquasi-steady

In this chapter a representationf the unsteadycompressoperformanceobtainedthrougha
physicalmodelis presentedThemodelis madeby consideringhedifferencebetweeranexact
solutionof the unsteadymomentumequationanda solutionobtainedwith a quasi-steadyap-
proachof theviscouscontribution. A view onhow this differencecanbeincludedin thelumped
parametemodelis obtainedby consideringananalyticalsolvableunsteadyfllow problem.

An exampleof anunsteadynternalflow is thatoccurringin achannelWwhenthefluid is driven
by periodicchangesn pressureseeSchlichting[65]. This flow is realisedby a periodically
moving piston. (In AppendixE theresultsarepresentedor a pipeflow.)

4.1 Exactsolution of an oscillating channelflow

Thechanneis assumedo beinfinitely long, with thexz—axislying in thecentre seeFigure4.1.
Sincethechannels assumedo belong, afully developedncompressibléow, whichmotionis
independentf z, is studied.Fromtheincompressibl&avier-Stokesequationslinearequation

y

Figure4.1: Infinitely long channel.

is obtained:

ou 1 dp 0%y
- _ - F it 4.1
ot p dx v oy?’ (4.1)
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with boundaryconditionsu = 0 aty = +h/2.
Thepressurgradientis assumedo be setby a harmonicallymoving piston:

—% ;l—i = K sin(nt) ,

in which K is aconstantandn = 2z f, with f the frequeng of the oscillation. To solve the
lineardifferentialequationa complex notationof the pressurgyradientis used:

1 .
Ldp _ — i Ke™, (4.2)
p dz

whereonly thereal parthasphysicalsignificance . Writing the velocity in theform u(y,t) =
U(y) e™, thefollowing ordinarydifferentialequationis foundfor the amplitudel (y):

U’ — @ U = ZE
v v

This leadsto the exactunsteadyelocity profile:

cos(ozl )
K .
u(y,t) = — — < 1— h/2 et (4.3)
n cos(a;)
in which
o; — avV—i,
andthedimensionless:
_ b n
@ 2 v

is a Stokesnumber thatcharacterizetherelative importanceof thetime-dependerihertiaterm
with respecto theviscousterm.

Theexacttime-dependennassflow is obtainedoy multiplying the velocity profile by theden-
sity p andintegratingit overthe heightandwidth of thechannel:

b/2  rh/2
m(t) = / / t) dy dz ,
b/2 h/2
2 A .
ipKh*A gint {1 _ tan(a) } ‘ (4.4)
dva? Q;

in which A = b h is theareaof thechannel.
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ThemomentunmEquation(4.1) canbeintegratedsuchthatit givesanequatiorfor thederiative
of themassflow accordingo:

b/2  ph/2 b/2 h/2
/ ,0 dy dz = / / dy dz +
b/2 J —h/2 ot b/2 h/2
b/2  ph/2 52u
pv — dydz,
/—b/2 —h/2 oy?
dm dp ou
— = —A— 2 — . .
i . bpv ayl. (4.5)

Herein,is p v 0u/0y|,, = 7., thewall shearstresswith du/dy|,, thederivative of thevelocity
atthewall (aty = h/2). Theexactwall shearstresscanbedeterminedvith Equation(4.3):
i p K htan(a;)

= int 4.6

Integrationof Equation(4.5) overalengthZ in x-directiongivesthe exactmomentumequation
expressedn termsof the massflow:

dm Ap

@ A2y 9, 4.7
i + 20T (4.7)

4.2 Quasi-steadyapproachof the viscouscontribution

For verysmallvaluesof n, i.e.,low frequeng motions,in Equation(4.3),cos(¢) = 1 —¢*/2! +
.. Isexpandedup to the quadratiderm. Thena quasi-steadyelocity profile is obtained:

uasl 1) — —i {% - y} ém (n—0). (4.8)

So, for slow oscillationsthe velocity distribution hasthe samephaseasthe pressureggradient
thatforcesit. Furthermorethevelocity distributionis parabolicasin the steadyflow case.

Thequasi-steadynassflow is obtainedoy determiningthe massflow with:

b2 rhj2
qu(t) = / / Y uqs y,t) dy dz ,

b/2 J—h/2
2

_ LR (4.9)
12 v

The quasi-steadyvall shearstressr,,,, = p v Ju,/0y|, canbe determinedrom the quasi-
steadyvelocity distribution Equation(4.8):

Wgs 2 9
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which canbe madea functionof the massflow with useof Equation(4.9):

6
qus - - h_zmqs . (410)

For this fully-developedlaminarflow casethe quasi-steadyvall shearstresss foundto depend
linearly onthe quasi-steadynassflow.

Following the corventionallumpedparametemethodwith a quasi-steadyiscouscontribution
the quasi-steadynomentumequationcanbe formulatedif the relationof thewall shearstress
andthe massflow, asobtainedn Equation(4.10),with anunsteadymassflow, is used:

dm Ap

— = —A—= 2

dt L + 20T,
Ap 12v |

In Figure4.2 the approximatednassflow determinedrom the quasi-steadynomentunmEqua-
tion (4.11)is comparedwith the exact massflow solution,Equation(4.4), for differentStokes
numbers. Herein,the amplitude,A,,, representshe ratio of the amplitudeof the approxi-
matedmassflow andthe exactmassflow oscillation,characterisetdy the ratio of the standard
deviations,accordingto:

~std(m)

o Std(mez) ‘ (412)

This ratio becomesgqualto unity at smallandlarge Stokesnumbers.

The phase Ad,,, is the differencebetweerthe approximatednassflow oscillationphasef,,,,
andtheexactmasdlow oscillationphaseg,, ... It indicateshe phasdeadof theapproximated
massflow relative to the exactmassflow:

A = Oy — Ormea - (4.13)

The geometricaland physicalvaluesusedare shovn in Table 4.1 and are basedon the ex-

perimentspresentedn Chapter5. As canbe seenin Figure 4.2, the quasi-steadyapproach
overestimateshe massflow amplitudefor 0.5 < o < 80. Furthermorecomparedo the exact
massflow the quasi-steadppproximatednassflow leadsfor 1 - 10~! < « < 3 in phasewhile

for 3 < a < 2-10?it is lagging.

4.3 Determination of the correctionterm

4.3.1 error madewith a quasi-steadyapproach

The error y madewith the assumptiorof a quasi-steadyiscousterm equalsthe difference
betweerEquation(4.7) andEquation(4.11). This erroris determinedelown. The quasi-steady
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A Bm [deg]

Figure4.2: Quasi-steadppproacttcomparedo the exactsolution.

Table4.1: Channelddimensionsaandphysicalvalues.

ho M| 0.02
b [m] 0.20

L [m] 0.50

K [m/sf] | 1.0

v [m¥s] |1.0-107°
p [kg/m3] | 1.0-10®

equationthenwill beimprovedby anapproximatiorof this xy accordingo:

i, Ap

g7 < T 26 {Tuw. + X} (4.14)

In which yx is theerrorbetweertheexactwall shearstressEquation(4.6),andthe quasi-steady
wall shearstressasmeantin Equation(4.11)with the exactmassflow, Equation(4.4):

X = Tw — qus )

_ ipKh {tan(ozi) ;3 (1_tan(ozi)>} o (4.15)

2 o Qa; le?%

(2

To geta simplerexpressiorof this errora seriesexpansionaroundq; = 0 is used:

X*iplCh{ 1, 1, 11

LI SV I S Y 7l 4.1
2 5% " 35% T gq5 % +O(O")} (4.16)

The momentumequation4.14 cannotbe solved corveniently by usingthis x. Therefore,an
otherexpressiorns suggested.
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4.3.2 approximation of the error

Theerror, x, representshe differencebetweenthe unsteadyandthe quasi-steadywall shear
stress.Therefore|t is suggestedo expressthis error by thetime derivative of the quasi-steady
wall shearstress.Sincethe quasi-steadyvall shearstresss a function of the time-dependent
massflow it canbewritten as:
dqu dqu dm
L = f—. 4.17

dt dm dt ( )
In this analyticalcasethe derivative of the quasi-steadyvall shearstressis constant. From
Equation(4.10)it is seenthat:

dTw,, 6V
din ~ hA’
Thederwative of theexactmassflow to time is determinedvith Equation(4.4):

d_m :—iA,olCemt {1 _ tan(ai)} ‘
dt Q

The seriesexpansionof the derivative of the exactmassflow is:

dm 2 17
@A Lot 2
o i plC{ a? + 5 % + 31504 + O« )}
So,
dry _16vpK 2 17
e YT PT i — 4.1
dl h {3 Tpel tgp el t Ol )} (4.18)

Thefirst (quadratictermin Equation(4.16)andEquation(4.18)aremadeequalby determining
aconstant(’;, accordingo:

ATy
£ C — st 9
dt 1st ! Xl
—Z6V'0]C104i26’1 B _ipKh 1 o2,
h 3 2 15
H
1 h?
c, = ——.
! 60 v

Theseconderm (with ) is with this C; unequato thetermneededor the correction:

Z,O’Chl o i6vpk 2 o B 1
2 ST Zp’Ch75o‘

This secondermcanbe correctedby the secondderivative of thewall shearstresgo time:

Ero,.  Pru, (dm>2 N AT, d*iy

a2 dm? \ dt dm  di?2
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Sincein this analyticalcase the wall shearstresss linearwith the massflow thefirst termon
the right handsideis zero. The seriesexpansionof the seconddervative of the massflow to
timeis:

d*m  iApvK ([ 4 , 8
— ——ar - —ab — 0.
dt2 h2 { 3 al 15 al (az)
So,
d*7 i6ipK (4 8 &
LA ——ar — —ab — 0N} .
di? E { 3% T 5% (O")}
A seconcconstant(’,, cannow bedetermined:
d*,, dry, tpKh 1
C & C £ = - — ot
> a2 | N A |, 2 3507
H
1 At
G2 = G0 2

This canbe continuedo fit thecompleteexpansionn Equation(4.16). Theerrory now canbe
written as:

1 h* dry, dm 1 At dry, d*m

60 v dim dt 8400 v? din  di?

In the remainderof this thesisthe error is approximateddy taking into accountonly the first
derivative of themasdlow andwill becalledthecorrectionterm. Thismeanghatthiscorrection
termis expectedto bevalid for o smallerthanfor which the higherorderterm

—h?/(8400 v) d*m/dt* < 1/60 din/dt .

Thisis thecasefor o < 6.

(4.19)

In Figure 4.3 the massflows determinedfrom the correctedEquation(4.14) (new) andthe
quasi-stead¥quation(4.11)(old) areshavn bothcomparedo the exactmassflow solutionof
Equation(4.3.2)for differentStokesnumbers.As canbe seen,the newv approximationgives
betterresultsthantheold approximatiorfor 0.5 < a < 2.

4.3.3 Stokesnumbersfor which the correctionis applicable

Theexacterror, Equation(4.15),andthe correctionterm:

2 d J
Xapp — C h— Tugs d—m (C = ! >, (4.20)

v dm dt 60
aredependentn the Stokesnumber In Figure 4.4(a)the responseon the imposedpressure
gradientof the exacterrorandthe correctiontermis shovn. Herein,theamplitude A, , repre-

sentgheratio of theamplitudeof theapproximatear exacterror, y, andthe pressureyradient,
dp/dz, accordingo:

X
A, = .
X dp/dx
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Figure4.3: Effect of thecorrection.C = 50

The phase Ad,, is the differencein phasebetweenthe approximatedr exact error andthe
pressurgradient:

Ay = 0y — Oapjaa -

It is seenin Figure4.4(a),thatthe presenteatorrectionappliesfor o < 2. In theremainderof
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Figure4.4: Error y andcorrectiony,,, asfunctionof «.

thisthesistherestrictedvalueof o = 2 will bedenotedoy «.,.

In Figure4.4(b) the differencebetweenthe two responsesireshovn. Herein,the amplitude,
11,,, representsheratio of the amplitudeof the correctionterm, x,,,, andthe exacterror, .,
accordingo:

Xa
I, = X e”zp .
Thephase Ad,, representthedifferencebetweemd, ,,,, andAd, ., thatis equalto:

AV = Ovamp — Oy -
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For a > 2 thecorrectionshouldbecomesmallerandeventuallyfor large« shouldbecomezero.

4.3.4 relaxation of the correctionterm for larger Stokesnumbers

To achieve thatthe correctionbecomesmallerandeventuallyfor large o becomeseroa re-
laxationequationof the correctiontermis suggeste@ccordingo:

dm A

ZT - D Ap 120 {1, :

7 7 Ap + b {Tw,. + X}

dx h% dry,, din

Ta ST am a X (#.21)

Thetime scaler is determinedrom «, Equation(4.1):

h2m

2va?’

In Figure4.5themassflow determinedrom the correctecandrelaxatedequation(4.21) (new)

andthe quasi-steadyquation(4.11) (old) is shavn versusthe exact massflow solution. (For

definition of A,, and Ad,, seeEquations(4.12and4.13).) Time scalesbelongingto two ex-

tremedn Figure4.4(b),a = 2 anda = 200, areappliedandshowvn in Figures4.5(a)and4.5(c).
For thelargetime scalethe old solutionwithout correctionis obtainedfor the smalltime scale
thecorrectionhasa positive influenceonthe solutioncomparedvith Figure4.3. Theamplitude
canbecomecloserto oneover thetotal a-rangeif thetime scaleis chosenn betweernthe two

extremes.Thisis shavnin Figure4.5(b).For a = 20 agoodresultis obtainedor theamplitude
andonly asmalldifferencefrom zero(maximumof 2 degree)in the phaseln theremaindeof

thisthesisthevaluea = 20, determiningtherelaxationtime, will bedenotedy «..

4.4 Discussion

In the precedingsectiona correctionon a quasi-steadyiscousapproachis proposedo in-
cludethe unsteadycharacterof the laminarflow in aninfinitely long rectangulaichannel.In
AppendixE thesametheoryis appliedto the laminarflow in aninfinitely long pipe. The char
acteristicdataobtainedrom theseanalyticalcasesaresummarizedn Table4.2. It is foundthat
the correctionconstantC dependson the geometryin which the flow is studiedandis larger
for the pipe flow. Furthermorethe amplitudeandphasedeviation betweenthe exact solution
and quasi-steadwypproximatedsolutionare larger for the pipe flow. An importantparameter
in this studyis found to be the Stokesnumber «. Therecanbe indicateda certaina-range,
0.5 < a < 80, in which a correctionon a quasi-steadypproachis desirable. In the case
a < a. thecorrectionwith C canbe appliedwithout usingthe relaxationequation.In the case
a > a., therelaxationequationshouldbe usedandtherelaxationtime is determinedrom «..

In the correctionterm the first derivative of the quasi-steadyvall shearstresswith respecto
timeis used which canbedeterminedeasilyfor this analyticalcasebut is difficult to determine



52 Unsteadyfully-developedflow

1.2r —©- new |
—— old

10 10° 10" 10° 10 10° 10" 10°

6 ‘ ‘ :
= = 3 i : j 1
Q Q
S S 9
CDE CDE
s s _3, FRE B B B 4

_6 L L L _6 L L L

10" 10° 10" 10° 10" 10° 10" 10°

a a
(a) T = 157 [s] correspondingo o = 2 (b) 7 = 1.6 [s] correspondingo oz = 20
1.2 o~ new |

—— old

10 10 10 10
6

= 3

S

S 9

CDE

< 3
_6 L L 1
10" 10° 10" 10°

a

() = = 157 - 10~* [s] correspondingto
Figure4.5: Effect of the correctionwith relaxation.

Table4.2: Summaryof analyticallyobtaineddata.

| | Channel| Pipe | Remarks |
C 1/60 1/24
a | 0.5—-8010.5—80 | correctionrange

Oleo | 2 2 maximume without relaxation
a, | 20 20 « relaxationdeterminingr

for any otherflow. Therefore,it is commonto usethe relationbetweenthe quasi-steadyvall
shearstressandthe quasi-steadpressureise,whichis:

Tuy = zbiLqus . (4.22)
Usingthisin Equation(4.7) themomentumequationusedfor thecompressoductin Chapter3
is found:

dm

A
P A e
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Thedynamicsof the systemunderinvestigatiorcanbedividedin four rangesof a.. Fora; < 0.5
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 y.

For o > 80 the oscillating boundary-layethicknessis thin, so that mostof the flow canbe
treatedasinviscid. For Equation(4.21)this meanghatit is dominatedoy:
dm

A
T A
i L{p}

andthe viscouscontribution by meansof the quasi-steadyepresentatioof the channelflow,
A/L Ap,s, andthecorrectionterm, y, areminor. Therelationbetweerthe pressurescillation
andthemassflow is mainly basedn theinertiaof theinviscid fluid.

