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AbstratThe positve e�ets of tip injetion (i.e. injetion of ompressed air upstream of a rotortip) on axial ompressor operating behaviour was the topi of several investigations([32℄, [30℄, [4℄, [13℄,...). Disrete tip injetion (i.e injetion through equally distributedslots around the irumferene) was found to be superior to one ontinous slot aroundthe whole irumferene [27℄.These investigations were either performed using rig tests or CFD analysis whihare adequated for a small number of on�gurations. Considering preliminary design orparametri studies where generally many di�erent on�gurations are treated, rig testand CFD analysis are too time onsuming and expensive.In preliminary design generally streamline urvature methods are used beause oftheir speed. This method though is steady and axisymmetri and does not allowfor omputations of disrete tip injetion on�gurations where the assumptions of anaxisymetri steady �ow an't be applied anymore. Hene, a omputation method hasto be developed to aount for disrete tip injetion in a streamline urvature tool.Due to disrete injetion the in�ow to the rotor downstream is hanged thus that�rst the irumferentially and radially varying in�ow onditions in the absolute frameof referene are developed. Beause of the rotor speed the rotor experienes unsteadyin�ow onditions. As proposed by Melik [24℄ the unsteady part of the aerodynamisis mapped with altered in�ow onditions. Using these altered in�ow and steady aero-dynamis the unsteady work input an be obtained. This approah is implementedinto a omputer program. Finally the results are ompared to test data and it is foundthat the methods works reasonable well.



KurzfassungDiverse Untersuhungen ([32℄, [30℄, [4℄, [13℄,...) zeigten das Potential von Einblasung(einblasen von bereits komprimierter Luft in the Rotor Spalt) im Hinblik auf das Be-triebsverhalten von Axialverdihtern. Diskrete Einblasung (gleihmäÿig am Umfangverteilte Einblasedüsen) stellte sih im Hinblik auf Betriebsbereihserweiterung alsbesser heraus, als Einblasung realisiert mittels einer den gesamten Umfang umspan-nenden Düse [27℄.Diese Untersuhungen wurden mittels CFD Rehnung und Rig tests durhgeführt.Für Vorauslegung und Parameterstudien wo im allgemeinen viele vershiedede Kon�g-urationen untersuht werden sind diese beiden Verfahren zu teuer und zeitaufwendig.Stromlinienkrümmungsverfahren sind wesentlih shneller und werden deshalb in derVorauslegung verwendet. Dieses Verfahren ist allerdings stationär und umfangssym-metrish und kann deshalb niht direkt zur Berehnung von diskreter Einblasungherangezogen werden. In dieser Arbeit wurde nun eine Berehnungsmethode entwik-elt, die es erlaubt Einblasekon�gurationen mittels eines Stromlinienkrümmungsver-fahrens zu berehnen.Die Zuströmung zum Laufrad stromab der Einblasung wird durh die Einblasungverändert. Zuerst werden die geänderten Zuströmbedingungen im Absolutsystem er-fasst. Durh die Drehbewegung des Rotors erfährt dieser eine instationäre Zuströmung.Laut Melik [24℄ kann man die Systemdynamik in den Zuströmbedingungen abbildenund mit dieser geänderten Zuströmung und einem stationären Strömungslöser die insta-tionäre Arbeitszufuhr berehnen. Dieser Ansatz wurde in einem Computerprogrammimplementiert. Mittels eines Vergleihs der Ergebenisse dieser Methodik mit Versuhs-daten wurde dann die Funktionalität des entwikelten Programms gezeigt.
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] redued rotor speed (see equation 1.5)
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q arbitrary �ow quantity
p [Pa] Pressure
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rinj [−] normed inner radius of injetion jets (ompare Figure 3.1)
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Chapter 1.
Introdution and BakgroundIt is well known that one of the main targets in airraft engine development is toderease spei� fuel onsumption (SFC). Predited rising primary energy osts as wellas onerns about environmental protetion enfore this endeavor:Global air tra� is foreast to grow at an average annual rate of around 5%in the next 20 years. This high level of growth makes the need to address theenvironmental penalties of air tra� all the more urgent. To redue CO2and NOX emissions new engine ore on�gurations with heat management,ative systems and advaned omponent tehnology will be developed underthe EU integrated programme for NEWAC. [1℄The "New Aero Engine Core Conepts" (NEWAC) programme was started to meetthe goals regarding environmental protetion set by the "Advisory Counil of Aero-nauti Researh in Europe" (ACARE). Among other researh topis, the so alled"Tip Injetion" was hosen as one of the researh andidates [3℄. Partiularly for axialompressors tip injetion an be used to enhane the operability. Enhaned operabilityin turn allows for more e�ient ompressor design su�ient operability without stabil-ity enhanement methods is often only ahieved by trading part speed stability againstADP e�ieny [5℄.Radial Compressors are not treated in this work thus whenever it is referred toompressors axial ompressors in airraft engines are meant, even though some of thestatements might also be appliable to other types.In hapter 1 the bakround supporting the understanding of the work along with apresentation of a typial tip injetion system and its impat on the ompressor operat-ing behaviour is presented. The numerial method used is then presented in hapter 2.In hapter 3 the tip injetion omputation method is developed and the implementation



1.1. Compressor Charateristis 2into a omputer program is explained. Results obtained using the tip injetion om-putation method are presented in hapter 4 before onlusions on the implementationare drawn in hapter 5.In Setion 1.1 the axial ompressor map with its parameters and limits is presented.Interation of the single stages in the ompressor, so alled mathing is then intro-dued in setion 1.2 with emphasises part load stability, followed by tip injetion withits impat on the ompressor operating behavior in setion 1.3. Finally the researhquestions and the thesis's outline are formulated in setion 1.4.1.1. Compressor CharateristisCompressor Charateristis are used to present operating behavior. Tip injetion isused to hange the operation range of axial ompressor. Hene, in order to present thee�ets on tip injetion saling produts the ompressor map and stage harateristisare introdued.1.1.1. Saling ProdutsIn �uid dynamis usually dimensionless saling produts (e.g. Reynolds Number, MahNumber,..) are used. The set of parameters used here to quantify ompressor's operat-ing behavior is omprised of the Reynolds number, stagnation pressure rise oe�ient,isentropi e�ieny, redued rotor speed and redued mass �ow. In general these sal-ing produts an be used for arbitrary ompression systems, but if not stated expliitlythey are used for the overall ompressor. The fundamental relation between the salingproduts disussed in the following is given by
π = f(ṁred, nred, Re, ηis) (1.1)

• The Reynolds Number gives the ratio of dynami terms to visous terms in theNavier Stokes equations and is de�ned by
Re =

Lu

ν
(1.2)where L is a harateristi length, u is a harateristi veloity and ν is thekinemati visosity.

• The Stagnation Pressure ratio is de�ned by
π =

pt,2
pt,1

(1.3)



1.1. Compressor Charateristis 3where pt,2 and pt,1 are stagnation pressure at system outlet and inlet respetively.
• Isentropi e�ieny: Compressor e�ieny is basially de�ned as the ratio ofwork into the ideal ompressor to the work into the atual ompressor. Theisentropi e�ieny de�ned by

ηis =

pt,2
pt,1

(γ−1)/γ − 1

Tt,2

Tt,1
− 1

(1.4)is the ratio of isentropi work at given pressure rise (ideal) to the atual work.In this equation p and T are pressure and temperature at system outlet (2) andinlet (1) respetively. γ is the ratio of spei� heat apaities at onstant pressureand volume cp/cv.
• Redued speed: The loading of blades and therefore the pressure rise through theompressor depends on the speed of the rotor. To haraterize this, ommonlythe Mah number obtained with blade speed at rotor tip is used. Commonly thisMah number is based on the speed of sound evaluated with the inlet stagnationtemperature Tt,in and is de�ned by √

γRTt,1, where R is the spei� gas onstant.
γ and R are assumed to be onstants. Therefore the tip Mah number an besimpli�ed to u/√Tt,1, with u being the tip speed de�ned by u = 2rtipπn. rtip isthe rotor tip radius and and n is the rotor mehanial speed. For one mahinetip radius is onstant thus this ratio yields to the ommonly used redued speed:

nred =
n

√
Tt,1

. (1.5)
• Redued mass �ow: The same onsiderations done for the tip Mah number, analso be applied to the axial Mah number [6℄. The axial �ow veloity gives ameasure for the inidene, i.e. the di�erene of atual �ow angle to blade angle.The blade loading and therefore the pressure rise, depend on the inidene. Underthe same onditions used for the simpli�ation of the redued speed, the reduedmass �ow an be derived ([6℄ p.809):

ṁred =
ṁ
√
Tt,1

pt,1
(1.6)where ṁ is the atual mass �ow through the ompressor, Tt,1 and pt,1 beingstagnation temperature and stagnation pressure at system inlet.