For intermediate).5 < a < 80 the viscous,corvective, unsteadyand pressurdermsare of
the sameorderof magnitude.In this casethe correctionterm shouldbe usedin the model. For
0.5 < a < ag, themomentunmequationwith thecorrectiontermexpressedn termsof thewall
shearstresss found by combiningEquation(4.14)andEquation(4.20):

drm Ap h? dr,
— = —A— + 2 w — =5
dt L b{qu+Cl/ dt}
Next, thewall shearstresss translatedo a quasi-steadpressureisewith Equation(4.22):
dm A h? dAp,s

This equationshaws that the suggestedorrectionon a quasi-steadapproactof the pressure
risein anunsteadyflow is thefirst term of a seriesexpansionof this quasi-steadyressureise
with atime constanequalto:
2
¢
v
This constantlepend®n the geometryandtheviscosityof theflow thatcanbe determinedor

ary flow.

For a., < a < 80 the momentumequationwith correctionandrelaxation,Equation(4.21),
translatedo a quasi-steadyressureise shouldbeapplied:

din A

SR L dAp — A 2

7 L{ P pes) + 20,

dx h? A dAp, di

A el & T T 4.24

T v 2bL dm dt ¥ (4.24)
with

B hr

T721/oz,2"

Comparingherelaxationequatiorwith therelaxationequatiorassuggesteth Equation(3.11),
it is seenthatherethederivative of thequasi-steadpressureiseis used.In thenext chaptetthe
correctionwill betestedor aturbulentinlet flow with andwithoutanadwersepressurgradient.
The Stokesrangeis chosersuchthata,., anda,. canbe evaluated.
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Chapter 5

Measurementand simulation of flow in a
water channel

In the previous chaptera correctionon the corventionalductmodelis derived analyticallyfor

alaminarfully-developedchanneflow. The developedimprovedmodeltakesinto accountthe
unsteadyharacteof theboundary-layeflow, whichin theconventionalmodelis takento react
quasi-steadyo flow changes.

In this chaptertheimprovedmodelis appliedto amorecomple flow, i.e. aturbulentinlet flow
in two water channels.Measurementsf channelflow with andwithout an adwersepressure
gradientare discussed.A large advantageof the water channelis that it is easyaccessible
for measurementsf velocitiesandpressuresBoth channelsarescaledsuchthatthe Strouhal
numberis 3 - 1072 < § < 1 andthe Stokesnumberis 0.7 < a < 7.5. The Stokesnumberis
in theinterval in which the correctednodelshouldbe applied(0.5 < a < 80). Simulationsof
the channelfflows are performedwith boththe conventionalmodelfor a ductflow presentedn
Chapter3 andtheimprovedmodelderivedin Chapter.

5.1 Experimental water channelset-up

A discussioron thewaterchannelset-upandits measuremergystemis foundin AppendixF.
The experimentalset-upconsistof two reserwirs, seeFigure5.1. In betweerthesereserwoirs
the test-sectior(3), which is madeof 6 [mm] thick perspe, is mounted. A circulationpump
pumpsthe necessaryolumeflow from the outlet to the inlet reserwir. The oscillationsare
appliedat the outlet reserwir. With the useof a direct currentmotor and a variable power
supplyan oscillationfrequeny betweern) — 1 [Hz] is produced.The rotationof the motoris
corvertedinto a linear movementwith the useof an acentricpositionedrod, which drivesa
plate.
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Pump

Figure5.1: Experimentalvaterchanneket-up.
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Two differentchannelsaretested.A straightchannelanda channelwith a divergenceof 8 [°].
The dimensionsof the straightanddivergentchannelareshavn in Table5.1 andFigure5.2.
To obtaina 2-dimensionatflow, thewidth of the channelsds oneorderof magnituddargerthan
the height. The characteristidength of the channelss the distancebetweenthe two pressure
measuremergositions. Theinletandoutletof thechannelarepositionednsidethereserwirs.

P P, P P,
inlet test-section outlet inlet test-section outlet
= =
£ l 6’ E l l 6°
— e v
£0 T — =0 —
2 22 2 T19 8° -
< PIV image < PIV image 76I
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(a) straightchannel (b) divergentchannel

Figure5.2: Dimensionsof the diverging test-sections.

At theinlet of thechannelsastraightenerthatconsistof multiple smallsquarechannelsis used
to provide a smoothinlet flow. Furthermoretheinlet is conditionedby a contractionandthe
outletby a straightexpansionwith a divergenceangleof 6 [°]. Theoutletof the divergenttest-
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Table5.1: Test-sectiordimensionsandphysicalvalues.

| | straight | divergent |

d height(PIV-area) [m] 0.022 0.019

b width [m] 0.2 0.2

L length [m] 0.50 0.50

u meanvelocity [m/s] | 0.5 0.03—0.5
v kinematicviscosity [m?/s] 1.0-107°

p density [kg/s] 1.0-10°

sectionis atthetop equalto the straighttest-sectionat the bottoma straightoutletis applied.

5.1.2 measurmentsystem

An extensvediscussioronthemeasuremertystems foundin AppendixF. Thepositionof the
measuremergensorss indicatedin Figure5.1 andFigure5.2. The staticpressuralifference
betweerthe outlet(2) andtheinlet (1) of thechanneis measuredavith two pressuralifference
sensors. The steady-statesolume flow is measuredlownstreamof the outlet reserwir with
a volumeflow meter(VFM). The unsteadyvelocity profile over the heightof the channelis
determinedwith particleimagevelocimetry(PIV) measurementsin Figure 5.3(a)a typical
velocity profile oscillationis shavn. As canbe seenthe shapeof the velocity profile depends
on the phaseof the oscillation. At someinstanceghe flow nearthe walls becomesegatve
andbackflav occurs.Integrationof the profile over the heightandmultiplicationby thedensity
givesthe time-dependentnassflow, 1, in the channel. The resultingmassflow oscillationis
showvnin Figure5.3(b). Themeasuregressuralifferenceoscillationis shaovn aswell.
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(a) velocity profile (b) pressuraifferenceandmassflow

Figure5.3: Oscillatingdivergentchanneflow. f = 0.20 [Hz]
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Themeanvelocity atthe PIV-areais determinedrom the meanmassflow accordingto:

T
pA°

u =

In which A = b d is thethroughflav area.

5.1.3 uncertainty of the measurements

The uncertaintyof the measurednassflow and pressuredifferenceis determinedfrom the
steady-stateneasurementT he steady-stateneanpressuralifferenceis determinedrom 100
datapointsacquiredwith a20 [Hz] sampldrequeng. Thesteady-stateneanmasdlow is deter
minedfrom 10 PIV-determinedrelocity profilesacquiredwith a 13.75 [Hz] samplefrequeng.

Assumingthatthe measuremergamplesanbe consideredo consistof independenbbsena-
tionsobtainedatthesameconditionsof measurementheuncertaintyof the pressurealifference
measuremerdandmassflow measuremerns determinedy the normalizedstandardieviation
(std) of thesamplesin Figure5.4 theuncertainties

td(A

s, — S 0 and
Apay

5, — SO0
m

areshaowvn versusthe meanmassflow. As canbe seenthe uncertaintyof the massflow is for
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Figure5.4: Uncertaintyof the massflow andpressuralifferencemeasurement.

thewholemasdslow rangesmallerthan1 [%]. Thisis aratherlow value,which couldarisedue
to thelow numberof datapointsavailableto determinehe uncertainty

Theuncertaintyof thepressuraifferences largefor smallmeanmasdlows, i.e. 20 [%] for the
straightchanneland34 [%] for the divergentchanneffor 7 = 0.45 [kg/s]. For m > 1.5 [kg/s]
theuncertaintyof the pressuralifferences smallerthan2.5 [%].
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Theunsteadyneasurementsith anoscillatingplateareperformedmostlyata meanmassflow
m = 2.1 [kg/s]. Heretheuncertaintiesre: for thestraightchannels, = 2.2 [%], s,, = 0.5 [%)]
andfor thedivergentchannels, = 2.7 [%], s,, = 0.2 [%)].

5.2 Water channelmeasumrementsresults

The objectie of the measurements to determinethe relation betweenthe massflow and
pressuralifferencan aturbulentinlet flow for oscillationfrequencieshatcorrespondo Stokes
numbersn therangeof 0.5 < a < 80.

5.2.1 steady-statemeasurements

The steady-statgerformanceof the channelss requiredin the simulations. Therefore,the
steady-statperformanceof both channelss measuredseeFigure5.5. The massflow is mea-
suredwith the volume flow meterand determinedfrom the measuredselocity distributions
obtainedwith the PIV method. In the straightchannelthe VFM-massflow is consequently
smallerthanthe PIV-massflow, while in the divergentchannelthey agreemuchbetter The
systematidifferenceis likely to be causedy a smallerrorin the evaluationof the PIV images
of the straightchannel.

Thestaticpressuralifferencebetweerthe outlet(2) andtheinlet (1) of the channeis foundto
dependon themassflow accordingto:

Apss21 — Oss m2 .

Herein,is C,, a constantwhich for the straightchannelC,, — —18.3 [(kg m)~!] andfor the
divergentchannelC,, = 24.0 [(kg m)~!]. Thedifferencein signis explainedby thefactthata
staticpressurdifferenceis measurednsteadof atotal pressuraifferencewhichis the sumof
the staticanddynamicpressure:

Apoe = Bpn + 5o (o — o)

Sincein the straightchannelthe velocitiesat both positionsareapproximatelyequal,the mea-
suredstaticpressurdaifferencegivesanindicationof the total pressurdossof the channel.In
thedivergentchanneki; < uq, whichintroducesa staticpressureise atthe outletof the chan-
nel. Thereforethe measuredtaticpressuralifferencen thedivergentchannehot only shavs
thetotal pressurdossof the channebut alsothe staticpressureise dueto theadversepressure
gradientin thechannel.SinceC,, > 0 in the presentdivergentchannelthe staticpressureise
is largerthanthetotal pressurdoss.

5.2.2 unsteadymeasurements

Therelationbetweerthe pressur@ndmassflow is studiedfor oscillationfrequencie® < f, <
1 [Hz]. Mostexperimentsareperformedatameammasdlow of n = 2.1 [kg/s]. In thedivergent
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Figure5.5: Channekharacteristics.

channehfew measurementszreperformedatlower meanmasslows. To compardahedifferent
massflow oscillationexperimentghe Strouhalnumber

_ o
-2,

S

is used. The amplituderatios of the pressuredifferenceand massflow are definedas (the
standardieviationis denotedoy ‘std’):

Mo stdf(r‘n))
m

p Std(Apgl) ‘
Apay

In Figure5.6thesemeasure@mplituderatiosareshavn for differentStrouhalnumbers.Note,
thatthe numberof measuregeriodsof the massflow with the PIV methodis low. Dependent
ontheoscillationfrequeng the numberof periodsis betweer2 — 5. The numberof measured
pressurgeriodsdepend®n theoscillationfrequeny andis betweenl 5 — 206 periods.

The pressureatio is seento dependon the Strouhalnumber For low Strouhalnumbersthe
outletandinlet reseroirs are communicatinghroughthe channel. This introducesa smaller
pressureoscillation amplitudein the channel. For § > 0.1 the pressureamplituderatio is
nearly constant.The pressureamplituderatio shows a slight increaseat a meanmassflow of
2.1 [kg/s] anda Strouhalnumber> 1. On the basisof experimentswith varyinglengthof the
connectiortubesbetweerthe channelandthe pressuresensorit is concludedhata resonance
of the connectiortubesis measured.Therefore the smallestpossibletube lengthsare usedto
avoid resonancan the oscillationfrequeng rangeof interest.

The massflow ratio reactsfor low Strouhalnumbersasthe pressureatio in this Strouhaldo-
main.ForS > 0.1 themasdlow amplitudes seerto decreasavith increasingstrouhahumber
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Figureb5.6: Measureamplituderatiosof pressur@andmasdlow for differentStrouhahumbers.

To obtainanideaof the performancef thechannelthepressurdraceis shavn versughemass
flow tracefor differentStrouhalnumbersn Figure5.7 for thestraightchannelndin Figure5.8
for the divergentchannel. The amplitudeof the oscillating plate at the outlet reserwir is the
samefor both channels.In the divergentchannelthe absolutepressuraifferenceamplitude
is largerthanin the straightchannelwhich alsoresultsin a larger massflow oscillation. For
S < 0.04 both channelsshav a quasi-steadypehaiour alongthe steady-stateharacteristic.
For0.04 < § < 0.11 themasdlow andthe pressuralifferenceoscillationamplitudeincreases.
Furthermorea cycle aroundthe quasi-steadgharacteristics describedFor largerS, themass
flow oscillationamplitudedecreasesAlso, it is seerthatthe phaseof the massflow oscillation
with respecto the pressurdaifferencechanges.

The relationbetweenthe pressureandmassflow amplitudesandphasesanbe shavn bestin
a Bodeplot in which the systemresponses shown, seeFigure5.9. The amplituderepresents
the ratio of the amplitudeof the massflow andthe pressureoscillation, characterisedby the
ratio of the standarddeviations, andis nondimensionalisetly the derivative of the channel
characteristi@accordingto:

o Std (m) d Apss21
B std (Apa; ) dm |+

m

(5.1)

Thisratio becomesqualto unity atlow oscillationfrequenciesin otherwords,at low oscilla-
tion frequencieghe unsteadyperformanceas quasi-steadpndfollows the steady-stateharac-
teristic. The uncertaintyof the amplitudeis indicatedwith a solid line andis only larger than
thesymbolsizein thecaseof ameanmassflow < 0.5 [kg/s].

Thephase A9, is thedifferencebetweerthe massflow oscillationphasef,,,, andthe pressure
differenceoscillationphasef,. It indicatesthe phasdeadof the massflow with respecto the
pressurdifference:

A = 0, — 0,. (5.2)
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The accurag of the phase which is discussedn AppendixF, is indicatedwith a solid line.

Both channelsshow a first orderresponseavith cornerStrouhalnumbersthat are of the same
orderof magnitude.The measurementgerformedat differentmeanmassflows canbe scaled
with the Strouhalnumber The phaseof thetwo channelss for low Strouhalnumbersi 80 [deg]

apart. This is dueto the differencein the sign of the measuredtatic pressurggradientof the
two channels.
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Figure5.9: Measuredsystenresponsdaseddn Strouhalnumber

5.3 Water channelflow modelling

5.3.1 corventional model

The unsteadypressureadifferencein the channelis simulatedwith a model basedon a mo-
mentumbalanceof flow in the channel. As in the conventionalmodelusedin Chapter3 for
the compressoflow, the unsteadyviscousterm is replacedby the steady-stateharacteristic
accordingo:
DD A Apr(t) — Ao (1)} (5.3)
Themeasurednassflow 7 is sampledsuchthatit hasvaluesatthe sametime instancesasthe
pressuralifferencemeasurement\p,;. The steady-stateharacteristicAp,o:, is determined
in the precedingsection. Furthermorefwo geometricaparametersreused: A, which is the
throughflav areaof thechanneland L, whichis thelengthbetweerthetwo pressureneasure-
mentpositions. The throughflav areais chosento be the smallestareaof the channel. This
meanghatalsofor thedivergentchannekhe areaatthe PIV measuremeris used.For reasons
of corveniencehe simulationsareperformedwith the massflow asa known variablefrom the
measuremenilhis meanghatthetime-dependenpressuraifference Aps;, is calculated.
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5.3.2 improved model

The improved model, developedin Section4.3, is appliedto the waterchannel. For a fully-
developedflow, the Stokesnumbercanberelatedto half the heightof the channel. The water
channelflow is aninlet flow in which the boundary-layeis developingin flow directionand
only occupiegartof thechanneheight. Thereforethe Stokesnumberis relatedto the (steady)
boundary-layethicknessy,, accordingto:

04*65\/?.
v

Equation(4.21)thenis rewritten to:

din A
- 1 {Ap — Apss} + x,
dx o 07 A dApy, din
Ta Y UL dm a4t N
with
62
! S
¢ = Sl
2 2
ro= 20 (5.4)
s v

T

In Chapter4 and Appendix E the value for «,. and C are determinedfor a fully-developed
channelanda fully-developedpipe flow, seeTable4.2. The Stokesnumberbelongingto the
relaxationtime 7 is foundto be the samefor both flows, i.e., a,. = 20, andis expectedto be
applicableto the presentwater channelflow model. The constantC is of the sameorder of
magnitudefor bothflows, i.e., for the channeflow C = 1/60 andfor the pipeflow C = 1/24.
Sincethe testedwaterchannelgeometrybestsuitsthe channelflow, the constanC = 1/60 is
assumedo bevalid in thewaterchanneflow model.