1.1. Compressor Charateristis 41.1.2. Compressor MapThe usual way to present the performane of a ompressor is the ompressor map. Thestagnation pressure rise π is plotted versus the redued mass �ow ṁred at ompressorinlet. Using this representation the ompressor map is independent of inlet onditions.PSfrag replaements

ṁred

π ADP Surge Line
∼

SMred. SM de-throttled pointthrottled point
Choking LineWorking Line123

Figure 1.1.: Sample Compressor MapThe solid lines 1,2,3 in Figure 1.1 are alled speed lines or throttling lines and arelines of onstant redued rotor speed. Speed lines are often labeled as perentage ofredued "Aerodynami Design Point" (ADP) rotor speed, meaning that urve 1 inFigure 1.1 is also referred to as 100% speed line. At the ADP ompressor geometry isdesigned to omply with the required pressure rise ratio and mass �ow at maximumahievable e�ieny.Dereasing the stati outlet pressure at onstant redued rotor speed yields a higherredued mass �ow through the ompressor up to the point where the Mah numberreahes unity at the blade's throat and the ompressor is "hoked". Suh states arereferred to as "de-throttled".During throttling at onstant redued rotor speed (i.e. raising the stati pressure atompressor outlet) the redued mass �ow through the ompressor dereases. Furtherthrottling yields a partiular point, where ompressor maximum stagnation pressurerise is reahed. For points at higher stagnation pressures stability is not given anymoreas pointed out by Cumpsty ([5℄, hapter 9) and surge will arise. However, this operatingpoint must not be exeeded and is alled "surge point". Aording to Greitzer et. al.



1.1. Compressor Charateristis 5[10℄ surge ours if the ompressor isn't able to provide the required stati pressurerise. This riteria is used in this work to determine the surge point.For eah speed line a working point exists, whih is a steady operation point �xedby the turbine inlet mass �ow. For the 100% speed line this point is the ADP. Theworking line points of all speed lines give a urve themselves and it is alled workingline (WL). The surge line (SL) in ontrast is omposed by the surge points of the speedlines. Those two lines are important, beause they show the margin of the alulatedsteady ompressor operation to instability. The surge margin (SM, i.e. the distane ofthe working point to the surge point) is de�ned in di�erent ways, looking at di�erentreferenes. A simple but ommon way to de�ne it [5℄ is
SM =

πSL − πWL

πWL
, (1.7)where πSL and πWL are the stagnation pressure ratios at surge line and working linefor the same orreted mass �ow, like presented in Figure 1.1.In operation e.g. inlet distortions, abrasion, transient engine operation lead to ashift of these lines, indiated by the two dashed lines parallel to them. Thus the surgemargin is redued and su�ient surge margin has to be provided by design to aountfor this. Otherwise the ompressor wouldn't be operable.1.1.3. Stage CharateristisInstead of the saling produts introdued in setion 1.1.1 for stage harateristisdi�erent ones are used [5℄. The �ow oe�ient, de�ned by the ratio of axial veloity

cax to the blade speed u
ϕ =

cax
u

(1.8)is related to the orreted mass �ow derived for the overall ompressor and as shownin [5℄ those two quantities are diretly proportional. The advantage of ϕ is that it isdiretly proportional to the inidene in ontrast to ṁred where this statement is justtrue along lines of onstant redued rotor speed.The work input as presented in [5℄ is de�ned as:
ψ =

∆ht
u2/2

(1.9)where ∆ht is the stage stagnation enthalpy rise. The stage stagnation pressure ratiosaled with the kineti blade energy (typially at tip) is the third saling produt used



1.2. Compressor Mathing 6with stage harateristis and is de�ned by [13℄
ǫ =

cpTt1

[(
pt2
pt1

) γ−1
γ − 1

]

u2/2
. (1.10)The ratio of ǫ and ψ is the isentropi e�ieny of the stage:

ηis,st = ǫ/ψ (1.11)In Fig. 1.2 a sample stage harateristi is presented. ψ and ǫ are plotted versus ϕ.PSfrag replaements
ψ

ϕϕ2ϕ1

ǫ

ψ
,ǫ

ηis

Figure 1.2.: Sample Stage CharateristiHigher ϕ implies higher axial veloity and thus lower stage loading and stagnationpressure rise. Hene ϕ is higher for de-throttled states (ϕ2) than for the throttledstates (ϕ1). The ǫ-urve is omputed from the isentropi temperature di�erene thatours for the atual stagnation pressure rise, whereas the ψ-urve is obtained fromthe atual stagnation temperature di�erene, thus the di�erene of these two urves isproportional to the losses. At ϕ1 the stage is highly throttled and further throttlingwould derease the stagnation pressure rise of the stage, giving a positive slope of the
ǫ-urve. This ours beause the stage losses rise disproportionate to the work. Theompressor behavior for suh states is further disussed in setion 1.2.1.2. Compressor MathingCompressors in aero engines are ommonly omposed of several stages. The interationof the stages is alled stage mathing or axial mathing, opposed to radial mathingwhih is onerned with the radial work distribution in a single ompressor stage [6℄.This setion only gives a short overview over the ompressor mathing and a moredetailed desription an be found in [5℄.



1.2. Compressor Mathing 71.2.1. Axial Mathing
PSfrag replaements

ṁred

π

ϕϕ

ǫǫ

front stage rear stageompressor map
(a) (b) ()

ADPADPADP 111 222
3

33
Figure 1.3.: (a) Overall Pressure ratio - Correted Mass Flow Charateristis; (b) FrontStage Charateristis; () Rear Stage CharateristisIn Figure 1.3 a ompressor map along with harateristis of the front and rearstage are shown. At ADP ondition at whih the ompressor was designed all stagesare at a similar throttled state. Annulus ross-setional areas of the ompressor areobtained at ADP onditions to aommodate the design mass �ow rate. These areasremain onstant for every operating point, but at o� design di�erent mass �ow ratespass through the ompressor and blade speed may hange. As pointed out earlier bladeloading and therefore the operating point of stages an be related to the �ow oe�ient,whih only depends on the volume �ow rate and rotor speed. Volume �ow rate itselfis linked to the mass �ow rate by density.Point 2 represents a throttled ondition of the ompressor at same rotor speed, thusthe mass �ow rate is smaller resulting in a higher overall pressure rise ratio. Rotorspeed and thus blade speed are the same as of ADP. Hene only the hange in volume�ow rate alters the throttling state of the single stages. Assuming same inlet onditionsat ompressor entry, volume �ow rate sales with mass �ow rate and thus the �rst stagegenerates higher pressure rise. Higher pressure at stage exit yields higher density andbeause of ontinuity the volume rate is even more dereased into stage 2. This e�etampli�es through the ompressor and generally the last stages are higher throttledthan the front ones. Hene, rear stages are more ruial for blade stalling than thefront ones.The ompressor is in a de-throttled state with respet to ADP at point 1 and thesame reasoning done for point 2 an be applied yielding opposed results. In this asenot blade stall, but hoke (i.e. Mah number = 1 in the throat) of one of the rear blade



1.2. Compressor Mathing 8rows is the operation limit.The points onerned so far had same rotor speed. The hange due to di�erentrotor speed is illustrated with point 3. Redued rotor speed yields lower pressure andtemperature rise within a stage. Also the density rise dereases and beause of theontinuity equation, the axial �ow veloity ratio of stage outlet to stage inlet cax2
cax1inreases with respet to the ADP. Axial veloity at stage inlet is used to omputethe �ow oe�ient thus the same statement is true for them. This implies that ϕis generally higher for rear stages than for front stages, thus front stages are morethrottled than the rear ones. At lower part speeds stages further aft are ommonlyhoked thus the mass �ow is limited and the axial veloity in the front stages is furtherdereased. Hene, at part speed, front stages tend to stall, whereas rear stages tendto hoke. If stall ours in a row the stage pressure rise dereases (positive slope instage harateristis) and other stages have to take over otherwise the stati pressureat outlet would derease whih would lead to surge as disussed earlier. In order toimprove ompressor stability blade stall has to be delayed.Several stability enhanement methods have been developed to prevent blade stall[5℄.

• Bleed : At part speed the �ow through rear stages might get hoked, whih throt-tles the front stages even more. Bleeds are used to derease the mass �ow throughthe rear part of the ompressor and higher mass �ow an pass through the frontstages. Exept for ustomer bleeds where this mass is used for other systemdevies this mass �ow an't be used and thus a drop in engine e�ieny ours.
• VGV's: Variable guide vanes an be used to hange the in�ow onditions to therotors suh that blade load is dereased. The mehanism that drives these guidevanes though adds additional weight to the engine and thus leads to higher fuelburn (FB).
• Change of ompressor design: Ideally the ompressor design is performed in away that the e�ieny, partiularly at ADP, is best. Changing some designparameters though enhanes ompressor stability. A ommonly used option is tohange inidene at ADP. To get best e�ieny at design the inidene needs tobe set suh that blade losses are smallest (minimum loss inidene). As disussedearlier at part speed front stages tend to stall whereas rear stages tend to hoke.Changing the blade angles in a way that inidene for the front stages is dereasedand inreased for the rear stages the margin of the stages to their ritial pointsis inreased. This yields higher stability but on the other hand e�ieny is



1.3. Tip Injetion as Stability Enhanement 9dereased.
• Casing Treatment (CT): To get reirulation that stabilize the rotor in the tipsetion the asing is modi�ed. This method was implemented in reent enginesat MTU but a drop in e�ieny is observed. Casing treatment is a permanentmodi�ation of the geometry. Therefore, also at ADP the �ow is hange whihgenerally leads to reirulation dereasing e�ieny [13℄Above methods all improve ompressor stability but FB is raised. Tip injetion in-trodued in the next setion an be swithed on if stability issues arise at partiularoperating points thus the inreased FB is limited to these ases. At design onditionswhere the engines operates most of the time it an be swithed o� and FB is nothanged.1.3. Tip Injetion as Stability Enhanement1.3.1. Layout of a typial Tip Injetion SystemTip injetion is a system where air is injeted from the asing in order to stabilizethe rotor. Partiularly for tip ritial rotors (i.e. stall is inepted at the tip �rst) thismethod an be used to delay blade row stall. In order to injet air into the ompressoran air reservoir with a higher stagnation pressure ompared to the stagnation pressureupstream of the blade row is required. To provide the required air in experiments oftenan external ompressor is used that allows for adjustment of the injetion parameters(pt,..). For appliation of tip injetion to an engine air that is already ompressed isused as reservoir. If an interstage bleed is available this an be used as soure for theinjetion system [29℄ otherwise an additional bleed would neessary. No matter whihtype of soure is used the air is brought through a piping system to the ompressor atthe loation where the injetion system is to be plaed. There the air is aeleratedusing a nozzle and then injeted into the annulus.In Figure 1.4 the tip injetion system used for this work is presented. This setupis used for example in [30℄ and [13℄. Sub�gure (a) shows a meridional ross-setion ata irumferential position through a injetion jet. Disrete slots are loated a ertaindistane xinj upstream of the rotor blade row. The injetion jet is inlined to thehorizontal plane at γinj. Due to the Coanda-e�et it hanges its diretion immediatelyat the loation of entrane to be aligned with the asing.
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(a) (b)Figure 1.4.: Typial Tip Injetion System Layout (a) Cross-Setion through the Inje-tion Jet, (b) Cirumferential PlaneFigure 1.4 (b) shows a irumferential plane lose to rotor tip, whih is a�eted by tipinjetion. The rotor blade row, loated at right hand side of the �gure, is turning in thedownward diretion denoted by blade speed u. The vertial line left to the blade rowrepresents a ontrol surfae. It is loated immediately downstream of the injetion slots.At this ontrol surfae the inlet �ow quantities to the ompressor are treated followingunder the assumption that no mixture of jet and main �ow takes plae up to this point.Flow approahing from the injetion nozzles passes through the ontrol surfae's dash-dotted setions. Solid lines represent setions where main stream �ow is streamingthrough. nn nozzles are equally distributed around the irumferene, thus nn setionsof either �ow setion exist. With the irumferene at the tip de�ned by lu = 2rtipπ,the length of one periodi unit is thus lu/nn. The width of the nozzle is denoted by binj .
binj is the irumferential extension of the jet at the ontrol surfae. The nozzles areinlined by the angle αinj in this plane with respet to the irumferential diretion and
~cinj is the injetion jet veloity. Using the veloity triangles the relative �ow veloityvetors are obtained. ~wms and ~winj are the relative �ow veloity vetors representingthe �ow in main and injetion stream respetively representing the desired inidenederease.



1.3. Tip Injetion as Stability Enhanement 111.3.2. Aerodynami E�ets of Tip InjetionFirst researh on tip injetion (also alled air injetion) was performed about half aentury ago [25℄. In the late 90's Weigl et. al. [32℄ applied disrete tip injetion to asingle stage axial ompressor. The results found are presented in Figure 1.5. A signif-

Figure 1.5.: Stability enhanement obtained by Weigl [32℄iant inrease in stable operating range was observed using tip injetion. Controlledunsteady injetion was found to be superior to onstant mass �ow (Steady Injetion).However, ontrolled unsteady injetion adds additional weight to the engine and thebene�t unsteady injetion has with respet to steady injetion is not signi�ant. Morereent investigations therefore just onsidered steady injetion. Hene, in this workalso only steady injetion is treated.Suder et. al. [30℄ obtained numerial and experimental results for various tip inje-tion on�gurations. Suder de�ned range extension as
∆φstall =

φstall,b − φstall

φstall,b

(1.12)where φstall,b and φstall are the �ow oe�ients at stall for the baseline and injetionsetup respetively. The results are presented in Figure 1.6 (a) and (b). In Figure 1.6(a) range extension is plotted versus the ratio of injeted mass �ow to annulus mass�ow for various number of slots and their arrangement along the annulus. It was foundthat range extension was in�uened by the ratio of binj to lu/nn (i.e number of slots)up to a ertain number of slots but not by the irumferential arrangement of theslots. In Figure 1.6 (b) the orrelation of the range extension with the mass averagedaxial veloity of the outer 6% annulus (i.e. radial extent of injetion) is presented. Itwas found that range extension depended onsiderably on the injetor exit veloity.Maximum range extension was attained when the injetors were hoked (i.e the axial
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PSfrag replaements (a) (b)Figure 1.6.: Range extension obtained by Suder [30℄: (a) Range extension versus num-ber of injetors; (b) Range extension as a funtion of mass averaged axialveloity at the outer 6% annulusveloity is at its maximum). Finally they ompared tip injetion test runs with VGVsnot losed (setup 1) to investigations without tip injetion but losed VGVs (setup2). It was shown that setup 1 ahieved the same operation range as setup 2. Hene,in ompressors primarily operating at nominal speed VGVs an be replaed by a tipinjetion system. This is another appliation for tip injetion.Cassina et. al. [4℄ performed a parameter study on tip injetion using CFD. Thee�ets of tip injetion design parameters depited in following list on the operationrange extension ∆φstall were tested. During every single study one parameter washanged whereas the others remained onstant.
• injeted mass �ow : inreasing the injeted mass �ow inreased ∆φstall

• injetor aspet ratio: The slots aspet ratio in�uenes the ratio binj

lu
(i.e. theirumferential ratio of jet and main-�ow segments). It was shown that for thisompressor a partiular aspet ratio (55.3%) yielded highest stability improve-ment. The injetor throat area was the same for all set-ups yielding the sameinjetor exit veloity.