5.4 Water channelsimulation results

In this sectionthesimulationandmeasuremenesultsareshown for differentStrouhanumbers
by meansof A, Equation(5.1),andAf, Equation(5.2). Thecomparisorbetweerthe measure-
mentsand simulationsis madeby meansof a relative pressureamplitudethat is determined
by:

i1 — Asimulation _ Std(Ap21)lmeasurement

Ameasurement  Std(Ap21)|simulation
Thephase A4, representthedifferencebetween\dgimulation@"dA0measurement

AV = Abgimylation — AYmeasurement
0 Ap,; measurement= 9a,,, simulation-

I
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5.4.1 straight channel
conventional model

Simulationsof the straightchannelwith the corventionalmodel(old) andthe improved model
(new) areshowvn in Figures5.10. With respecto thecorventionalmodel,hardlyary difference
with the measuregressuremplituderatio and Ameasuremenis found. Overall, the simu-
latedpressurdaifferenceamplitudeis a little bit smallerthanit is measureg&ndthe difference
in phasds equalto zerowithin theinterval it canbe determined.

impr oved versuscorventional model

Simulationswith the improved model require the characteristidboundary-layerof the flow,
whichis usedin Equation(5.4). The boundary-layethicknesdn the straightchannels deter
minedfrom thevelocity profile shovn in FigureF.4(a)andis aboutd, — 1.5- 10~ [m]. So,for
thestraightchannelwith o, = 20:

¢ = 31-107%,
T = 3.5-107%s].

The simulationresultswith the correction(new) for the straightchannelare shawvn in Fig-
ure5.10.In Figure5.10(b)it is seernthatcomparedo the conventionalsimulationresults(old),
aslightimprovementf the pressuralifferenceamplitudeis seerfor theimprovedmodel(new)
results(i.e., theamplitudeis nearl). The phasas notinfluencedby the new approach.

A3 [deg]

45— -20'=

10 10 10 10 10
Strouhal Strouhal

(a) result measurementcorventional simulation, (b) comparisormeasuremergndcornventionalsim-

andimprovedsimulation ulation,andmeasuremerdandimprovedsimulation

Figure5.10: Conventional(old) simulationandimproved(new) simulationof the straightchan-
nelflow. 7 = 2.1 [kg/s],C’ = 3.1- 1074, 7 = 3.5-1072[s]

In Figure5.11atime traceof the simulatedpressuralifferenceds showvn for 7 = 2.1 [kg/s]
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andS$ = 0.20. Hardly ary differenceis found betweenthe corventionalandimproved model
comparedo themeasuregbressurealifference.

8§ 9 10 11 1

@
2 2
1 H H H H H H H H
0O 1 2 3 4 5 6 7 8 9 10 11 12

time [s]

Figure5.11: Simulationof the straightchannelflow. 7 = 2.1 [kg/s], f, = 0.20 [Hz], and
§=0.20,C"=31-107%7 = 3.5-1072[s]

5.4.2 divergentchannelat i = 2.1 [kg/s]
corventional model

Simulationsof theflow in thedivergentchannelwith thecorventionalmodel(old) areshovnin
Figures5.12for rin — 2.1 [kg/s]. For 0.07 < S < 0.7, the simulatedamplitudeof the pressure
differenceis largerthanthe measuregressuraifferenceandthe phaseof the simulationlags
themeasurement.

improved model

Theboundary-layeof thedivergentchanneflow develops,dueto theadwersepressurgradient,
fromtheinletto theoutletmorerapidlythanthestraightchanneboundary-layerit, thereforejs
difficult to determingheboundary-layethicknesghatshouldbeusedin thedivergentchannel.
At oneoscillationfrequeng, for 7 = 2.1 [kg/s] andS = 0.27, theC’ andr arefitted suchthat
the simulationwith the improved modelagreeswith the experimentakesult. In Figure5.13(a)
it is seenthatfor

C'= 17-10% andr= 1.4-107"[s]

thenew simulationagreesconcerningheamplitudeandphaseof the pressurelifference petter
thanthe old simulationwith the measurementThefitted C’ andr, with «,. = 20, correspond
to anequivalentboundary-layethicknessof ¢, — 3.0 - 102 [m], whichis physicallyrealistic.

Next, thefitted ¢’ andr areappliedto the available dataat the otheroscillationfrequencies.
As anexample,in Figure5.13(b)thetime tracefor 7n = 2.1 [kg/s] andS = 0.14 is show. It
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Figure 5.12: Measurementand corventional model resultsof the divergent channelflows.
m = 2.1 [kg/s]
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(a)fitted simulation. f, = 0.30 [Hz], § = 0.27 (b) f, =0.15[Hz],S =0.14

Figure 5.13: Simulationsof the divergentchannelflow. 7 = 2.1 [kg/s], ¢! = 1.7 - 1073,
T=14-10""[g]

is seenthat the improved modelalsoworks at this frequeng. In Figure5.14 the simulation
resultsat all Strouhalnumbersareshovn. Comparedo the corventionalmodel,the pressure
differenceamplituderatio is muchcloserto oneandthe phases closerto the measureghhase
for 0.1 < & < 0.8. For § < 0.1, especiallythe phaseis adjustedwith the nev method,
while the pressurealifferenceamplituderatio is hardly influenced.For § > 0.9 the measured
pressuralifferenceis uncertaindueto aresonancén the connectiortube positionedoetween
the pressuresensorandthe channel.So, for this range,no conclusionon the simulationresult

canbedrawn.



5.4Water channelsimulation results 69

A $ [deg]
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Figure5.14: Comparisonmeasuremendnd simulationfor the divergentchannel. rin = 2.1
[kg/s],C" = 1.7-107%, 7 = 1.4 - 107} [g]

5.4.3 divergentchannelat i < 2.1 [kg/s]

cornventional model

In Figure 5.15the simulationresultswith the corventionalmodelfor variousmassflows are
showvn. An evaluationof thell-valuesatthedifferentmasslows shavsthatthey donotcorrelate

1.2 T — T
100 ga
ogh—" O
C o 2.1 [kg/s]
0.6f] + 0.9 [kg/s]
Vv 0.5 [kg/s]
0.44 _* 0.1 [kg/s]
10 10
135 20
'S 90f- S 10f-
k=3 kel
[en} - D -
g 4 5 0
o- -10—— -
10° 10 10"
Strouhal Strouhal
(a) result measuremenand corventional simula- (b) comparisormeasuremergndcornventionalsim-
tion. ulation
m [Kg/s] 21(109]05]01
measurement o v | o=
conventional simulation | e x | A *

Figure5.15: Measuremenand conventionalmodelresultsof the divergentchannelflows for
variousmassflows.
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with the Strouhalnumber On the other hand,the Ad-valuesdo correlatewith the Strouhal
number Threecause®f thedeviation of thell-valuescanbeindicated:

First, the Strouhalscalingmight not be the right parameteto comparethe simulatedpressure
differencewith the measuregbressuralifference.Thereforejn Figure5.16(a)the comparison
of the simulationwith the measuremens showvn versusthe frequeng. As canbe seensome
amplituderatios,for 7 = 0.9 [kg/s] and f, = 0.5 [Hz], andwn = 0.5 [kg/s] and f, = 1 [Hz],
coincidewith theamplituderatiosof 7in = 2.1 [kg/s]. Others turn outwith asmallerlI thanfor
m = 2.1 [kg/s]. So,notall datacorrelatesvith thefrequeng.

Secondfor measurementat aboutf, = 1 [Hz] the massflow fluctuationbecomes/ery small
and the numberof datapoints obtainedwith the PIV methodis small. This introducesan
uncertaintyin the measurednassflow at the largestfrequencies.Sincethe derivative of the
measurednassflow is usedasinputto the modelit is expectedto affect the simulationresults
significantly This might explain the deviation of the = 0.1 [kg/s] and f, = 1.0 [Hz] point.
Furthermorefor f, > 1.0 [Hz] aresonancé the pressuresensoductsexists,whichinfluences
the pressuralifferencemeasurement.

Third, aphysicalagumentcanbegivenfor datapointsfor which the masslow amplituderatio
M is nearly 1. Herethe oscillationamplitudeof the massflow is aslarge asthe meanmass
flow andflow patternsaslarge scaleseparationcanexist. Thesearenottakeninto accountn
themodel.In Figure5.16(b)II is shavn versusM. In Table5.2thedivision of the datapoints

Table5.2: Division of datapointsbasedn M andIl.

| | m [kg/s] | £, [HZ] |

M < 0.2 then 2.1 all
0.7<II<1.2 0.9 0.5
0.5 1.0

M > 0.2 then 0.9 0.2
II1<0.7 0.5 0.5

0.1 0.5
(exceptionalll > 0.7) 0.1) (1.0)

basedon M andIl is summarized.Overall, it is seenthatthe valueof 11 dependon M. For
small M-values,M < 0.2, the pressuraifferenceamplituderatio is 0.7 < II < 1.2, while
for the larger M-values,M > 0.2, the pressurdifferenceamplituderatiois Il < 0.7. (An
exceptionexistsfor 1n = 0.1 [kg/s]and f, = 1.0 [Hz].)

In Figure5.16(b)it is seenthat the phasedifference,A#¥, doesnot dependon M. In Fig-
ure 5.16(a)and Figure 5.15(b)it is seenthat the phasedifferencedependson eitherthe fre-
queny of the oscillation or the Strouhalnumber Due to the inaccurag in determiningthe
phasehis cannotbe madeup.

It is concludedhatthe differencebetweerthe conventionalsimulationphaseandthemeasured
phases determinedby the Strouhalnumber(or frequeng), while the differencein amplitude
of the pressuralifferences determinedy the frequeny aswell asby theflow in thechannel,
whichis expressedy the quantity M.
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Figure5.16: Comparisorbetweenmeasuremerdndcornventionalsimulationfor the divergent
channefor variousmassflows.

More experimentsat differentmassflows shouldbe performedo exactly definethe parameters
thatdeterminghevariationin amplituderatio and Admeasuremeritt differentmeanmassflow
oscillations.

impr oved model

To beableto applythe new approacho the othermeanmassflows in the divergentchannel it
shouldbe notedthatthe (steady)ooundarylayerthicknessdependsn the velocity of the flow.
To take into accountto a certainextent,this dependenctheturbulentboundary-layethickness
atacertainz-positionfor aflat plate,accordingto ([64]):

: a5 (V 1/5

5. — 037z (ﬂ) ,

is used.Theboundary-layethicknesse$or the othermeanmassflows aredeterminedrom the
boundary-layethicknessg; = 3.0 - 1073 [m] andvelocityz; = 0.5 [m/s] atri = 2.1 [kg/s]
accordingo:

In Figure 5.17 the resultingturbulent boundary-layethicknessnondimensionalisedith half

the channelheight, d/2, is shovn with respectto the meanmassflow. For massflow of ~

0.1 [kg/s] the boundary-layethicknessalmostcovershalf the channelheight. The boundary-
layerthicknessecomeghinnerasthe massflow increases.

Thevaluesfor C' andr arefunctionsof ¢, andarecalculatedaccordingto Equation(5.4). The
simulationresultswith the correctionfor the othermeanmassflows in the divergentchannel
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Figure5.17: Turbulentboundary-layethicknesswith respecto themeanmassflow in thecase
of aflat plate.

for differentStrouhalnumbersareshavn in Figure5.18(a)andreveal a smallimprovementof

theamplitudeandphaseln Figure5.18(b)the comparisons shavn versusghe massamplitude
ratio, M. As canbeseenfor M < 0.2, thepressuralifferenceamplituderatio, I1, is for thenew

simulationimproved suchthat the pressuraifferenceamplitudebecomesalmostequalto the
measuregressuralifferenceamplitude.A time tracefor 7 — 0.9 [kg/s], S — 1.1, M — 0.11

is shavn in Figure5.19(a),which shows thatthe corventional(old) modelalreadyis closeto

the measuregressurdifference.Neverthelessaccordingto Figure5.18the improved (new)

modelsimulatesa pressuralifferencethatis evencloserto the measuregbressuralifference.

For M > 0.2 the correctionin the improved model is not enoughto becomeequalto the
measuregressuralifferenceamplitude(i.e. I1 = 1). In Figure5.19(b)a time tracefor 7 —
0.9 [kg/s], S = 0.42, M = 0.61 is shavn. The overpredictedoressuralifferenceamplitudeis
clearlyseen.

5.5 Discussion

In this chaptera modeldevelopedfor a fully-developedlaminarflow is appliedto a turbulent
inlet flow. With simulations,for both a straightand a divergentchannel,it is shovn thatthe
measurementsanbesimulatedbetterif acorrectiononthecorventionalmomentunequations
used.Especiallyfor thedivergentchanneljn whichtheflow is exposedo anadwersepressure
gradient,the simulationsshov anadjustmenbdf the amplituderatio anda well-capturedohase
betweenthe oscillatingmassflow andpressure.This improvementdependson the massflow
amplituderatio, M, andworksbestfor small M.

The correctionneededn the straightchannelis small. This is explainedby the fact thatthe
Stokesnumberfor the straightchannels betweer).7 < « < 3.8, whichis mainly smallerthan
the Stokesnumbera,, = 2, for which no relaxationequations neededThis is alsoseenn the
smalltime constant; — 3.5 - 10~2 [s], which suggestshata correctionwithout the relaxation
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Figure 5.18: Comparison measurementand simulation for the divergent channel for
m < 2.1 [kg/s]. C', T depencon meanmassflow.
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Figure 5.19: Simulationsof the divergentchannelflow. m = 0.9 [kg/s], C' = 2.3 - 1073,
7=1.9-10"1[s]

equationof the correctiontermcanbe solved,i.e,:

diin A drin
e D tAp — Ap.) + DY
di L 18p = Apt + D
2 2
p - ¢ MAdEDs (5.5)

d/2? vI dm
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This canberewritten to:

drm A
@ LO=D) {Ap — Apss} .

This resultshaws thatthe introducedcorrectioncanbe translatedo anadjustmenbof the geo-
metricalparameterd or L. In the caseof the straightchannethe maximumvalueof D = —0.1,

which meanghatsimulationswith the conventionalapproachwould becomecloseto the mea-
surements L istaken10 % largeror A istaken10 % smaller Thisadjustmenbf ageometrical
parameteis a well-known practicein compressosuige modelling, [1], [30], [70]. Oftenthe

length of the compressoductis taken asa fit parameterandis adjustedsuchthat the suge

frequeng of the simulationsmatcheshe measuredumge cycle. A dravbackof the resulting
‘duct length’ is thatit is no longera geometricallydeterminedjuantity and cannotbe physi-

cally appointedanymore. The succes®f thefitting suggestshatthe Stokesnumbersof these
compressiorsystemsare small andthat the relaxationequationin the correctionequationcan
be omitted. The Stokes numberfor the divergentchannelis betweenl.5 < a < 7.5, which

meanghatfor this channektherelaxationequationcannotbe omitted.

For thedivergentchanneimeasurementsndsimulationsare performedat differentmeanmass
flows, 7 < 2.1 [kg/s]. It is seenthatthe improved model, with «;, = 20 andan appropriate
valuefor the boundary-layethickness simulateghe measuregressuralifferencebetterthan
theconventionalmodelif themasdlow amplituderatio, M < 0.2. Although,moreexperiments
arerequiredto determinghe exactcauseof thevariationin pressuralifferenceamplituderatio
and phaseat different meanmassflow oscillationsa suggestions given basedon the data
available. The correctionthatis developedand appliedin the improved modelrepresentshe
contribution of the unsteadyviscousterm in the unsteadymomentumequation. Omitted is
the contribution of the non-linearcorvective term, which canbecomemportantin a pressure
gradientflow. Especially for massflow amplitudesthat becomeas large asthe meanmass
flow the non-linearcharacteof the corvective termbecomesmportantto model. The current
modelsdo not take into accountthe unsteadycontribution of the corvective term and might
thereforeproduceincorrectresultsfor oscillationswith alargermassflow amplituderatio.

In Chapter3 thecompressofiow is simulatedwith thecorventionalmodel.It is concludedhat
the simulatedmaximumpressureise is lower comparedo the measurednaximumpressure
rise. In this chapterit is seenthattheimprovedmodelhasaninfluenceon the amplitudeof the
simulatedpressure.Therefore,it seemsa promisingtool to be usedin the simulationsof the
compressiorsystem.In the next chapterthe improved approachs appliedto the compression
system.



Chapter 6

Impr oved model applied to the
compressionsystem

In Chapte3 thesimulationwith alumpedparametemodel,in whichaquasi-steadgompressor
performancas assumedshows a larger suige frequeny anda lower maximumpressureise
thanthemeasuremenDueto theshortductlengththeinertiaof thesystems smalland,during
the pressurizatiorperiod, the steady-stateharacteristids followed. This resultsin a lower
simulatedmaximumpressurgise. If the compressoperformancas extractedfrom measured
transientsuige data,it is foundthatthe unsteadycompressoperformanceonly slightly differs
from the measurelenumpressuredata. Therefore,to obtain bettersimulationresults,the
assumptiorof a quasi-steadgompressoperformanceshouldbe abandonedndan unsteady
compressoperformanceepresentatioshouldbe used. In this chapterthe correctionmethod
developedin Chapterd is appliedto the compressiorsystem.

6.1 Governing equations

The needto apply the correctionto the modeldependson the Stokes numberof the studied
system(Equation(4.1)):

h [2x f,
a = — .
2 v

In Chapter2 it is shovn thatthemeasureduigefrequeng is betweenl 8 < f, < 23 [Hz]. The
kinematicviscosityin thecompressois v — 1.5- 10~° [m?/s] andtheboundary-layethickness
is assumedo equalthe half width of theoutletof thecompressofTable2.1),h — 7- 1073 [m].
The Stokesnumbemow is:

9.6 <o <10.9.