• injetion angle: an optimum angle ould be found for whih ∆φstall inreasedmost
• axial gap xinj: If the injetors are positioned far upstream no di�erene wasobtained. For smaller distanes (xinj/rotor hord=0.5) the improvement was lessbut altogether it was onluded that the in�uene of the axial gap was minor.



1.3. Tip Injetion as Stability Enhanement 13Hiller et. al. [13℄ arried out tip injetion investigations on a multistage ompres-sor. The ompressor used in this paper is similar to the one used for veri�ation ofomputations in this work, thus it is disussed thoroughly, beause similar trends areexpeted. Detailed information on radial work distribution as well as radial mathingwere obtained. It was found that the redution in redued inlet mass �ow was lessthan redued injeted mass �ow added for the same throttling ondition. Hene, theompressor delivered higher redued mass �ow to the ombustion hamber. Resultsfound by earlier works regarding operation range extension ould be on�rmed. For re-dued injeted mass �ows higher than a ertain value, tip injetion yields onsiderableinrease of the operation range. Further it was onluded that above a ertain mass�ow no further inrease would be obtained anymore.The test rig setup allowed for losing half of the nozzles, yielding halved throat area.Using only half the nozzles at same mass �ow inreased the axial exit veloity, givingthe possibility to test that axial veloity orrelated with range extension proposed bySuder whih was on�rmed. When the mass �ow through the nozzles got hoked theoperation range ould be extended by inreasing the mass �ow even though the e�etdelined. One the �ow was hoked the exit axial veloity didn't inrease anymore,thus the further enhanement was purely due to higher injeted mass �ow. Hene, itwas onluded that the e�et of inreased mass �ow on operation range extension wasless important ompared to axial exit veloity. This observation omplied with theresults obtained by Suder.
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1.3. Tip Injetion as Stability Enhanement 14Charateristis of the �rst stage extrated from [13℄ are shown in Figure 1.7. Lookingat the ǫ harateristis one an see that the baseline test (i.e. injeted mass �ow: 0%denoted by irles) already has a positive slope for ϕ's smaller than 0.452. Test datasuggested that rotating stall ourred for the positive slope harateristis setion.The injetion test ases still showed negative slopes thus the stable operating rangewas extended. Moreover, harateristis of injetion test were steeper than baselinetest harateristis.Radial pro�les of stagnation temperature and stagnation pressure were measured andare presented in Figure 1.8. Measurements obtained from setups using tip injetion
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injected massflow: 5%Figure 1.8.: Radial Pro�les of Stagnation Temperature and Stagnation Pressure for TipInjetion [13℄showed lower stagnation pressure and stagnation temperature at rotor tip omparedto ases without injetion, like expeted beause of the smaller inidene at rotor tip.Test ases ompared had similar �ow oe�ients at �rst rotor, thus the mean of theaxial veloity had to be similar. Beause the axial veloity is inreased at rotor tip forthe rest of the annulus it has to be smaller yielding higher inidene. Hene, the workinput at the radial setion not a�eted by tip injetion was inreased.Shneider [27℄ exeuted omparable work to Hiller for a di�erent ompressor, to ex-plore the e�et of a di�erent ompressor geometry. His work was arried out using CFDrather than rig tests. The result obtained on�rmed the work by Hiller. Further om-parison between disrete injetion slots equally distributed around the irumfereneto a ontinuous slot around the whole irumferene was made. Injeted mass �ow forboth injetion setups was held onstant. In order to see the e�et of tip injetion on
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Figure 1.9.: Charateristis of the First Stage Casing Segment by Shneider [27℄radial segments stage harateristis for three radial segments were investigated. Theresults for the asing segment are presented in Figure 1.9 normed with the ADP. Threeompressor operating points (OPA,OPB and OPC) are indiated at the harateristisfor CFD omputations without injetion, with disrete injetion and an injetion slot.All three setups stalled almost at the same �ow oe�ient. The inrease in operatingstability is due to the shift of the urves. Considering OPB (working line operatingpoint) it is obvious that the point is shifted to higher �ow oe�ients for the inje-tion ases where the shift is greatest for disrete injetion. Similar statements an bemade for the throttled operating points OPC for the di�erent setups. The ompressorwithout tip injetion almost surged at OPC, whereas there was still some throttlingapability for disrete injetion. Tip injetion realized with one ontinuous slot showeda gain in throttling apability ompared to the ase without injetion, but not as muhas disrete tip injetion. Hene, disrete injetion was found to be superior to slotinjetion. It was onluded that this might be due to unsteady e�ets.1.4. Researh Questions and OutlineVarious studies performed with tip injetion showed its positive e�et in terms ofstability enhanement partiularly at part speed. In setion 1.2 typially used methodsfor stability enhanement were brie�y disussed. In ontrast to most of them thedrop in e�ieny for tip injetion at ADP is negligible beause it an be shut o�.Partiularly for ompressors working mainly at ADP ondition this seems to be aninteresting alternative. Replaing one of the used methods by a tip injetion system



1.4. Researh Questions and Outline 16might inrease the ompressor ADP e�ieny. To �nd out whih method would givebest results seems to be one of the next logi step in researh. Furthermore it is tobe investigated how a redesign of the engine ompressor utilizing the strengths of tipinjetion ould be used to inrease e�ieny and the e�etiveness of the tip injetionsystem. Considering the tip injetion system it has to be found whih ombinationof parameters gives the best performane for the partiular ompressor. Up to nowlittle is known about how suh a hanged design ould look like and a parameter studywould larify this.Most studies on tip injetion were performed doing rig tests or CFD omputations. Aomplete parameter study though would require many di�erent setup and for eah setupa omplete ompressor map has to be generated. Obtaining these results form rig testsis time onsuming and expensive and today CFD omputations are too time onsuming.Hene, suh studies would ask for fast, but still reasonable aurate methods to obtaina "best" setup whih than an be optimized using CFD and validated by rig tests.At MTU preliminary design is performed with a streamline urvature tool (for moredetails see hapter 2). Streamline urvature omputations are 2-dimensional and steadyby nature. In order to failitate pre design omputations taking tip injetion intoaount, a di�erent approah has to be developed to run omputations for tip injetionwhih are 3-dimensional and unsteady.The major points regarding suh a orrelation are as follows:
• Correlation Theory : Disrete Tip injetion was found to be superior to a ontin-uous slot (ompare setion 1.3) in terms of operation range extension. A rotorpassing a disrete slot injetion on�guration experienes varying inlet ondi-tions. It is known [7℄ that airfoils have an inreased stalling angle if the inlet �owangle is osillating rather than being onstant. Hene, it has to be tested if theorrelation has to aount for the system dynamis and if so the parameters ofsuh a method have to be identi�ed.
• Implementation of the orrelation: One the theory is developed it has to berealized. First the proedure has to be developed and the a robust program hasto be generated.
• Validation: Finally the orrelation has to be applied to the test ompressor andthus it an be veri�ed that the expeted trends are reprodued.To validate the omputation method for tip injetion rig test data is available. The rigtest data ontains all required data for the overall harateristis as well stator leading



1.4. Researh Questions and Outline 17edge instrumentation (stagnation pressure and stagnation temperature). This data isavailable for both baseline (without injetion) and tip injetion tests. The injetionslots are upstream of the �rst stage, so the leading edge probes of the �rst stage statorare of partiular interest. A streamline urvature omputation for the baseline setuphas to be performed meeting the measured baseline rig test.



Chapter 2.
Numerial MethodSGV (german: Stromliniengeometrie Verfahren, english: streamline geometry method),a streamline urvature based program is extended for tip injetion omputations. Inorder to explain the developed method for tip injetion later in this hapter the SGVprogram is introdued. In setion 2.1 the basi numerial proedure, the streamlineurvature method is brie�y disussed. Correlations that are required to adapt theinvisid streamline urvature method to the atual �ow �eld in the ompressor passageare overed in setion 2.2. Finally the �ow hart of SGV is presented in setion 2.3,showing the funtionality of the SGV program.2.1. Streamline Curvature Method (SCM)BakgroundStreamline urvature methods (SCM) are widely used methods for pre estimates of �owthrough ompressors as desribed by e.g. Cumpsty ([5℄, hapter 3). In order to give anunderstanding of the sope and limitations here the main aspets are presented. Thefull derivations of the method an be found in [5℄.The �ow through an axial ompressor passage is inherently 3 dimensional. Todaysolutions to this problem, an be obtained using omputational �uid dynamis (CFD).In preliminary design where the fouse is on the speed of the methods CFD generallyis too slow.Wu [31℄ was the �rst who treated the �ow on interrelated, interseting streamsur-faes, rather than the fully three-dimensional �ow. Streamsurfaes are ategorized intwo groups. They are de�ned by their domain entrane lines. One group, so alled S1



2.1. Streamline Curvature Method (SCM) 19surfaes, are omposed by the streamlines passing through the irumferene at parti-ular radial positions. S2 surfaes, framed by streamlines going through one meridional

Figure 2.1.: System of Streamsurfaes proposed by Wu [31℄plane at blade row entrane are the seond type of streamsurfaes. This model isshown in Figure 2.1. Sine bounded by streamlines streamsurfaes are a result of om-putations and hange with the �ow. Therefore, the streamsurfaes shape isn't knownin advane sine planes at whih the alulations are arried out hange with everysolution step. Using S1 and S2 surfaes thus yields an iterative solution proedure.In order to avoid this, meridional planes are used instead of S2 surfaes. S1 surfaesare replaed by surfaes of revolution built from streamlines laying in the meridionialplane for the same reason. S1 omputation results are not part of the streamline ur-vature method, but have to be provided by an external tool. This aspet is disussedin setions 2.2 and 2.3.Coordinate SystemBefore the SCM is derived the oordinate system is de�ned and desribed. In Figure2.2 the oordinate systems are presented in a meridional view (a) and a view along theompressor axis (b). The r-x-θ oordinate system is the widely used ylindrial oordi-nate system where r,θ and x are radial, irumferential and axial diretion respetively.Points A-B-C are on a streamline whih lies in the mean hub-asing streamsurfae (i.e.streamsurfae from hub to asing that splits the hannel between two adjaent blades intwo irumferential equal setions). In the meridional view m and n axis are presentedbeing tangential and perpendiular to the streamline. Streamline shape and positionand thus its tangent and perpendiular diretion are a result of the omputation. In
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(a) (b)Figure 2.2.: Coordinate System for SCM Calulations [5℄order to formulate the equations on a oordinate system that is known in advane a soalled quasi orthogonal diretion e is hosen roughly perpendiular to the streamlineand held onstant for the omputation. The projetion of e onto the meridional planeis the unit vetor q. In the meridional plane φ is the angle of the n-m oordinate systemto the r-x oordinate system and γ is the angle between the radial and quasiorthogonaldiretion. ǫ is the inlination of the unit e vetor to meridional plane about the axis.SCM Numerial ProedureThe derivation of the SCM is performed by simplifying the

• Continuity Equation, the
• Momentum Equations and the
• Energy Equationusing following assumptions
• steady �ow
• axisymmetri �ow
• invisid �ow
• adiabati �owThe derivation of the basi SCM equation is presented for example in [5℄ (derivationemphasising physial basis) and in [28℄ (starting from ontinuity, Navier Stokes andenergy equation). This yields to the full radial equilibrium or streamline urvature



2.2. Correlations 21equation de�ned by:
1

2

∂

∂q
v2m =

∂ht
∂q

− T
∂s

∂q
+ vm

∂vm
∂m

sin (φ+ γ) +
v2m
rm

cos (φ+ γ)

−
1

2r2
∂

∂q

(
r2v2θ

)
+
vm
r

∂

∂m
(rvθ) tan (ǫ) (2.1)This equation has to be solved iteratively. The solution gives the gradient of themeridional veloity vm along the quasiorthogonal diretion but sine the level is notde�ned, it is obtained by solving the ontinuity equation:

∂ṁ

∂q
= ρvm cos (φ+ γ)2πr. (2.2)2.2. CorrelationsThe SCM was derived using several assumptions. In order to represent reality in abetter way orrelations are used.Loss and Deviation orrelationOne of the main assumptions of the SCM is that it is invisid, meaning that lossesis not aounted for. Losses are inluded into SGV by the use of loss orrelations toorret the �ow quantities in streamwise diretion. Correlations used in SGV are basedupon Grieb et. al. [11℄.Stagnation pressure loss oe�ient, de�ned by

ω =
∆pt
q

(2.3)where ∆pt is the stagnation pressure loss and q is the dynami head, is used to quantifylosses. For a blade row the stagnation loss, given by [11℄
ω =



ωP,inc + ωP,co
︸ ︷︷ ︸

1

+ ωW
︸︷︷︸

2





(
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Reref

)−0.2

+



ωSEC
︸ ︷︷ ︸

3

+ ωt
︸︷︷︸

4





(
Re

Reref

)−ǫ

+ ωss
︸︷︷︸

1

(2.4)an be deomposed aording to the mehanism it is generated by. Following losses isaounted for:1. Pro�le loss: aount for the losses aused by the pro�les boundary layers and isomposed by: ωP = ωP,inc + ωP,co + ωss, where:
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• inompressible pro�le loss ωP,inc: is obtained from asade measurementsaording to a formula based on Lieblein [19℄ at design inidene.
• ompressible pro�le loss ωP,co = KcoωP,inc: Kco depends on the Mah numberat blade row outlet.
• shok loss ωss: is derived from an empiri orrelation based on measure-ments.2. Wall frition ωW : takes into aount the boundary layers at hub and asing.3. Seondary loss ωSEC: aounts for the end wall losses at blade root and tip.4. Tip learane loss ωtAll loss ontributions, exept shok losses, are evaluated at Reynolds number Reref =

3×105. For di�erent Reynolds numbers these values are orreted by exponential lawson the Reynolds number frations in equation 2.4. Assuming that the similarity lawfor hydrauli smooth surfaes is valid for pro�le and wall frition losses the exponent
0.2 is used. The Reynolds orretion exponent ǫ for tip learane and seondary lossesis obtained from ompressor tests.In terms of pro�le losses so far only losses for minimum loss inidene incmin havebeen onsidered. The relative in�ow angle at this inidene is referred to as β1,min. AtPSfrag replaementsωoff

ωdes

β1β1,min

hoke stallFigure 2.3.: Typial Loss Charateristisinidenes di�erent to incmin higher losses are generated by the pro�le. This e�et isrepresented by so alled loss harateristis. A typial loss harateristi is presentedin Figure 2.3. It is depited with an exponential law de�ned as
ωoff = ωdes (1 +Kinr ) (2.5)