Sincethe Stokesnumberis in the correctionrange0.5 < a < 80, seeTable4.2,the correction
shouldbe appliedto this compressiorsystem.In addition,the relaxationequationis required
sincethe Stokesnumberis largerthana,, = 2.
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The setof equationghat describeghe compressiorsystemconsistsof the rate of changeof
thecompressoandthrottle valve masslows, representefly conserationof momentunfor an
incompressibldlow in a duct, Equationg3.1) and(3.2), andtherateof changeof the plenum
pressurerepresentedby a massbalancein the plenum,Equation(3.3). Theseare extended
with the correctionEquation(4.21)andEquation(4.22)to accountfor anunsteadycompressor
performance:

dgc = —f—:{pp—po—Apc} + X,

dc% = —é—;{po—pp+ApT},

% = %{mc—m:r},

TCC% — ff; ‘iﬁh]ic dZC —x. (6.1)

The geometryvaluesA,, L., Ar, Ly, andV,, areshovn in Table 3.2. The compressoand
throttle characteristicAp. and Apy aredeterminedn Chapter3 and Chapter2, respecitiely.
Theremainingparameter$o be determinedareC’ andr.

6.2 ParametersC’ and r

The geometryof the centrifugalcompressoproducesa comple flow field. Sincethe param-
etersC’ andr dependon boundary-layethicknessof the compressothey aredifficult to de-
terminein sucha flow field. The growth of the boundary-layein the compressodependson
theflow paththroughthe compressof59]. First, theflow paththroughthe compressochanges
from one frame of referenceto another Second,the flow is curved from axial to radial di-
rection, which introducessecondaryflow movementof fluid. Third, thereexists an adwerse
pressuregradient,which quickensthe growth of the boundary-layethickness. Startingfrom
theideathatthe compressocanbe modelledasa rectanguladuct, anda turbulentboundary-
layergrowth ason aflat platecanbeapplied thethicknessvouldincreasdrom zeroattheinlet
t0 dp.16 — 5.8 - 1072 [m] at the outlet of the compressor This thicknessexceedsthe smallest
half width at the outletof the compressoh /2 = 3.5 - 1072 [m]. Thereforejt is assumedhat
theboundary-layefluid occupieghewholewidth atthe compressooutlet,i.e.,é = h/2, [10].

The parameter€’ and~ dependon the relevant boundary-layethicknessaccordingto Equa-
tion (5.4). Assumingthat the relevant boundary-layethicknessequalsthe half width of the
smallestipassagén the compressothe parameterecome:

62

¢ = c G~ /60
2
T = 27;68 — 1.28-1072s]. (6.2)
a; v

T
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Herein,C = 1/60 anda, = 20 aretakento be equalto the valuefound for the analytically
solvedchannelflow, whichis takulatedin Table4.2.

In Section3.2two criteriaareusedo determinavhethethemeasuredumgecycleis approached
well by the simulation, that are the simulatedsumge frequeny and maximum pressurerise.
In Figure 6.1 the two criteria are shovn with respectto the parameter€’ andr. Sincethe
combinationof ¢’ andr assuggesteih Equation(6.2) doesnot give theright suigefrequeng
and maximum pressurerise, the simulationsare performedat a small C’ (which gives good
resultsfor ther-value)andalargeC’. Generallyit is seerthatfor acertainr thesugefrequeny
decreaseandthemaximumpressureiseincrease$or increasing’’. Theeffectof anincreasing
7 for acertainC’ is opposite. Comparingtheseresultswith resultspresentedn Figure3.5an
increaseof C’ or a decreasef 7 hasthe sameeffect on the frequeny andmaximumpressure
rise asincreasingthe ductlength, L., or decreasindhe volume,V,. Neverthelessthe suige
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Figure6.1: Simulationparametersersusthe parametecC’ for differentr. L. = 0.16 [m],
V, = 2.39-1072[m3], N = 20100 [rpm], Y7 = 0.28, — measuredaluewith uncertainty
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Figure6.2: Simulationresultsfor two differentsetsof valuesfor ¢’ andr. L. = 0.16 [m],

V, = 2.39-107% [m®], N = 20100 [rpm], Y7 = 0.28, o: valid partsof 50 measureduige
cycles,d: meanmeasuredalues, -: steady-stateharacteristic;= simulation

cycledoesnotchangdrom adeepsumgecycleto aclassicsuigecyclein thecasel’ isincreased
or 7 is decreasedln Figure6.2it is seenthatanincreaseof C’ resultsin practicallythe same
cycles. So, the correctionparametersio not influencethe inertia of the systemas the duct
lengthdoes.The measuremenesultsareshowvn for referenceandwill bediscussedn the next
section.

The points of intersectionof the simulatedlines with the measuredsaluesin Figure 6.1 are
shawvn in Figure 6.3. Remarkableis that there exists a relation betweenthe parameters”’
and 7. A linear fit is plotted for the intersectionpoints of both suge frequeng, f,, and
maximumpressureise, ¢,.... Both ratiosare nearlythe same,C’/7|, = 0.12 [s~] and
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Figure6.3: Pointsof intersectiorof the simulatedandmeasuredguigefrequeny andmaximum
pressurgise. L. = 0.16 [m], V, = 2.39-1072[m?3], N = 20100 [rpm], Y = 0.28
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C'/rly,.. = 0.11[s7'],
TheratioC’ /T canbe determinedanalytically with Equation(6.2):

C’ Calv

Tl (h/2)22r

2]

andis independenbf the boundary-layetthicknesss. Using: ¢ = 1/60, o = 20, v =

1.5-107° [m?/s], h = 7- 1072 [m], thisanalyticalratiobecome<’’ /7|, = 1.3 [s™!]. Thisisone
orderof magnituddargerthanthe valueobtainedfrom the simulations.This differencecould

be broughtaboutby the interpretationof the lengthscale, which is takento be the smallest
passageattheoutletof thecompressorAnotherlengthscalethatcanbe usedis, e.g.,basedn

the (mean)hydraulicdiameterof the compressopassageThis diametewill belargerthanthe
smallesppassagef thecompressoandthusasmallerC’ /7| will beobtained.

Furthermore¢ anda? arebasednvaluesderivedfor afully-developedoscillatinglaminarflow
in astraightchannel.ln thecompressotheflow is turbulentandrathercomplec thatinfluences
the specificationof C and«?. For example,in the definition of o2 andthe ratio C'/7|, the
laminarkinematicviscosityis usedwhich actuallyshouldbe representedby the valuefor the
"turbulent-viscosity’appropriatefor the compressorTo know moreabouttheseparametersn
compressorthey shouldbe studiedin variouskind of machines.

6.3 Resultsimproved model

In this section,the simulationsare comparedvith measurementexplainedin Section2.6 for
two rotational speeds. The referencemeasurementare shovn in Figure 2.16(b)for N =
20100 [rpm] andFigure2.18(b)for N = 23200 [rpm]. First, the simulationresultsfor N =
20100 [rpm] arediscussedFigure6.4(a)shovsthesuigecyclein thecompressomapobtained
with the corventionalmodelin which the compressoperformancas takento be quasi-steady
Figure6.4(b)shovsthe suge cycle obtainedwith the correctionmethod.If in Equation(6.1) x
is addedo thesteady-stateompressoperformance\p,., anadjustedcharacteristigs obtained:

X Le¢
A,

Herein,is y a measurdor the correctionthatis neededo accountfor the differencebetween
the steady-statperformancandthe (real) unsteadyperformancef the compressorAs canbe
seentheadjusteccompressocharacteristies mainly largeratthe pressuregise extremesof the
steady-stateharacteristicApparently atthemaximumpressureisethelossedor thetransient
flow aresmallerthanfor the fully-developedflow.

Apc adjusted — Apc +

Thesimulationwith correctionwith ¢’ /7 = 0.14 [s~!], shavs thatthe pressurdollows during
the pressurizatiorand pressuredrop period the adjustedcompressocharacteristiansteadof
the steady-stateharacteristicComparedo the simulationwithout correctionthe pressureise
extremesarelargerandapproachethe measureanaximumpressureise better

The time tracesof the simulationwithout andwith correctionareshawn in Figure6.4(c)and
6.4(d), respectiely. First, it is seenthat with the correctionthe measuredsuge frequengy
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(c) time trace of the pressurerise and massflow

without correction. symbols: valid / invalid parts

of measurement;: simulation

(b) sugecycle with correction.o: valid partsof 50
measuredurge cycles,d: meanmeasured/alues,
- -: steady-stateharacteristic;--: adjusteccharac-
teristic,— simulation

‘0.3 0.4 0.5
time [s]

(d) time trace of the pressurerise and massflow

with correction. symbols: valid / invalid partsof
measurement;: simulation

Figure 6.4: Comparisonof simulationresultswithout andwith correction(Cc’ = 2.0 - 1072,
T =143-10"1 [s], ¢’/ = 0.14 [s71]). N = 20100 [rpm], Y = 028, L. = 0.16,
V, = 2.39-1072 [m?]

is found. Furthermorethe pressurdracewith correctionshavs a good similarity with the

measurementor the pressurizatioras well asfor the pressuredrop period. The measured
massflow traceis ratheruncertainandthereforeit is difficult to determinewhetherit is better
simulatedwith or without correction.

Theresultsof simulationsfor N = 23200 [rpm] areshown in Figure6.5. Thetime tracesshav
thatthe simulatedsulge frequeng, f, = 18.9 [Hz], is not exactly equalto the measureduige
frequeny, f, = 20.5 [Hz]. The pressureisetraceis, especiallyat its extremes,rathergood.
Neverthelessin thecompressomapatthetop of thecompressoperformanceherelatvely low
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pressureas notcapturecandthe maximumpressureiseis alittle higherthanthemeasureane.
To beableto modeltheflow atthe pressuralip in the maximumpressureisearea,moreshould
be known aboutthe flow phenomenorhat causest. This requiresdetailedmeasurementsf
thecompressofiow field.

2 2
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(@) sugecycle. C’'/7 = 0.14 [s™1], o: valid parts
of 50 measuredsume cycles, O: meanmeasured
values,- -: steady-stateharacteristic;--: adjusted
characteristic= simulation

0.3 0.4 0.5
time [s]

(c) time trace of the pressurerise and massflow.
C'/T = 0.14 [s™ 1], symbols:valid / invalid partsof
measurement;: simulation

(b) sugecycle: C’/T = 0.11 [s™ 1], o: valid parts
of 50 measuredsumge cycles, O: meanmeasured
values,- -: steady-stateharacteristic;--: adjusted
characteristic: simulation

‘0.3 0.4 0.5
time [s]
(d) time traceof the pressurerise and massflow.
C’'/T = 0.11 [s ], symbols:valid / invalid partsof
measurement: simulation

Figure 6.5: Simulation results with correction.

N = 23200 [rpm], Y7 = 0.29, L. = 0.16 [m], V, = 2.39- 1072 [m?]

In Section6.2 it is shavn thatthe simulatedfrequeny andmaximumpressureise dependon
the parameterg’ and+. To improve the simulationfor N = 23200 [rpm], the parametet’ is
adaptedWith ¢’ = 1.5 - 1072 (7 = 1.43 - 107! [s]) the frequeny andmaximumpressureise
arein betteragreemenivith themeasurementseeFigure6.5. Theratio of the parameterghen
is changedrom C’/7 = 0.14 [s7!] to C’/7 = 0.11 [s~!], which is within the rangethis ratio
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canbe determined.This shows thatthe characteristic®f the simulatedsurge cyclesarevery
sensitveto thevalueof theratioC’ /.

6.4 Discussion

In Table 6.1 a summaryof the presentednodelswith respectto fully-developedsuige simu-
lation is shovn. Thesevaluesare mainly determinedor N = 20100 [rpm], Y = 0.28.

In this thesisthe suige cycle shape,suige frequeng, and maximumpressureratio are three
criteriato determinewhetherthe measuredurge cycle is approachedvell by the simulation.
All variationson the corventionallumpedparametemodel,i.e., with physicalbasedparame-
ters,matchedparametersandwith a transientcompressoresponseshon for somecriteriaa
similarity with the measureduige cycle, but not for all three.

Table6.1: Comparisorof the discussedanodelswith respecto themeasuredumgecycles.

Le [

Model | Parameters v = Equation | Figure | Surge Surge Max
[m~2] | [s7Y] cycle | frequency| surge
shape pressue
ratio
Conventional
(@) physical 6.7 - (3.1),(3.2),] 34 OK too too
(3.3) large small
(b) matched 70 - as(a) 3.6 dis- OK OK
similar
(c) physical 6.7 - as(a) + 3.9 OK too smaller
(3.11) large than(a)
Impr oved
(d) physical 6.7 | 0.1— (6.1) 6.2, OK OK OK
0.2 6.5
(@) conventionallumpedparametemodel
(b) conventionallumpedparametemodelwith matchedL. andV,,
(c) cornventionallumpedparametemodelwith transienttompressoresponse
(d) improvedlumpedparametemodel

Ontheotherhand,theimprovedlumpedparametemodelwith a quasi-steadgompressoper
formanceanda correction,to take into accountthe dynamiccharacteiof the compressoper
formance captureghe dynamicsof the pressurizatiomperiodof the flow during suige andthe
sulge frequeng. Insteadof matchinggeometricaparametersik e the compressoductlength
or the plenumvolume,which have to be determinedor every compressiorsystem,onesingle
parameter(C’ /7, is found. This ratio, which is obtainedon physicalgrounds,representshe
correctionthatis neededo accountfor the transientperformanceof the compressoitself and
dependssolely on the geometricadimensionsthe gasviscosityandthe relaxationfrequeng.
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Thereforethisratio depend®nthe compressomsteadof onthe compressiosystemn which
thecompressooperatesTheratio hasto bedeterminednly onceafterwhichit canbeusedin
every compressiorsystemset-up.In principle, the ratio dependn the geometryof the com-
pressor Neverthelessa smallvariationof theratio is foundfor differentrotationalspeeds.To
find outwhich geometricaparametersleterminghe unsteadyflow field in thecompressoand
which parametersleterminethe ratio moreresearclshouldbe performedon variouskinds of
compressors.

Dueto anunsteadyflow the performanceof the compressobecomesteeperespecially near
its pressureaise extremes. This influencesthe stability predictionof the system,which is in-

terestingin the casesumge initiation is studied. Since,sulge is commonlyencounterediuring
speediransientsand set point changesthe correctionterm will influencethe stability of the
system.Moreover, the correctiontermdepend®n thetime scaleof thetransient.Thereforethe
stability of the systemwill dependon the time scaleassociateavith the setpoint change.lt is

of interestto investigatdheinitiation of sugewith thedevelopedmodel. Since,if theinitiation

of sugeis capturedcorrectlyin a simulation,suige controllerscanbe designedo controlthe
suige beforethedisturbances the systemgrow into undesiredarge pressurescillations.
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Chapter 7

Conclusionsand recommendations

7.1 Conclusions

In this thesiscompressiorsystemsuige is studiedby meansof experimentson a laboratory
gasturbineinstallationandwith useof a lumpedparametemodel. In the modelling special
attentionis paid to the unsteadyperformanceof the compressor The simulationresultswith

the new developedcorrectionterm are,comparedo the corventionalmodelresults,in better
agreementith measurements.

Pressureaneasurementat the outlet of the compressoshaw that the suige frequeng of the
compressiorsystemincreasesvith decreasinghrottle valve setting.Furthermorefor a certain
throttle valve settinga smallinfluenceof therotationalspeeds found,i.e., thesulgefrequeny
decreaseasthe rotationalspeeds increased.The dependencef the suige frequeng on the
operatingcondition of the compressiorsystemshows that the systemexperiencesclassicor
deepsulge,which is determinedy thewhole compressiosystem.

To comparethe simulatedsuge cycleswith the measuredurge cyclesthe maximumpressure
riseamplitudeandsuige frequeny canbe usedthe best. Furthermorewith hot-wire measure-
mentsin theinlet of thecompressoanimpressiorof thepositive flow periodof thesuigecycles
is obtained.This impressiorcanbe usedasan extra verificationof the simulatedsuge cycles.

In the corventionalmodeldifficultiesarisein determininghe geometricablataof thecompres-
sionsystemandthe quasi-steadgompressocharacteristicuchthatthe measuredgumge cycle

frequeny and maximumpressureise are simulated. It is found that by fitting the equivalent
ductlengthandthe plenumvolumethe measuregmaximumpressureise andsuige frequeny

arereproducedThen,theratio of the compressoductlengthandthe plenumvolumeneedso

beincreasedvith a factorten comparedo the physicallengthandvolume. Neverthelessthe

shapeof the sulge cycle atthe maximumpressureiseis simulatedncorrectly To simulatethe

measureaonstanpressurgise duringdecreasingnassflow a smallcompressoductlengthis

required but thenthe maximumpressureiseis simulatedower comparedo measurement.