2.3. SGV 23with the so alled inidene range de�ned by [17℄
ir =

inc− incmin

incmax − incmin

. (2.6)
inc in equation 2.6 is the the inidene at whih the o�-design losses are desired and
incmax is orrelated to �t the harateristi to test data. K and n are onstants obtainedby Köhler [17℄. Depending on whether the atual inidene is smaller or bigger thanthe minimum loss inidene K, n and incmax take di�erent values (hoke and stall sideof the harateristis).In reality the exit �ow angle is not equivalent to the blade exit angle. In order toaount for this deviation a orrelation based on Lieblein [20℄ is used. The strutureof the orrelation is used but the onstants are adjusted to MTU airfoil data.BlokageA SCM treats the �ow in an invisid manner, thus hub and asing boundary layersare not aounted for. Beside losses whih are disussed above, boundary layers aswell ause a veloity de�it. In the ase of �at plates displaement thikness is usedto aount for this di�erene of invisid to atual �ow. If the plate surfae wouldbe displaed by this amount the boundary layer an be replaed by the free streamquantities up to the wall (i.e. invisid �ow). For ompressors blokage is de�ned in asimilar way by [5℄

B =
ṁ

∫
ρvxdA

(2.7)where ṁ is the total mass �ow, A is the annulus ross-setional area and ρ and vxare density and axial veloity of the invisid �ow. Blokage is inluded into the SCMthrough the ontinuity equation (eq. 2.2) by multiplying the right hand side (RHS)with B.2.3. SGVEquations 2.1 and 2.2 an't be solved in losed form. Thus a numerial solution isperformed on a grid omposed by streamlines and alulation planes. Inner and outerstreamline are hub and asing ontours respetively and in between a freely hooseablenumber of streamlines is plaed whih gives the resolution in spanwise diretion. Thestreamlines are ommonly plaed suh that, the same mass �ow passes through every



2.3. SGV 24streamtube. In streamwise diretion alulation planes are laid and the spaing ofthem gives the grid resolution in this diretion. In this work all blade row inlet andexit planes are spei�ed as alulation planes. Additional alulation planes may belaid in the vaneless spae (e.g. if the streamwise extension is large, inlet, outlet,..).Inside the blade passages no alulation planes are plaed in this work.Calulation ProedureIn Figure 2.4 the �ow hart of the SGV program is presented. First the input �le
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1. Read Input File
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starts required correlation

for all calculation planes 

3. full radial equillibrium

4. Continuity equation

5. Correct streamline positions

6. Converged

7. Compute and write results

Correlation

no

yesFigure 2.4.: SGV Flow Chart [2℄ontaining all required quantities (geometry information, orrelation fators, ...) beingdesribed in the SGV manual [2℄ is read. For the �rst iteration an initial guess ofthe streamlines is required. This estimate an either be provided by the user, or ifalready one run of the program was performed the solution of the last run is availablein the input �le and used as an initial guess. A ontrol program starts the requiredorrelations based on this initial gues for the �rst run and on the �ow �eld obtainedfrom the solution of the previous iteration. One all orrelations are �nished the basiSCM is started. Step 3 and 4 are exeuted for all alulation planes starting with the�rst and advaning in streamwise diretion. Along the streamlines stagnation enthalpy(or in the relative system rothalpy (see Cumpsty [5℄)) is onserved. The meridionalveloity gradient is obtained from the full radial equilibrium (eq. 2.1). Using thisresult the ontinuity equation (eq. 2.2) is solved for the meridional veloity along the



2.3. SGV 25quasi orthogonal diretion. One these omputations are �nished for all alulationplanes the new streamline positions are omputed. If they hanged with respet to thelast iteration the proess is restarted at step 2 with the new streamline positions. Tokeep the hange of the streamline positions small and thus ensure stability relaxationis applied. One the solution is onverged the results are omputed and written to theresult �les.Program ModesSGV an be exeuted in several modes whih di�er by the quantities given and obtained.The modes used are brie�y desribed. Here the basi working priniple is presented tounderstand the appliation and a more detailed view an be found in the SGV Manual[2℄. The modes are desribed in the way they are used in this work.Design ModeIn the design mode the desired stagnation stage pressure ratios and degrees of reationare used to ompute the blade angles. The following quantities have to be provided:
• Geometry : hub and asing ontour, all desired alulation planes (blade inlet andexit planes are spei�ed as alulation planes), IGV �ow angles
• Stage: stagnation pressure ratio and degree of reation
• Inlet : mass �ow, stagnation pressure and temperature, number of streamlinesand streamline slope
• Misellaneous: rotor speed, streamline slope at outlet, �ow angle at outlet, bleeds
• Optional : design inidene hange, loss orrelation fators, if available bladegeometry details like leading edge thikness to improve orrelationThe SCM is applied in streamwise diretion thus the �ow quantities at the alulationplane upstream are always known. In the vaneless spae between two blades stagnationenthalpy is assumed to be onstant.Rotor outlet angles are obtained from the stage stagnation pressure rise. Consideringisentropi (loss-free) ompression enthalpy rise and thus work input are obtained fromthe stage pressure rise. Using the loss orrelation fators the general loss orrelationsan be adjusted to give better results for the partiular ompressor. To aount for thestage losses obtained by orrelations an entropy whih yields a higher work input for



2.3. SGV 26the given pressure rise is onsidered. Using the Euler equation for turbomahinery theexit �ow angle and veloity are alulated. Finally the blade angle is omputed by sub-trating the inidene (design inidene + inidene hange for stability enhanement)from the �ow angle.In a similar way the stator outlet angles are obtained from the degree of reation ofthe proeeding stage (see [6℄ for details).O�-Design ModeIn order to perform o�-design omputations a onverged design alulation has to beavailable. O� design pro�le loss harateristis as well as design �ow angles are obtainedin the design ase and are required for o�-design omputations. Hene the ompressorgeometry is �xed in this ase. Some additional parameters not available in the designase, are now available. The set of adjustable quantities is thus:
• Inlet : mass �ow, stagnation pressure and temperature, number of streamlinesand streamline slope
• Misellaneous: rotor speed, streamline slope at outlet, bleeds
• o� design spei�: variable guide vanes angles, IGV loss and deviation (are notorrelated by SGV)Speifying a new operating point by hanging one or more quantities the �ow �eld in theompressor is omputed. The hoie of a new operation point though is not arbitrary.For the �rst iteration the streamline positions results for the previous operation pointis used as pre-estimate. If the new operation point has hanged too muh with respetto the old one, onvergene an't be obtained. In this ase additional points have tobe used to allow for smooth hanges. For omputation of omplete ompressor maps atool was developed where redued mass �ow, VGV shedule redued orreted speedand learane are automatially adjusted in a spei�ed range.Like in the design ase the inlet �ow angle to a blade row is omputed from theoutlet �ow angle of the upstream row. For o�-design onditions generally this inlet�ow angle is di�erent to the design �ow angle and thus gives a di�erent inidene fromwhih deviation and losses are orrelated. The sum of deviation and blade angle givesthe new out�ow angle. Using these angles and applying the SCM aross the blade rowthe �ow �eld and thus the stati pressure rise is omputed.