To describethe compressoresponsdo departurefrom steady-statea relaxationof the com-
pressorperformanceas suggestedn literatureby Greitzer[31] is applied. It is found that
simulationswith this relaxationequationrshav alower maximumpressureisethanthesimula-
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tionswithout this equation.Apparently this representationf the dynamicsof the compressor
flow is not applicableto the presentlow problem.

The study of an oscillating fully-developedlaminar channelflow yields a representatiorof
unsteadylow performancdasecdn physicalaguments Herein,a correctiononaquasi-steady
viscousapproachis derived by extracting the quasi-steadysolution from the exact solution
obtainedfrom the unsteadyone-dimensionainomentumequation.An importantparametein
this studyis the Stokes number(«), which characterizeshe relatve importanceof the time-
dependeninertiatermswith respecto viscousterms. If this Stokesparameters in the range
0.5 < a < 80 thecorrectionon aquasi-steadgpproactshouldbeapplied.

Sinceonly part of a Taylor seriesexpansionis usedfor the correction,the correctionshould
vanishfor large Stokesnumbers.Therefore a relaxationequationis addedfor a > a., = 2.
Theresultingmodelintroduceswo newv parameter$C’, 7) thatdependon the Stokesnumber
andcanbedeterminedtraightforwardly from thecharacteristiparametersf thechanneflow.
In addition,the relaxationtime 7 is a function of an appropriateStokesnumberthatappeared
to bea, = 20.

The correctionterm s appliedto a turbulentinlet flow, with andwithout an adversepressure
gradient. To be ableto evaluatethe simulations,experimentsin a water channelfacility are
performed. The studiedwaterchannelflow hasaninlet flow charactemwhich meansthatthe
flow is notfully-developed.Thereforethelengthscalein the Stokesnumberis not equalto the
channeheight.Insteadthe steadyboundary-layethicknesss used.Although,it is difficult to
determinghisthicknesdor adevelopingflow, it is foundthatthelengthscalethatgivesthebest
simulationresultis of the orderof magnitudeof the measuredteadyboundary-layethickness.
Besidesalsoherec,. = 20 appeardo beappropriate.

Especiallyfor theadwersepressureyradientflow a differencebetweerthe simulationswith the
cornventionalmodelandexperimentss found. Dependenon themasslow amplituderatio, A,

the simulationswith theimproved modelresultin anamplituderatio anda phase of the mass
flow andpressurehatagreewith the experimentakesults.For M > 0.2 boththe corventional
modelandtheimprovedmodelsimulatealargerpressuralifferenceamplitudecomparedo the
measureascillationpressurdaifference.

Generallyspeakingthewaterchannekxperimentsandmodellingshov thatthederivedcorrec-
tion for arelatvely simpleconfigurationanda laminarflow canbe appliedto aflow atahigher
Reynoldsnumberandwith aninlet flow characterin additionto the dependencen the Stokes
number adependencen the massflow amplituderatiois found.

The improved modelis appliedto the compressiorsystemflow. In the modelthe physical
parametersf thecompressiosystemareused.Thetwo new parameters;’ andr, aredifficult
to determinein the compressor It is found that for the currentcompressoboth parameters
reduceto one parameteC’/r =~ 0.1 [s™1]. This parameterepresentshe correctionthat is
neededo accountfor the transientperformanceof the compressoandis independentf the
systemn whichthecompressooperatesThevalueof this parameters for thesimulationsone
orderof magnitudesmallerthanif it is derivedanalytically This differencels not surprisingly
sinceit canbebroughtaboutby theassumptionthataremadefor theboundary-layethickness,
thefluid viscosityandtherelaxationtime.
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Application of theimproved modelon the experimentalcompressiorsystemrevealeda sumge
frequeny anda maximumpressureise thatagreewith measurementAdditionally, the mea-
suredconstanpressureise duringdecreasingnassflow is captured.

7.2 Recommendations

This study contributesto the understandingf flow instabilitiesthat canoccurin a compres-
sion system. It focusseson the unsteadycharacterf compressoflow. The dynamicsof the

compressiosysteminstability arecapturedeasonablyy alumpedparameteapproachof the

entire system. Therefore,the influenceof unsteadyflow on the compressoperformances

incorporatedn this model.

In this study cubic polynomialsareusedto describethe steadycompressoperformanceThe
coeficients are determinedfrom measurementsEspeciallyin the unstableregion this per
formanceis hardto determine sinceno measuremendatais available. Therefore,it seems
worthwhile to investigatethe possibility to determinethe compressocharacteristidrom en-
ergy considerationandcompressogeometryasproposedy GravdahlandEgeland29].

Theverificationof the simulatedsuige cyclesis mainly baseconthe measuredguige frequeny
and measurednaximumpressurerise. In addition, the relation betweenthe massflow and
pressureise is of interestin the understandingpf compressosuige. Therefore this relation
shouldbe verifiedaswell. Although, pressureneasurementsanbe performedquite easilyin
the compressqgmeasuremertechniquego obtainunsteadymassflow measurementareless
easy In this study a single hot-wire probewas positionedin the inlet of the compressor It
is found that during suge the hot-wire probemeasurementsnly give a measurdor the mass
flow if thereexistsaforwardflow andanincreasingpressuran the compressorA promising
techniqueto accuratelymeasurehe unsteadyflow in the compressoduring suige is Digital
ParticlelmagingVelocimetry(DPIV), Wernetetal. [69]. This measuremenechniquecaptures
thevelocity vectorsin aplaneobtainedoy a pulsedaserlight sheethatilluminatesa flow field
seededwith tracerparticlessmallenoughto follow theflow.

Parameterdghat appearare C' and v, which are physicalparameterghat dependon the rel-
evant boundary-layetthickness. In the compressoit is difficult to determinethis thickness.
Neverthelessthe parametersre expectedto dependon the flow type andtherefore for vari-
ouscentrifugalcompressorgxpectedto be of the sameorderof magnitude.A studyof these
parameters$or differentcompressorss necessaryo validatethis assumption.

The correctionterm dependson the time scaleof a transient. Since,suige is commonlyen-
counteredduring speedransientsandsetpoint changesthe correctiontermwill influencethe
stability of the system. That s, the stability of the systemwill dependon the time scaleof
the setpoint change.In the framewnork of the companionproject: Compessorsurge control,
Willems[70], it is of interestto investigateéheinitiation of suigewith thenew developedmodel.
If theinitiation of suigeis captureccorrectlyin a simulation,suge controllerscanbedesigned
to control the suige beforethe disturbancesn the systemgrow into undesiredarge pressure
oscillationsthatcanleadto severedamageof the compressor

Throughouthis studythe developmentor existenceof rotatingstall cellsis not takeninto ac-
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count. Thesetwo-or three-dimensionallistortionsof the flow throughthe compressocanbe
partof theflow instability suige. Experimenton the compressiorsystemshavedthatfor low
rotationalspeedghe developmentof a fully-developedsumge is mostpossiblyprecededy ro-
tating stall. To be ableto predictrotating stall andits influenceon the axial aswell asthe
circumferentialflow of the compressoa two-dimensionamodelof the compressoflow is re-
quired. A modeldevelopedfor this purposes the Moore-Greitzermodel[53]. The suggested
correctionon a quasi-steadyompressoperformancecould be incorporatedn this modelto
obtainbetterresultsfor the suige dynamicsin thatmodel. The influenceon the rotating stall
andthe necessityfor a correctionon therotatingstall flow couldthenbe studied.
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Appendix A

Aerodynamic scaling

To assesshe aerodynamigropertiesof the compressoflow anappropriatescalingis applied.
Theresultingaerodynamiscalinggives,e.g.,a measurdor the bladeloadingor theincidence
of theflow ontheblades.Theaerodynamiscalingcanbefoundin Cumpsty[13].

Pressuerise coefficient(v)

The enthalfy rise of a stageis relatedto the squareof the rotationalspeed Ah/U?, wherel
caneitherbethe bladetip speedor the speedat midradius,the latter being quite commonfor
axial compressorsThetip speedn radialmachiness definedas:

N
Ut — de@ .
Herein,is d; theimpelleroutletdiametemand N theangularvelocity of theshaft,alsoreferredto
asrotationalspeedn [rpm]. For compressors whichthepressureise (Ap) is smallcompared
to theabsolutepressureéhe densitymay be reasonablyapproximatedsconstant.The pressure
risecoeficientis thendefinedas:

Ap

wherel/2 is sometimeomittedandp is theinlet densityof the compressorThe denominator
givesa measurdor thedynamicpressurempartedby the blades.

Flow coefficient(¢)

The work input to a stagedependn the flow throughit. For an axial compressothe flow
coeficientis definedas:

Ve
6= (A-2)
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which s theratio of the axial velocity (V) to thebladespeedU;). Theflow coeficient deter
minesthe incidenceinto the rotor, andthereforeeffectively determineghe performance.For
radialcompressora somavhatotherexpressiorfor the massflow coeficientis used:

m

= —. A.3
= AT (A-3)
This givesa measurdor the ratio of impellerinlet velocity to the bladespeed.Herep is the

inlet densityand A is theinlet areaof theimpeller.

Reynoldsnumber (Re)

The choiceof the appropriateReynolds numberin a centrifugalcompressodependson the
choiceof the mostrelevantlengthscale. The mostseriousviscousloss sourceis believed to
be at or neartheimpelleroutlet,largely becaus¢he passagés narrovesthere,Caseg [10]. An
appropriatechoicetherefores:

Rey = U%b : (A.4)

whereU, is theimpellertip speed) is the exit impellertip width and» theinlet viscosity In
axial compressorthe Reynoldsnumberis basednthe chordlengthof theblades, (e.g.,[46]
and[38)):

Mach number (M)

TheMachnumberis determinedrom:

T (A.5)
a

This gives a measurefor the ratio of the blade speedand the speedof sound,which for a
calorically perfectgasis:

a = /7RT . (A.6)

Herein,is R thegasconstant thetemperatureandr is theratio of specificheatdc,/c,). The
Machnumberis usedto give anindicationof the compressibilityof the compressoflow.
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Rotating stall

Rotatingstall consistsof zonesof stalled passagesovering a small numberof blades. The
stalledflow rotatesat somefractionof therotor speedn theabsolutedirectionof rotor rotation.
It occursin rotatingand stationarybladerows andin both axial and centrifugalcompressors.
Therotationof the stall cellscanbeexplainedby viewing thebladerow from thetopin alinear
cascadsetting,seeFigureB.1. Dueto theregion of stalledflow theflow is locally deflectedo
the front andto the backsideof the stalledregion. This resultsin anincreaseof theincidence
angleat the rearvard bladeand a decreasef the incidenceangleat the forward blade. The
effect is suchthat the unstalledrearward bladewill becomestalledwhile the stalledforward
bladerecovers. In this way a relative motion of the stalledregion is induced. The propagation
of thestall cell is oppositeto therotor rotationin therelative frameof reference As obseredin
the absolutdrame,the cell appearso move in thedirectionof the rotor rotationbut ata much
reducedspeedDependingnthesizeof the stall cell(s)therotationalstall speeds betweer0
and80% of therotor speediargercellsrotateat a lower rotationalspeedhanthe smallercells,

Greitzer[33). /}/é Q
I11/£44 8
s // /

<

Direction of Stall Cell

FigureB.1: Rotatingstall in therelative frameof reference.

Oncethe compressoexperiencegotating stall, the working point of the compressomoves
to the so-calledstall characteristic.This canhappenin a progressivestall way, in which the
pressuralecreasegraduallyasthe massflow decreasesyr in anabruptstall way in whichthe
pressur@ropsabruptatacertainmasglow. Thesewo stallphenomenareshovnin FigureB.2
in acompressocharacteristicThedropof thepressureisedepend®ntheamountof disturbed
flow in thecompressonn the caseof part-spanstall thestall cell is formedonly closeto thetip
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FigureB.2: Stall characteristic.

for arotorandcloseto thehubfor astator In thecaseof full-spanstall thestall cell is stretched
from hubto tip andthe drop of pressureiseis larger thanfor part-sparstall, Day [17]. The
full-spanstall canbe progressie or abrupt. Stall usually startswith multiple cells. Then,as
flow is reducedhe numberof cells mayincrease.As the flow is further reducedthe number
may diminishuntil only afew cellsarepresentanda deepstall is obtained,Pampreer{56]. In
the caseof rotatingstall, reductionof the flow resultsin a stableoperatingcompressqrsince
its operationalpoint is positionedon the stalledcharacteristic.Typical for abruptstall is the
hysteresighat exists asflow is increasedo unstalledconditionsof the compressor Thenthe
flow rateis higherthantheflow rateat which stall wasfirst encounteredluringflow reduction,
[12].

Note,thattherotatingstallline indicategherelationbetweerthemasslow andpressureisefor
which compressostartsto experiencestall. It depend®n the systemin which the compressor
operateswhetherthe suige or rotating stall limit occurs. A discussioron this subjectcanbe
foundin thisthesisin Section2.4 andis explainedwith Figure2.8.

In literature,two mechanismgor the inceptionof rotatingstall cells canbe found. Both orig-
inate from the paperof Emmonset al. [19] and are discussedy Day [15]. The first flow
mechanisnresultsin a disturbanceof a shortlengthscale In arow of highly loadedbladesa
minor physicalirregularity, or flow uniformity, canresultin momentaryoverloadingandflow
separation.This separatiorwill restrictthe flow throughthe passagandwill thereforedivert
theincomingstreamlinesresultingin the rotating stall showvn in FigureB.3(a). A cell thatis
initiated in this way only affectsthe flow aroundjust a few bladepassagesThe secondflow
mechanisms basedon modal perturbation which may be visualisedas small sinusoidalve-
locity fluctuationsthatrotatearoundthe annulusat a steadyspeedasshowvn in FigureB.3(b).
A velocity perturbationwith a wavelengthequalto the circumferentiallength of the annulus
would be referredto asa modeof order1. The bladesin Figure B.3(b) are moving to the
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right andsodoesthe perturbationput alwaysat a speedower thanthe bladespeed Whenthe
flow is throttledtowardthe stall point the stability of the compressograduallydecreasesThis
meanghatthe perturbatiorslowly grows in intensity without abruptchangen frequeng and
amplitude,until afully developedstall cell is formed. Initially, the wave amplitudewould be
infinitely smallandnot discernibleabove the backgroundhoise,but asthe instability point is
approachedrowth of the wave would be rapid. To the obsener the compressowould appear
to stallinstantaneously

SN M
8/ AN iililiiie

(b) modalperturbation

(a) shortlengthscale

FigureB.3: Stall cell inception.

In the paper([15]), Day makesa cleardistinction betweena stall cell anda modalwave. A
modalwaveis a‘reversible’disturbancewhich canbemadeto comeandgo by slightchangesn
thethrottlesettingandmaybevisible in themachingfor asmuchas200rotor revolutionsbefore
stall. During this time the pressureise acrosshe compressowill remainnearlyconstant.A
stall cell, onthe otherhand,is a comparatiely ‘irreversible’ disturbanceandonceformedwill
leadto a collapseof the pressureise,usuallywithin four to six rotor revolutions.

In TableB.1 theinceptionmechanism$oundin literaturearegiven. As canbe seen pothstall
inceptionmechanismare detectedand caneven exist in the samecompressoconfiguration.
For example,BreuerandSenaty [6] studiedstallinceptionin a high-speedxial flow compres-
sor. They foundthatstagematchinginfluenceghetype of disturbanceccurring.At 60 percent
of thedesignspeedheinstability startedasashortlengthscaledisturbancatthefront stage At
speed®f 80to 90 percenf thedesignspeedheinstability emegesfrom amodaldisturbance.
Then,atdesignspeedhedisturbancestartsasa shortlengthscaledisturbancatthelaststage.
All articlesshav the possibility to detecteither a modal wave disturbanceor a shortlength

TableB.1: Initiation of stallin ( multi-) axial compressors.

shortlengthscale modalperturbation
Dayetal. [15] X -
RieBandWalbaum[63] X -
BreuerandSenaty [6] X X
Hoying [39] X X
PoensgeandGallus[58] - X
Tryfonidisetal.[67] - X

scaledisturbancéeforewell-developed(lengthandrotationalspeeds settled)rotatingstall is
obtained.Unfortunately the causeof the disturbancas still not clear Especially the causeof



100 Rotating stall

theinitiation of amodalwave disturbances not understoodThe shortscaledisturbanceould

be causedoy somedisturbancen the flow. Think of inlet distortionand mismatchingof the
flow from onestageto the next one.

Experimentakvidenceof theinitiation of stallin centrifugalcompressors lessextensve than
in axial compressorg56]. Mostly, the studiesareconcentratedn the interactionbetweerthe
impeller, thevanelessliffuser andthe vaneddiffuser seee.qg.,[25], [43], [36], [45], [8].
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Lumped parameter modelling

A compressiorsystemmodeldevelopedby Greitzer[31] is discussedelov. The oscillations
in the systemare modelledin a manneranalogoudo thosein a Helmholtz resonatar The
assumption®f a Helmholtz resonatoiimply that all the kinetic enegy of the oscillationsis
associateavith themotionof thefluid in thecompressoandducts.Thepotentialenegy of the
fluid is associateavith thecompressiomf thegasin the plenum.Furthermoretheassumptions
arethattheinlet Mach numbersarelow andthatthe pressuregisesare small comparedo the
ambientpressureThefluid dynamicmodelthatis usedin theanalysiss shovnin FigureC.1.