Chapter 3.
Modelling of Tip Injetion for SGVAs pointed out in hapter 1 the unsteady 3-dimensional �ow an't be omputed usinga streamline urvature tool but has to be modelled. In ase of tip injetion, disretejets enter through the asing. Thus the out�ow onditions of the preeding stator arehanged. The rotor experienes modi�ed in�ow onditions whih are derived in setion3.1 and are of unsteady nature in the rotor's frame of referene. Aording to Shneider[27℄ and Matzgeller [22℄ the unsteady e�ets are assumed to be signi�ant and henehave to be onsidered. Therefore, in setion 3.2 theory on unsteady �ow about airfoilsand on onsideration of inlet distortions is presented. In terms of inlet distortions,methods have been developed that model the unsteady in�ow. Similar modelling isthen perform for tip injetion yielding a dynami system in setion 3.3 linking the �ow�eld ahead of the rotor to its transient response. Its implementation of the orrelationis �nally disussed in setion 3.4.3.1. In�ow ConditionsThe Euler equation for turbomahinery de�ned by

w = u2cu2 − u1cu1 (3.1)gives the work added to the �uid by a rotor. Blade speeds u an be obtained fromgeometry and rotor speed. cu1 and cu2 are the irumferential absolute veloity om-ponents at rotor inlet and outlet respetively. cu2 is obtained from the �ow about therotor whih depends on the rotor inlet onditions. Hene, �rst the unsteady rotor inletonditions have to be modelled adequately to be suitable for a SCM.The inlet onditions are obtained at the rotor leading edge (LE) surfae. In 3.1 (a)the projetion of one periodi unit (as disussed in setion 1.3) of the inlet �ow at the



3.1. In�ow Conditions 28rotor LE is presented. The inlet onditions shown are based on to the assumptions thatare performed in this setion. Jet and main-�ow segments are indiated by di�erentpatterns. It is assumed that main-�ow and jet quantities are onstant in irumferentialdiretion. Jets extend the height hinj from the asing into the main �ow to radius rinj.This yields two di�erent radial pro�les. One omprising ompletely the main �ow (e.g.
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f(r)Figure 3.1.: Setions of Jet and Main �ow presented in a View along the CompressorAxisat ϕ1) for normed radius in the range of 0 to rinj. The other (e.g. at ϕ2) omprisingthe main �ow up to rinj and jet quantities between rinj and 1. In Figure 3.1 (b) theseradial pro�les are plotted. Thus, for normed radii in the range of 0 to rinj both pro�lesare equivalent. For radii greater than rinj the pro�les are di�erent.In the rotor LE plane the set of �ow quantities f has to be obtained as funtions of theradius and the angular oordinate f(r, ϕ). It is onvenient to treat the irumferentialdistribution of �ow quantities �rst c(ϕ). Cirumferential distributions at all radii givethe �ow �eld f(r, c(ϕ)). In this way the irumferential distributions are onstant forradii smaller than rinj beause the whole irumferene is of main-�ow type. Thisassumption is veri�ed later in this setion. The irumferential harateristis of �owquantities for radii greater than rinj are a funtion of the angular position ϕ.Using tip injetion as desribed in setion 1.3 jets enter the annulus through slots.The nozzles are direted in a way that these jets turn to be aligned with the asingdue to the Coanda e�et. As they approah the rotor through main-�ow interationtheir diretion and stagnation pressure are hanged. This phenomena has been treatedby Matzgeller [21℄ using CFD omputations. A box with a nozzle loated at the topfae was used as alulation domain. The nozzle was inlined with respet to the top



3.1. In�ow Conditions 29surfae at a ertain angle obtained from the tip injetion setup used in tests. It wasalso inlined to the main-�ow in the horizontal plane. Injetion �ow was reated by ahigher stagnation pressure boundary ondition ahead of the nozzle.Results from CFD omputations were obtained varying
• pt,inj

ps
: pt,inj is the stagnation pressure in the injetion pipe upstream of the nozzleand ps is the stati pressure in the main �ow at the point of injetion

• ARn = wt

ht
: aspet ratio of the nozzle throat where wt and ht are width and heightof the nozzle throat (ompare Figure 3.2)

• ∆αinj = αinj −αmf : angle between the jet and main-�ow in the horizontal planein order to over the operation range expeted for ommon tip injetion setups. Atseveral down-stream positions mean stagnation pressure loss and mean deviation ofthe jet were reorded in a results matrix. In Figure 3.2 the adaption of the geometrirelations used in the generi CFD model desribed above are shown in a irumferentialplane. The oloured box represents the slot with its inlination αinj to the irumfer-
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Figure 3.2.: Geometri De�nitions of Correlation Parametersential diretion. xinj is the axial distane from the box to the rotor LE as shown inFigure 3.2. For deviation and stagnation pressure loss orrelations by Matzgeller [21℄,the distane from the slot enter to the rotor leading edge in jet diretion de�ned by

xinj =
xinj

sin (αinj)
(3.2)is required. Using these parameters cd and cα an be omputed from the result matrixobtained by Matzgeller [21℄. cd is de�ned by

cd =
pt,LE − ps
pt,inj − ps

(3.3)where pt,LE is the mean of the stagnation pressure in the jet at rotor LE being afuntion of xinj and cα de�ned by
cα =

αLE − αmf

αinj − αmf
(3.4)



3.1. In�ow Conditions 30where αLE and αmf are the mean of absolute �ow angles in the jet at rotor LE and inthe main �ow upstream of the injetion respetively. Rearranging equations 3.3 and 3.4the stagnation pressure and absolute �ow angle at rotor LE in the jet are obtained. Itis assumed that no heat exhange between the jet and either wall or main �ow ours,suh that the stagnation temperature of the jet remains onstant.The jets whih are deviated and deelerated due to jet/main-�ow interation alsoa�et the main-�ow. Beause the jets are generally small ompared to the main-�owit is assumed that the deviation and stagnation pressure loss of the main-�ow an benegleted. The jets though apture part of the annulus ross setion and at like anadditional blokage. Hene the hange in the main-�ow quantities due to injetion hasto be obtained for example by the SCM.For radii greater than rinj main-�ow and jet quantities are apparent. The irum-ferential extension of either segment is required in order to derive the irumferentialpro�le. Considerations performed in setion 1.3 gave the irumferential extent of ei-ther �ow segment at a plane immediately downstream of the injetion slots. Assumingthat the angular extend of the jet doesn't hange between the slot and rotor LE thesame angular distributions our at rotor LE. For small xinj/wt as used in the inves-tigations in this work this is in good agreement with CFD (ompare [21℄ and setion3.1). Referring to Figure 3.1 one periodi unit is omposed by one jet setion and itspreeding main �ow setion. The irumferential fration of the jet to the extent ofone periodi unit is de�ned by:
ainj =

binj
lu/nn

=
ϕinj

2π/nn

(3.5)where ϕinj is the angular extension of the jet given by ϕinj =
binj

rtipAlong the angular diretion for every periodi unit at a radius greater than rinja main-�ow setion and a jet setion exist. Assuming that in eah setion the �owquantities are onstant a retangular pro�le q(ϕ) results. Inside the jet the �ow quantityhas the value qinj and in the main-�ow it is qms. In order to obtain a uniform pro�lealong the angular oordinate for all di�erent �ow quantities the transformation de�nedby
f(ϕ) =

q(ϕ)− qms

qinj − qms
, (3.6)with q being an arbitrary quantity. f(ϕ) is the di�erene between quantity itself atan arbitrary angle and main �ow quantity divided by the di�erene of jet and main�ow quantity. Inside the jet and main �ow f(ϕ) equals 1 and 0 respetively for all



3.1. In�ow Conditions 31main-�ow quantities. In order to verify the assumption that the �ow quantities withina segment are onstant in angular diretion a sample retangular pro�le is plottedalong unsteady CFD results at rotor LE (see [21℄) in Figure 3.3 (a). The CFD pro�le1
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(a) (b)Figure 3.3.: (a) Comparison of Modelled In�ow Conditions with CFD; (b) In�ow Con-ditions obtained from CFD at various radiiplotted is obtained at a representative radius (maximum stagnation pressure along theradial pro�le whih is lose to the middle of the jet). In order to verify that this pro�lerepresents the angular distributions for other radii as well, distributions of absoluteveloity at several radii are plotted in Figure 3.3 (b). r0 is immediately below thejet and it an be seen that there is little hange of the veloity in the irumferentialdiretion thus the assumption made above an be on�rmed. Other radial positionsbespeak positions inside the jet. The shape of the angular veloity pro�les at theseradii is similar but the magnitude is di�erent whih is a result of the shear layers (seeKahn [15℄) at the interfaes to main-�ow and wall. Thus only one radial position hasto be treated in order to apture the pro�le's shape. Nevertheless, applying a pressureloss orrelation (cd-value) should give the mean of the radial pro�le.In Figure 3.3 (a) it is easy to see that the angular extension at rotor leading edgeof both retangular and CFD f(ϕ)-pro�le is similar whih on�rms the assumptionthat the angular extension of the jet doesn't hange from injetion point to rotor LE.Aording to Matzgeller [21℄ at the jet borders vorties appear due to the interationof jet and main �ow beause being the reason for the wiggles in the CFD f(ϕ)-pro�le(ompare jet in ross�ow i.e. [15℄).