THROTTLE
(ACTUATOR DISK)

COMPRESSOR
(ACTUATOR DISK)

PLENUM

FigureC.1: Equivalentcompressiorsystemusedin analysis.[Greitzer[31]]

The compressoandits ductingarereplacedby an actuatordisk, to accountfor the pressure
rise dueto the compressqrandalengthof a constantareapipeto accountfor the dynamicsof
thefluid in the compressoduct. Similarly, the throttle is replacedby an actuatordisk, across
which the pressuradrops, plus a constantareaduct. The actuatordisk theoryassumeshata
bladerow canbe representetby a disk with an infinitesimalthicknessacrosswhich the mass
flow is continuousbut pressurechangescanbe discontinuous.The flow in the ductscanbe
consideredncompressiblesincetheinlet Machnumberis assumedo below, the pressureise
is smallandthe frequeng of the oscillationsassociatedavith suige areregardedto below. As
a consequencehe massflow at the inlet of the ductis equalto the massflow at the outlet of
duct.

The rate of changeof the massflow in the compressoduct, representedby the axial velocity,
Cs., Is relatedto the pressuralifferenceacrosgheduct, Ap = p, — po, andthe pressureise
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acrosghecompressqQiAp. — p. — po,

ac,,

p Le dt - (pO _pp) + Ape. (C-l)

An analogougquationis written to describeheflow in thethrottle duct:

dC,.,.
dt

p Lr = (pp—po) — Apr, (C.2)
in whichApr = pr — pg is the pressurgiseacrosghethrottle. EquationgC.1) and(C.2)are
essentiallythefirst integralsof the one-dimensionainomentumequation.Sincetheflow in the
ductsis assumedncompressibleéhe equationsanbe written as:

L. drn
Ze Tl _Ap + Ap. .
A di p + Apc, (C.3)
Ly ding
“T O Ap — Apr. C.4
Ar dt D P ( )

The geometryof the equivalentducts, L. and L, is determinedoy requiringthata givenrate
of changeof massflow produceghe sameunsteadypressurdaifferencein theactualductasin
the model,andby matchingthe areaof the modelductwith a characteristi@areaof the actual
duct. In thecompressothis canbetheinlet area,andin thethrottlethethroughflav areain the
dischageplane.Thisrequirementeadsto therelation:

L / ds
— = . C.5
A actual ducting A(S) ( )

The integrationis assumedo be carriedout over all regions of the actualductingin which
the flow hassignificantkinetic enegy. Note,thatin both ductsthe equationof continuity has
enteredmplicitly in thedefinitionof theform of the equivalentductlengths.

In the plenumthefluid velocitiesarenggligible. Furthermoreplenumdimensionsaretypically
very muchsmallerthanthe wavelengthof anacoustiovave having a frequeng on the orderof
thatassociatedvith suge. Hence the staticpressurawill beuniformthroughouthe plenumat
ary instanceof time. During the flow transientthe massflow throughthe compressoandthe
throttle may have differentvalues therefore the continuity equationis appliedto the plenum:

_ v o
Podt

If thethermodynamiprocessn theplenumis isentropicthenthedensitychangewill berelated
to thechangesn plenumpressurewhich for a calorically perfectgasis:

Me — Ty

p(=)" = constant ,
p

dpp Py dDp
dt Ypp dt
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in which+ is theratio of specificheats.In addition,Greitzerassumedhatthe overall pressure

andtemperatureatiosof the compressiorsystem,i.e., plenumto atmosphereare nearunity.

Consequentlyhequantity@ in theplenumis notsignificantdifferentfrom P in ambient.With

'p p
useof the speedf sound,a, correspondingo ambientconditions:

e

p
theexpressiorfor massconserationin the plenumbecomes:

. .V, dp,
In centrifugalcompressorshe pressureandtemperaturgatiosof the compressiorsystemare
oftenlargerthanunity. Therefore Fink etal. [23] usedthe speedf soundbasednthe plenum

conditioninsteadof theambientconditionat the steady-stateperatingpoint.

Equation(C.3),(C.4),and(C.6) arethe equationdor alumpedparameteapproaclof the dy-
namicsof acompressiomsystem.Theequationsarereferredto asalumpedparameteapproach,
sincedifferentfluid propertiesarelumpedto a certainaspeciof the compressiorsystem.The
inertiaof thesystemis lumpedto aduct,thecompressibilityto avolumeandthe pressureiseto
anactuatordisk. The modellingof the compressiorsystemwith alumpedparameteapproach
is widely acceptedn literature,andis usefulin the stabilisationof rotatingstall andsuge by
meanf active control.

Equation(C.3),(C.4),and(C.6)form themathematicaéquation®f thedynamicf thesystem,
in which the pressureise of thecompressoandthrottle valve, Ap. and Apr, respectiely, are
known parametersf the system.Theseequationsanbe nondimensionalisedccordingto the
aerodynamiscalingdiscussedn AppendixA:

dge U
dl‘{ - 2WHLC (¢c - ¢) ) (C7)
dér U LAy
B onl. LA (¥ —r), (C.8)
dy 2402

The time is nondimensionalisetly the Helmholtz frequeng of the compressoduct-volume
systemin absencef thecompressoandthrottle,t = t wy:

Ac
— A
Wy = a VoL (C.10)
Two nondimensiongbarametergppearthatis:
U
B = —— .
5oL’ (C.11)
Ly A
G = Lc (C.12)

L. A7
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TheparameteB canbe giventhe physicalsignificanceby writing it as(Cumpsty[13]):

2

p;f A

B=—2=—.
pALUwH

The numeratogivesa measuref the pressureise capabilityof the compressomultiplied by
the duct area. The denominatorcontainsthe productp AL, which is the massof the gasin
the duct, the velocity U, andthe frequeng of naturaloscillationwy. The axial velocity V,,
for a given axial compressomwill be approximatelyproportionalto the bladespeedU. The
denominatois thereforeapproximatelyequalto that p ALV, wy, whichis theforcerequiredto
producesmall oscillationsof the flow in the duct at the naturalfrequeng. The parameterB
canthereforebe viewed asthe ratio of the compressopressureaise capabilityto the pressure
rise requiredto inducemassflow oscillations. If B is low it is equvalentto sayingthat the
compressodoesnothave muchpressureise capabilitycomparedo whatis requiredto begin a
sulge. Althoughaircraftenginesaneithersumgeor moveinto rotatingstall, thecleartrendis, as
predictedby the B-parameterthatthe engineis morelik ely to suige asthe speeds increased,
seeMeuleman/50]. However, theimportanceof the B-parameters not suchthatit allowsone
to predictwhetheranenginewill suigeor stall but thatit hasalteredtheway thatsuigeandstall
arethoughtabout. The work of Greitzerwasdirectedat axial compressorandthe magnitude
of the critical B wasappropriatdor this type of machine.Neverthelessthe underlyingidea,
that suige canonly occurwhenthe pressureise capability of the compressors large enough
in relationto the pressuredifferenceneededo oscillatethe flow in the ductsat the natural
frequeny of thesystemjs quitegenerato all typesof compressor

The parameter= canbeinterpretedastheratio betweertheinertia of thefluid flow acrosshe
throttleandthe compressorif thethrottlelengthis smallcomparedo thecompressolengthor
if theareaof thethrottleis largecomparedo the areaof the compressqrEquation(C.8) canbe
omittedandonly Equation(C.7) andEquation(C.9) aresolved.

C.1 Systemstability

For small G andby consideringsmall perturbatioraroundthe time-mearnvaluesthe remaining
two equationsgEquation(C.7) andEquation(C.9),canberearrangeguchthata singlesecond-
orderordinarydifferentialequationis obtained.For referenceseeCumpsty[13]. Thena static
anddynamicinstability of the systemcanbe identifiedbasedon the slopesof the compressor
andthrottle characteristicThe singlesecond-ordeordinarydifferentialequationfor ¢ is:

& 1 i o
ﬁ+{ﬁ_03}$+{1—f}¢o. (€13)

In which C' = dy./d¢. andT = dir/d¢r are the slopesof the compressoiand throttle
characteristicyespectrely. Equation(C.13) shaws that the compressceduct-plenum-throttle
systemhasananalogywith a mass-spring-dampelystem.

Consideringheundampegartof Equation(C.13)a staticstability limit canbeidentified. The
dampingpartof Equation(C.13)is expressedn the coeficient beforethefirst derivative of .
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If this coeficient is negative it is equivalentto negative dampingin the mass-spring-damper
analogywhichis known asa dynamicinstability. Theinstability conditionsoccurat:

C . .
T > 1, staticinstability ,
1
BT CB < 0, dynamicinstability . (C.14)

Fromthe definition of the staticanddynamicinstability it follows thatthe dynamicinstability

depend®on thewhole compressiorsystemwhile staticinstability only dependonthethrottle

and compressocharacteristic.For most systems dynamicinstability is obtainedat a larger

massflow thanstaticinstability. This meanghatthe suige measuredn compressiorsystems
normallyaredueto thedynamicstability limit andthereforedependntheconfiguratiorof the

system.For example,a larger volume,ductarea,or a smallerductlengthresultin a dynamic
stability limit atlargermassflows.

However, sincethe compressocharacteristi@andthe geometricaparameter®f a systemare
difficult to determineaccuratelythe stability limit of a systemis very difficult to defineby
consideringheinstability conditionsin Equation(C.14).

C.2 Quasi-steadycompressormodelling

The first generalmethodto determinethe steady-stateompressorcharacteristias by mea-
surement. Fink et al. [23] and Arnulfi et al. [2] shaved that the forward flow characteristic
canbe measuredip to very small massflows if a very small volume (small B-parameter)s
placedin thecompressiosystem.Then,theoccurrencef suge canbepostponedo low mass
flows or caneven be prevented. The negative massflow branchof the characteristicurve is
determinedoy fitting the negative flow decreasingortion of the measuredleepsumge cycles.
Thisis allowedsincefor alargevolume(large B-parameterjhedecreasingportionof thedeep
suge cycle is determinedby the emptyingof the volumeinsteadof the inertia of the ducting.
Then,the plenumpressuras thoughtto be very closeto the steady-stateompressodelivery
pressure Hanseret al. [34] measuredhe negative branchof the steady-stateharacteristidy
feedingshop-airto the compressoexit to force a negative flow. Furthermorethey did notuse
a small volumeto determinethe positive flow characteristic.Instead,they assumedhat the
curve betweenhe steadymeasurabl@ositive flow branchandthe negative flow branchcanbe
connectedy asmoothcurve.

Thesecondyeneraimethodto describehesteady-stateompressocharacteristics by usingthe
typically smoothS-shapedurve, shavn in FigureC.2,whichfollowsfrom acubicpolynomial:

0ld) = o+ 1 {14 3000 - 5 -1t c15)

Herein,is ¢, thevalley pointof the characteristidocatedat the compressopressureise axis,
is 2W theflow coeficientcorrespondingo thetop of the characteristicandis 2 H thepressure
rise coeficient correspondingo the top minusthe bottompressureise coeficient of the char
acteristic. The parameters).,, H, andW aredeterminedrom steady-stateneasurementsf
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the compressocharacteristi@andfrom transientsuige data. This representationf the steady-
statecompressocharacteristiags usedin axial compressordy, e.g.,Moore andGreitzer[53],
Wangetal. [68], D’Andreaetal. [14], and GravdahlandEgeland27]. In centrifugalcompres-
sorsit is usedby, e.g.,Botros[5] andMeulemaretal. [52].

v, — v ]

T
4
P4

° $
L s

Figure C.2: Notation usedin definition of cubic axisymmetriccompressorcharacteristic.
[Moore andGreitzer[53]]

A thermodynamicelatedpredictionmethodto determinghequasi-steadgentrifugalcompres-
sor characteristigs usedby Gravdahland Egeland[28]. Insteadof modellingthe compressor
characteristidy describingthe pressurd¢o be a function of the massflow androtationalspeed,
thecompressocharacteristisvasmodelledby anisentropicprocessonsideratiorio whichthe
lossesare added. Hendrickset al. [37] determinedthe quasi-steadyerformanceof an axial
compressofrom a computatiorof ameanline flow model.

Koff andGreitzer[44] suggestedo identify the axisymmetriccharacteristidor an axial com-

pressoiin the low forward flow regime from transientmeasurecompressodata. In this ap-

proachone’subtractoff’ thatpartof the pressureise dueto flow accelerationgor decelera-
tions)duringanaxisymmetriccompressosuigecycle. In Chaptei3 thequasi-steadgentrifugal

compressocharacteristigs alsodervedfrom suige measurementslhe conclusionis thatthe

compressoperformanceduring sulge is far from being quasi-steady So, no (axisymmetric)
quasi-steadgharacteristicouldbefound.

C.3 Timelagin compressorresponse

Greitzeret al. [31] obsened that the developmentof rotating stall cells took approximately
sevenrotor revolutionsto grow to full gronvth. The time neededor developmentof the stall
cell canbelongenouglsothatthecompressomasslow undegoesasignificantchangeduring
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this process.Undertheseconditionsa quasi-steadwapproximations not adequateTherefore,
a simple,first ordertransientresponsenodelto simulatethis lag in compressoresponsavas
proposed.

Theapproximatiorfor thetransientcompressoresponses written as:
dAp
C — A :
dt p 88

with Ap.,. denotingthesteady-stateneasuredompressocurve. Thetime constant- is defined
to beproportionalto thetime for somenumber NV, of rotor revolutions:

T

— Ape, (C.16)

2rNR
= . C.17
T U ( )

Thenondimensionalime constant;y — 7wy, is:

B aNR
L.B

Greitzerfoundthat N depend®n thecompressoconsideredFor his applicationN = 2 suited
best.Thisfirst orderdelayof thecompressoperformances usedin axial compressors.g.,by
Nishihara[54], Massardcet al. [48], and Hendrickset al. [37]. For centrifugalcompressorg
is usedby, e.g.,Hanseretal. [34], Fink etal. [23], Botros[5], andArnulfi etal. [2].

As wasobsered by Greitzerthe valuefor N depend®n the compressoused. Hansenret al.
foundthat N = 0.5 is of the orderof thetransportime throughtheimpeller. A remarkto this
work is thatthey did notexplicitly obsere developingrotatingstall cellsduringthesuigecycle
andusedthefirst ordertime lag to fit the suge simulationsto the measurements:urthermore,
Arnulfi etal. usedN = 4. Remarkablas thatthe correspondingalue of the time constant
is imposedonly whenthe compressors operatingin the stalledportion of the characteristic,
namely for a flow coeficient greaterthan zero and lessthan the stall limit value. On the
contrary whenreverseflow occursor the compressois running on the unstalledbranchof
the characteristicy is setequalto a very small valuethat correspondso the fastcompressor
respons@bsenedwhenrotatingstallis absent.

Fink etal. usedthe time constanto modelthe lag periodthatis measuredrom the precursor
of mild sulge to deepsuige. The time constantis basedon the convectiontime throughthe

impellerandvanelessliffuser The compressothroughflav timeis givenapproximatelyby:
L
Cr’

T =

in which L; is the meridionalthroughflav lengthof theimpellerandvanelesdiffuser and(’,
is themeridionalaverageflow velocity. The nondimensionathroughflav time constanis:

1 Lt) 1

2 L.” Blo.|

Physically thistime lag hasthe effect of flatteningthe instantaneousompressocharacteristic
relative to the quasi-steadgurve, which leadsto a slower growing instability.

e
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C.4 Model parameters

Theparameters thelumpedparametemodelaredifficult to determinestraightforward. This
is shavn by presentingherethe modelparametersisusedby Willems [70] for the samecom-
pressiorsystemasdiscussedn Chapter2 and3.

ThelumpedparameteEquationgC.7),(C.8),and(C.9)areusedwith anadditionalassumption
thatthe G-parameters small. This meanshatthe throttle ductlengthis assumedo be much

smallerthan the compressoduct length. A two statelumped parametemodelis obtained
accordingo:

dpe B

pril B (e — 1), (C.18)
dp 1

Z = 50— dn), (C19)
Yr = . (C.20)

To be ableto solve the setof equationsa relationfor the steady-stateompressoandthrottle
valve pressureise, 1. andr, respectrely, andthe geometricalparametersre determined.
Thesteady-statéhrottle valve characteristies determineds:

2

Uy = ( o > . with  cp = 0.332.
crYr

Thesteady-stateompressopressureaise, ., is afunctionof the compressoflow, ¢., andthe

rotationalspeedN. Thecompressocharacteristics approximatedy acubicpolynomialin ¢,

asdiscussedn C.2. To obtaina bestfit of all steady-stateneasurementhe cubic polynomial

IS rewritten to:

¢c(¢c) — CO(N) + Cl(N)QSg + CQ(N) i’ 5
with
3H —H
CQ(N):¢C(0), CI(N):Q—W ,and CQ(N): oW
For eachrotationalspeedine in the compressocharacteristidhe parametersg,(N), ¢1(N),
andcy (V) aredetermined.The dependencef theseparametersn rotationalspeedN is ap-
proximatedoy a quadratigoolynomialin N:

co(N) = —7.3130-107°N? 4 2.5979-107*N — 1.0588,
ci(N) = 7.9639-107"N%2 —2504-1072N + 2.234574-10*,
co(N) = —3.1774-1075N% 4 9.750- 102N — 9.009138 - 102

As in Section3.3the estimateccompressopressureise at zeroflow is improvedby changing
the valley point of the cubic polynomialwith A. The resultingapproximatedcompressor
characteristiés determinedvith the parameter$y and /, and.(0) thatdependon ¢.:

¢ 2 2W, H'=H and (0) = ¢.(0),



C.4 Model parameters 109

1
¢ <2W, H' = H + §Aco and ¢.(0) = ¥.(0) — Ay .

Thevaluesof thegeometrigparametersf thecompressiosystemasindicatedn Figure3.1are
showvn in TableC.1for the problemdiscussedy Willems aswell asfor the problemdiscussed
in thisthesis(Chapter3). Both definitionsobtaina sulgefrequeny whichis within therangeit

TableC.1: Compressiomsystemparametersaccordingto Willems andthis thesis(Chapter3).

Parameter | Willems | this thesis
Compressor

A, 7.9-107%  [m?] 6.53-107° [m?]
L. 1.8 [m] 0.16 [m]
Throttle

A ~ A [m?] 9.56 -107° [m?]
Ly 0.10 [m] 0.10 [m]
Plenum

vV, 2.03-1072 [m7] 2.39-107%2 [m7]
Densityp 1.2 [kg/m?] || f(T,p) [kg/m?]
Throttleparametery 0.332 [-] 0.406 []
Compressocharacteristishift A, | 0.3 [-] f(N) [-]

canbe determinedrom measurementThe differenceis foundin the shapeof the suige cycle.
The influenceof the geometricalparameter®n the shapeof the suige cycle is discussedn
Section3.2.
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Appendix D

Hot-wir e calibration

The principle of hot-wireanemometrf{HWA) is basedon transferof heatfrom anelectrically
heatedelementto the flow. The heattransferto the flow dependson the fluid velocity, which
coolsthe heatedelement. Due to the cooling the electricalresistanceof the elementdrops,
which indirectly gives a measurefor the fluid velocity An extensve overvien of the HWA
techniquds givenby Bruun[7]. Thehot-wireis usedin a ConstanfTemperaturédnemometer
(CTA) mode. The lengthof the hot-wire elementwas1 [mm], the thicknesswas5 [pm] and
wasmadeof tungsten.The overheatatio of thewire was1.5.

A relation betweenthe measuredutput voltage and the velocity can be found when a heat
balanceof thewire is performedseefor referenceBruun[7]. Therelationusedis:

E?= A+ BVU. (D.1)

In which E is thewire voltage, A andB areconstanthathaveto bedeterminedrom calibration,
andU is thevelocity.

The calibrationof the hot-wire was performedbeforeevery measuremergessiorwith useof
anairflow out of a nozzle. Figure D.1(a) givesa sketchof the calibrationset-up([55]). The
airflow out of the nozzleis generatedvith high-pressurair of 6 [bar]. After the valve, the
air is led into a buffer to attenuatdhe high frequeng pressurevariations. Beforeit entersthe
massflow controller(MFC) the air is filtered by anoil filter. The MFC is usedto regulatethe
massflow andtherebyindirectly the outletvelocity of the nozzle.Fromthe MFC theair flows
througha heaterthatis controlledby a regulatoranda feed-backtemperaturendicator The
hot-wire probeaxisis placedin the main streamdirectionat the centreline of the jet, which
minimizesthe influenceof the probeon the flow. The hot-wire signal of the anemometers
led via an A/D corvertor to a personalcomputer The software usedto control the sampling
of the wire signalis writtenin LABVIEW. The massflow throughthe nozzleis readfrom the
MFC. Therelationbetweerthevelocity at the nozzleandthe massflow throughthe nozzlehas
beendeterminedy calibration,with useof the pressuralrop overthenozzle,Ovink [55]. The
calibrationprocedurecanbefoundin Maas[47]. In FigureD.1(b)a calibrationcurve is shovn
from which the calibrationconstantsA and B, in Equation(D.1), aredetermined.As canbe
seenfor velocitieslargerthan4 [m/s] thereis agoodapproximatiorof therelationbetweerthe
velocity andthe outputvoltage,for velocitiessmallerthan4 [m/s] thefit is lessaccurate.The
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FigureD.1: Hot-wire calibration.

velocitiesexpectedto be measuredn the compressoarebetweeni 0 and30 [m/s] whichis in
theaccuratelydefinedareaof the calibration.



Appendix E

Analysesof an oscillating pipe flow

In Chapter4 the differencebetweenan exact solutionof a flow anda solutionobtainedwith a
quasi-steadwapproactof theviscouscontritution is studiedby meansof ananalyticalstudyof
anunsteadylow in aninfinitely long channel.In thischapteitheresultsarepresentedor a pipe
flow (Schlichting[65]). In thisway it is studiedwhethertheresultsdependon thegeometry

E.1 Exact solution of an oscillating pipe flow

The pipeis assumedo beinfinitely long, with the x—axislying in the centre,seeFigureE.1.
Sincethe pipeis assumedo be long, a developedincompressibldlow, which motionis inde-
pendenbf z, is studied.Fromthe Navier-Stokesequationsa linearequationis obtained:

)

FigureE.1: Infinitely long pipe.

- _ - _ —r —

o p dx Y \or " ar
with boundaryconditionsu = 0 atr = R. The pressurggradientis assumedo be setby a
harmonicallymoving piston:
1d
e sin(nt) ,
p dz
in which C is a constant. To solve the linear differential equationa complex notationof the
pressurgradientis used:
1 dp

—— = = —iKem™, (E.2)
p dz

ou 1 dp 1 (8 8u> 7 (E.D)
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whereonly thereal parthasphysicalsignificance.
Theunsteadyvelocity profile is:

-
u(r,t) = — ]Cei"t{l jo(Rai)} , (E.3)

n Jo (o)
in which
o — avV-—i,

andthedimensionless:

oz*R\/E
v

is a Stokes numberthat characterizeshe relative importanceof time-dependeninertia terms
relative to viscousterms. 7, is the zerothorderBessefunction.

Theexactmassflow is obtainedoy multiplying the velocity profile by the densityandby inte-
gratingit overtheradiusof the pipe:

m(t) = ipKr i {1— 25 (O"')} eint (E.4)

iy a; Jo ()

The momentumEquation(E.1) canbeintegratedsuch,thatit givesanexactmomentumequa-
tion expressedn termsof the massflow:

dm o Ap

— = - — 4+ 2 w - E.
o T R 7 + 2r R, (E.5)
Herein,is 7, = p v 0u/0r|,, thewall shearstresswith du/dr|  thederivative of the velocity
atthewall (aty = R). Theexactwall shearstresscanbe determinedvith Equation(E.3):

Tw — o %(a € . (E6)

—

E.2 Quasi-steadyapproachof the viscouscontrib ution

For very low frequencies quasi-steadyelocity profile is obtained:
ik

241/
Thequasi-steadynassflow is:

u(r,t)gs = {R*—r?} ™ (n—0). (E.7)

, ipKrRY
mes(t) = — 50 e (E.8)
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The momentumequationwith a quasi-steadyiscouscontribution is obtainedf a quasi-steady
wall shearstresds used:

dm o Ap
- = _ = 42 A E.
o T R 7 + 27 R T, (E.9)

Thequasi-steadyvall shearstresscanbe determinedvith EquationgE.7)and(E.8):

4
= 2 i (E.10)

T 7R3

In Figure E.2 the massflow determinedrom the quasi-steadynomentumgquation(E.9) is
comparedvith the exact massflow solutionfor differentStokesnumbersqa. Herein,the am-
plitude, A,,, representshe ratio of the amplitudeof the approximatednassflow andthe exact
massflow oscillation,characterisedyy theratio of the standardleviations,accordingto:

std (112)

R (E.11)

m —

This ratio becomesgqualto unity at smallandlarge Stokesnumbers.

The phase Ad,,, is the differencebetweerthe approximatednassflow oscillationphasef,,,,
andtheexactmasdlow oscillationphaseg,, ... It indicateshe phasdeadof theapproximated
massflow with respecto the exactmassflow:

Al = O — O - (E.12)

Thegeometricabndphysicalvaluesusedareshovnin TableE.1. As canbeseenn FigureE.2,
the quasi-steadyapproachoverestimateshe massflow amplitudefor 0.5 < a < 80. Fur
thermore comparedo the exactmassflow the quasi-steadwapproximatednassflow leadsfor
1-107! < o < 3 in phasewhile for 3 < « < 2-10? it is lagging. Theseresultsarecomparable
to thoseobtainedfor the channefflow, seeFigure4.2.

A Bm [deg]

FigureE.2: Quasi-steadppproactcomparedo the exactsolutionfor the pipeflow.
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TableE.1: Pipedimensions.

[m] 0.01

[m] 0.50

1.0
[m?/s] | 1.0-10°¢
[kg/m?] | 1.0 - 10°

T X RN
El
&

E.3 Approximation of the error made with the quasi-steady
approach

The error y madewith the assumptiorof a quasi-steadyiscousterm equalsthe difference
betweerEquation(E.5) andEquation(E.9). The quasi-steadgquationwill beimprovedby an
approximatiorof this xy according:

Ap

drin
— — a1 R? - T 21 R {Tw,. + X} - (E.13)

dt
In whichy is theerrorbetweertheexactwall shearstressEquation(E.6),andthequasi-steady
wall shearstressasmeantin Equation(E.9) with the exactmassflow, Equation(E.4):

X = Tw— Twg -

Following the samederiationasin Sectior4.3the expansionof theerrory is:

1 R dn, din 1 R dr,, d*n
T2 v din dt | 1152 12 dm de?

In Figure E.3 the massflows determinedfrom the correctedEquation(E.13) (new) andthe
guasi-steadyequation(E.9) (old) are shovn both comparedo the exact massflow solution
Equation(E.4) for differentStokesnumbers.In the correctedequationonly thefirst derivative
of themasdlow is takeninto account.Thismeanghatthisapproactonly is expectedo bevalid
for o smallerthanfor which the higherorderterm — 22 /(1152 v) d?m/dt* < 1/24 drn/dt.
Thisis the casefor o < 7. As canbe seenthe new approachgivesbetterresultsthanthe old
approachtor 0.5 < a < 2.

(E.14)

Thedependencen « of the exacterrorandthe correctionterm:

R? dry,, dm 1
A (C - ﬂ) (E15)

is studiedin detail. In FigureE.4(a)therespons®ntheimposedpressurgradientof the exact
error andthe correctiontermis shavn. Herein,the amplitude,A,, representshe ratio of the
amplitudeof the approximatedr exacterror, y, andthe pressuregradient,dp/dz, according
to:

X
A, = .
X dp/dx




E.3 Approximation of the error madewith the quasi-steadyapproach 117
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FigureE.3: Effect of the correctionfor the pipeflow. C = 24

The phase Ad,, is the differencein phasebetweenthe approximatedr exact error andthe
pressurgradient:

A0y = 0y — Oapjan -

It is seenin FigureE.4(a),thatthe presente@dpproximatiorof theerrorappliesfor o < 2.
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(a) responsen the pressurggradientof error

X andcorrectionyapy (b) ratio of andphasebetweeny andy qpp

FigureE.4: Error x andcorrectiony,,, asfunctionof « for the pipeflow.

In Figure E.4(b) the differencebetweenthe two responseare shavn. Herein,the amplitude,
11,,, representshe ratio of the amplitudeof the approximatecerror, x,,,, andthe exacterror,

Xez, @CCOrdingto:

Xa
HX — X—:;p .
Thephase Ad,, representthedifferencebetweend, ,,,, andAf, ., thatis equalto:

AV = Ovamp — Oy -
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For o > 2 the correctionshouldbecomesmallerand eventuallyfor large o becomezero. To
achieve this arelaxationequationof the correctiontermis suggeste@ccording:

dm w R?

L N g ,

o 7 p + 21 R{7u, + x}

dy R2 dry,. diin

ax o B OTw, amo E.1
T C an a X (E.16)

In FigureE.5themasdlow determinedrom the correctedandrelaxatedEquation(E.16)(new)
andthe quasi-steadyquation(E.9) (old) is shavn versusthe exact massflow solution. Time
scalesbelongingto two extremesin Figure E.4(b),« = 2 anda = 200, are appliedand
showvnin FigureskE.5(a)andE.5(c). For thelargetime scalethe old solutionwithout correction
is obtained,for the small time scalethe correctionhasa positive influenceon the solution
compareavith FigureE.3. Theamplitudecanbecomecloserto oneoverthetotal o rangeif the
time scaleis chosenn betweerthetwo extremes.This is shavn in FigureE.5(b). For o = 20
agoodresultis obtainedfor theamplitudeandonly a smalldifferencefrom zero(maximumof
4 deggree)in thephase.

= =

s s

CDE CDE

< <
-8 xS " - -8 o " -
10 10 10 10 10 10 10 10

a a

(8) T = 157 [s] correspondingo o = 2 (b) 7 = 1.6 [s] correspondingo o« = 20

A em [deg]

107 10° 10" 10°
[of

() = = 157 - 107#s] correspondingto
a = 200

FigureE.5: Effect of the correctionwith relaxationfor the pipe flow.



Appendix F

Water channelset-upand measurement
system

To study the relation betweenthe unsteadymassflow and pressuren an oscillating flow at
differentfrequenciesa water channelset-upis built. An adwantageof this set-upis thatit is
accessibldor detailedmeasuremendf the unsteadyelocity profile with which the unsteady
massflow is determined.The experimentalset-upconsistsof two reserwirs, seeFigure F.1.
In betweenthesereserwirs the test-section(3), which is madeof 6 [mm] thick perspg, is
mounted. A circulation pump pumpsthe necessaryolume flow from the outlet to the inlet
reseroir. The oscillationsareappliedat the outletreserwir. With the useof a direct current
motorandavariablepower supplyanoscillationfrequeng betweert— 1 [Hz] is producedThe
rotationof themotoris corvertedinto alinearmovementwith theuseof anacentricpositioned
rod, which drivesa plate. The amplitudeof the pressureoscillationproduceddependsn the
amountof waterthatis distributedby the plateduringits oscillation.

F.1 Steadyvolume flow measurment

TheFiltra swimmingpool circulationpumpof KSB Nederlanchasameancapacityof 12 [m?/h]
andarotationalspeedf N = 2800[rpm]. Since,therotationalspeeds fixedthe volumeflow
hasto be controlledby usinga by-passin the pumpflow circuit, seeFigure2.1. The steady
volumeflow throughthe channels measuredavith a volumeflow meterdownstreanthe outlet
reserwir. Thevolumeflow canbe controlledby thevalvesin arangeof 0 — 3.3 - 10~3 [m?/s].

F.2 Pressue measurement

To measuregressuralifferencesgwo low differentialpressuresensorgDruck LPM 5480)are
available. Thespecificationsre:
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FigureF.1: Experimentalvaterchanneket-up.

measuringyain: —10 to +10 [mbar] differential(bi-directional)
accurag: max.0.25 [%] of themeasuringyain
outputgain: 0to+ 5 [V]

Two pressuralifferencesensorareused.Onesideof eachsensoiis connectedo the channel
andonesideto awatercolumn.In thisway the pressureluctlengthscouldbekeptsmallsothat
theresonancdrequeny of the pressuresensorductsdid not exist in the oscillationfrequeng

rangeof interest,f, < 1.

Theacquisitionof thepressuralatais performedwith adataacquisitionprogramLabView. The
samplefrequeng of the pressurelepend®n the oscillationfrequeng of the oscillatorandare
talulatedin TableF.2.

F.3 Unsteadymassflow measurement

F.3.1 measurementwith laserand CCD-camera

To determinethe unsteadymassflow in the channela Particle ImageVelocimetry(P1V) tech-
niqueis employed, [4], [60]. With thisnon-intrusve methodvelocityfieldsaredeterminedrom
imagesof aseededlow. A planewithin theflow is illuminatedtwice by meansof a (Nd:YAG)
laser With the laserlight a light sheetis made,with mirrors andlenseswhich is appliedat
the top of the channel. The directionof the light sheetis in flow directionandit illuminates
approximatelys - 10~2 [m] atthebeginningof thechannel.Theflow is seededvith Polyamide
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TableF.1: Waterchanneldimensions.

v kinematicviscosity [m?/s] | 1.0-107°
0 density [kg/m?] | 1.0 - 103
test-sectiondimensions

d height(PIV-area) [m] 0.02

b width [m] 0.20

L length [m] 0.50
(synthetic) resenoir 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: Samplefrequeny of the pressurdransducers.

oscillation frequency[Hz] | samplefrequency[Hz] | number of samples
steadyflow 20 100
0< f,<0.10 5 2048
0.10 < f, < 0.30 10 2048
030 < f, < 1.0 20 4096

particlesof 20 [xm]. It is assumedhatthe tracerparticlesmove with local flow velocity be-

tweenthetwo illuminations. The light scatteredy the particlesis recordedby a CCD camera
on two separatédrames. The displacemenbf the particleimagesbetweerthe two light pulses
aredeterminedy anevaluation(cross-correlationdf thetwo PIV recordings.

The (dual) framerateof the PIV-measuremens 13.75 [Hz]. To obtainusefulrecordingsthe
CCD cameraandthelaseraresynchronisedThetriggereddoubleillumination of thelaserand
exposureof the CCD camerastartswith theusersuppliedtrigger(A) asillustratedin FigureF.2
and Table F.3.  Sincethe laserhasa light outputdelay (B) after the flashlampis flashed,
thetime pulseallowancefor thefirst illumination mustbe programmednto the cameravia the
command:TransferPulseDelay(TPD— 1.93-10~*[s]). Thesecondmagehasafixedexposure
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TPD TPW

J 1 |‘ 2 image exposed

Cl Q-switch straight

D flashlamp straight + latency

BI Q-switch zz
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A user trigger
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FigureF.2: Time traceof thetriggereddoubleexposure.

TableF.3: Time indicationof thetriggereddoubleexposure.

position on head

A=1T0 [s] flashlampzz lamptrig
B—A+193-107* [s] Q-switchzz rear
C=B+zx [s] Q-switchstraight | side

D—=C—-172-107* [s] flashlampstraight| lamptrig delay

periodof 33 milliseconds.Thetime betweerthetwo illuminationsis setby thetime variablez,
which depend®nthevelocity of theflow. Generally speakingthedisplacementf the seeding
in thesecondrameis 1.5 - 10~ [m] with respecto thefirst frame.

F.3.2 PIV evaluation

An exampleof anexposureof the channelwith seedingwhite spots)is shovn in FigureF.3(a).
Theboundarie®f thechannehbrerecognisedy thetwo horizontalwhitelines. Thelargewhite

spotabove the channels alight sourcethatis usedto synchroniseéhe PIV-measurementaith

the pressuraneasurementslhe PIV-recordingsareevaluatedby locally cross-correlatingwo

framesof singleexposureof the channel Furthermorethe PIV-recordingsaresubdvidedinto

interrogatiorareasln TableF.4 thesizeanddisplacementf theinterrogationwindow in x- and
y-directionis given. At steadyflow measuremente sizeof theinterrogationareais adjusted
for largermearnvelocities. Theflow directionin thechanneis mainlyin x-direction. Therefore,
to obtain a betterresolutionof the velocity field in y-direction the interrogationwindow is

taken rectangular Also, an overlapof half the size of the interrogationwindow is used. For

completenessat the subpixel level the displacements determinedrom the correlationdata
with a Gaussiarpeakfit, which explanationcanbefoundin [4] and[60].

The vectorsshownn in Figure F.3(b) representhe displacemenbdf eachinterrogationareain
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TableF.4: Interrogatiorareas.

oscillating and steadymeanvelocities< 0.6 [m/s]
interrogatiorwindow x = 128 [pixel]  y = 8 [pixel]
interrogatiorwindow displacement Az = 64 [pixel] Ay = 4 [pixel]
steadymeanvelocities> 0.6 [m/s]

interrogatiorwindow x = 256 [pixel]  y = 8 [pixel]
interrogatiorwindow displacement Az = 128 [pixel] Ay = 4 [pixel]

the channel.As canbe seen the displacemenprofilesarequite uniformin the window of the
measuremendand the gradientof the boundary-layeprofile is capturedin detail. Next, one
velocity profile is determinedrom the meanof the displacemenprofilesthatis divided by the
time betweerthetwo subsequergxposures.

18¢
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O > = 5 F > = = = B = T = z
0 10 20 30 40
length [mm]
(@) PIV image (b) displacementectors

FigureF.3: Unsteadyelocity measurementith PIV.

Examplesof velocity profiles at different phasesof the oscillation for three different mean
velocitiesareshown in Figure F4(a), F.4(c), andF.4(e). For a meanoscillationvelocity u =

0.5 [m/s] thevelocity gradientat thewalls is large andit leadsto a straightprofile furtheraway
from thewalls. No negative velocitiesaremeasuredror asmallermeanvelocity, u ~ 0.2 [m/s],

the shapeof the velocity profile is found to dependon the phaseof the oscillation. At some
instancesheflow nearthewalls becomesggative andbackflov occurs.For ameanoscillation
velocityu = 0.1 [m/s] eventheflow far from thewallsreacheshezerovelocity line. Generally
speakingthesethreevelocity profile figuresshawv that with the PIV methodit is possibleto

capturethevelocity profile of theflow in detailevenwhenbackflav occurs.

Finally, thevelocity profilesareusedto determinethe massflow oscillationin the channel By
integratingthevelocity profile overthe heightandby multiplication by the densityof water the
unsteadynasdlow is obtained.Theresultingmasdlow oscillationsareshovn in FigureF.4(b),
F.4(d), and F4(f). A smoothsinusoidalmassflow oscillationis found. Furthermoreat the
lowestmeanoscillationvelocity the massflow becomesegative duringa partof thecycle.
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In FigureF.4(b), F.4(d), andF.4(f) the unsteadypressurdifferenceof the channelareshovn
aswell. The pressureandmassflow measurementare synchronisedy usinga light source,
whichis triggeredby the oscillator At a certainpositionof theoscillatorthelight is putonfor a
shortperiod. Togethemwith the pressureneasurementhe voltageof thelight is measuredAs
thelight is put on a voltagepeakis measuredndat the "sametime” in the PIV measurement
thelight is capturedn oneor moreframes.A quotationmarkis usedfor the sametime since
both measurementareonly synchroniseduchthatthe phaseof the periodwith respecto the
oscillatoris equal. The pressureneasurementsould be shiftedcompleteperiodsin time with
respecto the massflow measurement.

In FigureF.4(b),F.4(d),andF.4(f) theinfluenceof the oscillationfrequeng with respecto the
phasébetweerthepressurelifferenceandthemasdlow is seen For alow frequeny bothtraces
nearlyfollow the samepaththroughthe oscillationwith respecto time. The phasedifference
is small. For higherfrequeng the phaseof the massflow oscillation leadsthe phaseof the
pressuralifferenceoscillation. This resultis discussedn Chapters.

F.4 Phaseaccuracy

In Chapter5 the amplituderatio of andthe phasedifferencebetweenthe massflow andpres-
suredifferencemeasuremeris discussedHerethe accurayg of the phasebetweenthesetwo
measuremerguantitiess given.

The(dual)framerateof the PIV-measuremens 13.75 [Hz]. Which meanghat2 exposuresare
capturedn 0.073 [s]. The exposuretime of thefirst imageis TPD— 1.93 - 10~* [s], whichiis
too shortto capturethe synchronisatiotight. Thesecondmageexposuretimeis 33 - 1073 [s],
in which thesynchronisatioright is captured Now, someavherein betweerD [s] and0.073 [s]
the light switcheson, which is always broughtbackto ¢ = 0 [s]. This introducesa one-
sidedinaccurag on the phaseof the massflow with respecto the oscillator The maximum
inaccurag in phasefor afrequeng rangeof 0 < f, < 1 [Hz] is equalto 360 - 0.073 f, [deg].
It meansthat the determinedmassflow canleadin phasecomparedto the real massflow.
Thereforethedetermineghaseof themasdlow is in between-360-0.073f, < 6,, < 0 [deg].

The pressurdifferenceis measuredgynchronicwith the oscillator Furthermorethe voltage
changewhenthelight is switchedon, is so steepthathardly ary time is pastbeforethe light
is really on. Therefore,the phaseuncertaintyof the pressurewith respectto the oscillator
canbe putto zero. The phasedifferencebetweernthe massflow andpressuraneasuremens
determinedby hand,which introducesan error thatis approximately+1.5 [deg]. Hence,the
total inaccurag of the phasedifferencebetweenmassflow andthe pressuremeasuremernits
—360-0.073f, — 1.5 < 6,,, — 0, < 1.5 [deg].



126 Water channelset-upand measurementsystem




Nomenclature

In this appendixthe symbolsandacroryms usedthroughouthis thesisareexplained. A refer
enceto a specificchapteror appendixs madeif asymbolis specificallyusedin this chapteror
appendix.

Greek
Symbol  Definition imension Chapter / Appendix
a Stokesnumber(%, /%) []
Oleo maximuma without relaxation [-]
G o= [-]
Q. a relaxationdeterminingr [-]
v ratio of specificheats []
Aco shift of valley point/,, [-]
o boundary-layethickness [m]
0 steadyboundary-layethickness [m]
0 phase [deg]
v Hx,app B Hx,ez [-]
A amplituderatio []
v kinematicviscosity [m? s
19 relative positionof the hot-wire probe [-] 2
Hx Xapp/Xez [']
P density [kg m—¥]
T time constant [s]
T nondimensionatime constant [] C
T wall shearstress [kg m~1 s
1) dimensionlessnasslow, flow coeficient [-]
% error (T, — Tw,.) [kg m~1 s
P dimensionlespressureise []
P pressureise coeficient []
Yeo iy at zeroflow coeficient [-]
w frequeny [rads™]
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Symbol
Symbol Definition Dimension Chapter / Appendix
A area [m?]
A calibrationconstant V2] D
A time indication [s] F
A multiplicationfactor [kg/m]
a speedf sound [m/s]
B gngc [']
B calibrationconstant [VZ (m/s)y /7] D
B time indication [s] F
b (exit impellertip) width [m]
C time indication [S] F
C constant [-]
C’ constant []
C, axial velocity [m/s]
Ch meridionalvelocity [m/s] C
cr throttle valve parameter [-]
D time indication [S] F
d diameter [m]
d height [m] 5F
E wire voltage [V] D
f frequeny [Hz]
G Lrs. [
H pressureise coeficient parameter [-]
h height [m]
Jo zerothorderBessefunction [-] E
J1 first orderBessefunction [-] E
K constant [ms2
L length [m]
M massflow amplituderatio [-]
M Machnumber [-] A
m masslow [kg/s]
N rotationalspeed [rpm]
N numberof rotor revolutions [-] C
n 27 f [rad/s]
P pressuralifferenceamplituderatio [-]
P pressure [Pa]
Ap pressurdifference [Pa]
R gasconstant [J/kg/K]
R radius [m]
Re Reynoldsnumber [-] A
r radiusdirection [m]
S Strouhalnumber(*>) [] 5

L




129

Symbol continue

Symbol Definition Dimension Chapter / Appendix
T temperature [K]
t time [S]
¢ dimensionlessime [-]
U bladespeed [m/s]
U velocity [m/s] D
U velocity [m/s]
vV volume [m3]
V., axial velocity [m/s]
v velocity [m/s]
W flow coeficientparameter [-]
x x-direction [m]
x time variable [S] F
Yr dimensionlesshrottle valve position [-]
Y throttle valve position [V] 2
Y y-direction [m]
Z numberof impellerblades [-] 2
z numberof diffuserblades [-] 2
z z-direction [m]

Acronym
Symbol Definition Chapter / Appendix
CCD chage coupleddevice F
H-W hot-wire 2
MFC massflow controller D
Nd:YAG neodym(ion): yttrium-aluminum-garnefcrystals) F
PIV particleimagevelocimetry
PSD power spectradensity
TPD transferpulsedelay F

VFM volumeflow meter 5F
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Nomenclature

Subscript

Symbol

Definition

Chapter / Appendix

QL W WNDNDINY R —O

app

XS@@@Q&%%%%%QS@E%OO@

ambientcondition
atcompressomlet
atchannelnlet
atcompressooutlet
impelleroutlet
atchannebutlet
atthrottleinlet
vanesnlet
vanesoutlet
casing

analytical
approximated

exit impellertip width
compressor
bladechordlength
exact

Helmholtz

hub

masslow
oscillation

orifice

plenum
pressurdifference
guasi-steady
suge
steady-state
throttle

atthetip

total condition
meridional
atthewall

errory versusdp/dx

N

NN




Samervatting

Voor kleine massastromemordt het operationelewerkgebiedvan compressorsystemedne-
grensddoor het optredenvan aérodynamischetromingsinstabiliteiten.Deze instabiliteiten
kunnenleidentot eenrampzaligestoringvande compressodoor hetontstaarnvaneente hoge
mechanischen thermischebelasting. Eén van dezeinstabiliteitenis surge van het compres-
sorsysteendat wordt gekarakteriseerdoor grote oscillatiesin de drukopbouwvan de com-
pressoren eeninstationairemassastroomDit proefschriftgaatover het metenen modelleren
vansuigein eencompressorsysteemeteencentrifugaacompressor

In eenexperimentelegasturbineinstallatigijn door middelvandrukmetingerbij de uitlaatvan
de compressqrvoor verschillendeotatiesnelhedeen smoorklepstanderge karakteristiekn
vansuigebepaald Uit dedrukmetingerzijn deminimumenmaximumdrukopbouwtijdenseen
sugeg/clusende sugefrequentid~ 19 — 24 [Hz]) bepaald Hetblijkt datde sugefrequentie
toeneemtls de smoorklepwordt gesloten.Dit geeftaandat het systeemeenclassicof deep
sulgegyclus doorloopt. Om de massastroonoscillatie te bestuderenis eenhittedraadbij de
inlaatvandecompressogeplaatstDoordegemetersnelheide correlerermetdemassastroom
is eenimpressievande periodemeteenpositieve massastroonn desuigeg/clusverkregen.

Bestaandeimulatiemodellervan suige zijn gebaseerap eenlumpedparameterbenadering
waarinde prestatievan de compressoquasi-stationaiwordt gemodelleerdAls in dit corven-
tionelemodeldegeometrisclbepaaldg@arametersanhetcompressorsysteewordengebruikt
is, tenopzichtevandeexperimentengdegesimuleerdenaximaledrukopbouwte laagendeges-
imuleerdesugefrequentige hoog. Alleen devorm vande sugeg/cluswordt dichtbij de maxi-
maledrukopbouwgoedgesimuleerdDe sugefrequentieen de maximaledrukopbouwkunnen
goedwordengesimuleerdvanneeide verhoudingvan de compressorlengten hetvolumevan
het plenummet eenfactortien, ten opzichtevan de fysischebepaaldeserhouding wordt ver-
hoogd. De vorm van de sugegyclus komt dan echterdichtbij de maximaledrukopbouwniet
overeen.

In dit proefschriftis eennieuwecorrectieontwikkeld waarmeetenopzichtevansimulatiesmet
hetcorventionelemodel,betereresultaterwordenverkregen.In hetcorventionelenodelwordt
aangenomemndatde drukopbouwvan de compressoquasi-stationaireageerbp massastroom
veranderingenterwijl eeninstationairebenaderingealistischelis. De ontwikkelde correctie
geeftdeinvloedvaneeninstationairegrenslaagenopzichtevaneenstationairegrenslaagp de
prestatievandecompressoweer De correctieis afgeleiddoordeinstationairampuls\vergelijk-
ing vaneenvolledig ontwikkeldelaminairestromingin eenkanaalte beschouwenln dezever-
simpeldeafleidingkomt hetStokesgetal(«) alseenbelangrijle parametenaarvoren.Wanneer
de ontwikkelde correctiewordt toegepastn hetgebied0.5 < a < 80, komt de gesimuleerde
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amplitudeenfasevandedrukenmassastrooroscillatiesbeterovereermetdeexacteoplossing.

Verwlgensis de ontwikkeldecorrectietoegepasbp eenturbulenteinlaatstroming Om de sim-
ulatieste kunnenvergelijken zijn er PIV- endrukmetingenn eenwaterkanaagjedaanyaarin
eenkanaalmet en zondereendrukgradént is getestvoor 0.7 < « < 7.5. Vooral voor het
kanaalmeteentegenwerlendedrukgradéntis eenverschilgevondentussende simulatiesmet
het corventionelemodelen de experimenten.Simulatiesmet het verbeterdenodelgeveneen
amplitudererhoudingeneenfase vande massastroorandedruk, die goedovereenkbmenmet
demetingen.

Tot slot is de correctietoegepastop het experimentelecompressorsysteemmaarina ~ 10.

Simulatieamethetverbeterdenodelresulterenn eensuigefrequenti@eneenmaximumdrukop-
bouw alsook eendrukopbouwperiodevan de sulgeg/clus, die goed overeenkbmenmet de
metingen. Eenwinst van het verbeterdenodelis dat de parameterse bepalenzijn uit de fy-

sischeafmetingvan hetcompressorsysteenaarnaasis eenparametergrhoudinggevonden
die, in plaatsvan afhanlelijk te zijn van het compressorsysteemaarinde compressowordt
gebruikt,specifiekafhanlelijk is vande compressor
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