3.1. In�ow Conditions 32The retangular harateristi is approximated by a Fourier series and thus trans-formed to a ontinuous funtion. This approximation on the one hand is onvenientbeause a ontinuous funtion is easier to implement into a omputer program but alsorepresents the pro�le in a better way beause no disontinuities our. The order ofthe Fourier series (n = 9) is hosen suh that it omplies best with CFD results. Theresulting Fourier series is of the form
f(t) =

9∑

k=0

[ak cos (kωt) + bk sin (kωt)] (3.7)with the Fourier oe�ients for a retangular input signal
ak =

1

kπ
sin (2πkainj) (3.8)

bk =
1

kπ
[1− cos (2πkainj)] (3.9)and the angular frequeny for period T

ω =
2π

T
. (3.10)In Figure 3.3 (a) the obtained Fourier series is plotted along the retangular and CFD

f(ϕ)-pro�les.Cirumferential pro�les of the in�ow quantities have been derived up to now. In thederivation the radius rinj was used as limiting value for onstant pro�le below it andvarying �ow quantities for radii greater than it. Now this radius is obtained by the useof ontinuity equation de�ned by
ṁinj = ρinjcax,injAinj (3.11)where ρinj and cax,inj are given by the averaged �ow quantities inside the jet. Thusknowing ṁinj the area Ainj an be obtained. On the other hand the area of the jet isgiven by the irular ring segment (ompare Figure 3.1)
Ainj =

(
r2c − r2inj

)
πainj (3.12)where rc is the asing radius and rinj is the inner radius of the jets. The jet height isde�ned by

hinj = rc − rinj. (3.13)Combining and rearranging equations 3.11, 3.12 and 3.13 gives
hinj = rc −

√

r2c −
ṁinj

πainjρinjcax,inj
. (3.14)Summarizing the in�ow onditions gives:



3.2. Unsteady Flow 33
• q(r, ϕ) = qms(r) for r ∈ [rhub, rinj]

• q(r, ϕ) = qms(r) + f(r, ϕ) (qinj − qms(r)) for r ∈ [rinj, rcasing]In the inner segment onstant �ow onditions are present along the angular diretionbut the �ow onditions in the outer segment vary with the angular position. Theseonditions are of steady nature in the absolute frame of referene but beause the rotorturns with respet to the inlet pro�les it experienes unsteady in�ow onditions.3.2. Unsteady FlowThe inlet onditions obtained in setion 3.1 give an unsteady in�ow pro�le in therelative frame of referene. Streamline urvature omputations are performed in asteady way thus the unsteady e�ets an't be aounted for by this method. Hene, ifthe system dynamis have an impat on the �ow �eld they have to implemented by anexternal method.Mazzawy et. al. [23℄ disussed ompressor subjeted to inlet distortions. A reduedfrequeny was de�ned as
ωred = k

L · f
u

, (3.15)where L is the harateristi length of the system under onsideration, f is the fre-queny of the dynami inlet �ow and u is the �uid veloity. k is a onstant oe�ientthat is generally set to π. The redued frequeny is the ratio of the time it takesthe �uid to traverse through the system (L
u
) to the period of the disturbanes ( 1

f
).In the redued frequeny range ωred ∈ [0.01, 10] unsteady �ow has to be onsidered.For redued frequeny less than 0.01 the system response in quasi-steady manner. Atredued frequenies higher than 10 the �uids unsteady period is muh smaller thanit takes the �uid to pass the system and the system has little time to respond. Fortip injetion the redued frequeny is in the order of 1 thus system dynamis have tobe onsidered even though the amplitudes of the system response are assumed to besmall.In order to develop a method that an approximate the unsteady e�ets of tip in-jetion using the steady SGV, onsiderations on airfoils subjeted to unsteady in�owonditions are disussed. In ontrast to blade rows, unsteady �ow e�ets on airfoilshave been investigated by several authors (e.g. Melik et. al. [24℄ [24℄, Kármán et. al.[16℄, Erisson et. al. [7℄).



3.2. Unsteady Flow 34First the relation of Lift and Drag for airfoils and the work input into a blade row ispresented for steady �ow to show the onnetion of onsiderations on isolated airfoilsand blade rows. Then basi onsiderations on unsteady �ow about isolated airfoilsare onsidered, before the dynami system used by e.g. by Melik for inlet distortionsomputations is presented. Even though inlet distortions generally a�et big segmentsof the in�ow fae, there as well unsteady in�ow onditions in the relative frame ofreferene have to be treated, whih justi�es their onsiderations in this work.3.2.1. Relations between Isolated Airfoil and Blade RowIn order to apply results obtained for isolated airfoils to blade rows, �rst the step fromisolated airfoils to blade asades is presented and then the step from blade asades toturning blade rows is performed. Weinig [33℄ showed that lift oe�ients for isolatedairfoils and airfoil asades an be related using onformal mapping. In the steadyase for an isolated airfoil the lift oe�ient is a funtion of the in�ow angle and thisrelation often is represented by the lift urve whih has a slope of 2π onsidering thinairfoil theory [9℄. In terms of blade asades in the steady ase as well a lift oe�ientan be de�ned whih is brie�y rederived in the following.
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3.2. Unsteady Flow 35with unit height. The �ow is assumed to be fritionless and inompressible. Aordingto the Bernoulli equation [12℄ the pressure rise in the asade an be expressed by
∆p = p1 − p2 =

ρ

2

(
c22 − c21

) (3.16)From the ontinuity equation one obtains that the axial �ow veloities at inlet andoutlet are equal.
cx1 = cx2 = cx (3.17)Along both streamlines the same pressure is apparent but sine normal vetors havedi�erent signs no resulting fore appears. The momentum balane in x-diretion givenby [12℄
Fx = (p2 − p1)s (3.18)an further be transformed by substituting the Bernoulli equation 3.16 to
Fx = s

ρ

2

(
c21 − c22

)
. (3.19)The momentum Balane in y-diretion yields

Fy = −ṁ (cy2 − cy1) = −ρscx (cy2 − cy1) . (3.20)
ν the angle of the blade fore with respet to the axial diretion is obtained by (ompareFigure 3.4 (a))

tan(ν) =
Fy

Fx
(3.21)and substituting Fx and Fy it an be simpli�ed to

tan(ν) =
2cx

cy2 + cy1
. (3.22)The mean vetorial absolute veloity ~c∞ is de�ned by (ompare Figure 3.4) (b)

~c∞ =
~c1 + ~c2

2
(3.23)with its angle

tanα∞ =
cx

cy1+cy2
2

=
2

cotanα1 + cotanα2
(3.24)to the tangential diretion. Comparing equations 3.24 and 3.22 one an easily see that

ν and α∞ are equal and thus the blade fore is perpendiular to c∞. This statement isonly true for fritionless �ow. The blade fore for the fritionless ase is de�ned by
F =

Fy

sin (α∞)
(3.25)



3.2. Unsteady Flow 36as for isolated airfoils the lift oe�ient for airfoil asades is introdued as dimension-less quantity (see [12℄)
cl =

F
1
2
ρc2∞cb

(3.26)where cb is the blade hord length. Substituting equations 3.20 and 3.25 in 3.26 andusing geometri relations (ompare Figure 3.4 (b)) it follows that
cy1,2,∞ = cx cotan (α1,2,∞) (3.27)for veloity triangles 1, 2 and ∞ respetively and
cx = c∞ sinα∞. (3.28)Eventually for the lift oe�ient following relation is obtained
cl = 2

s

cb

cy1 − cy2
c∞

= 2
s

cb
(cotanα1 − cotanα2) sinα∞. (3.29)Equation 3.29 shows that in ontrast to single airfoils the �ow downstream of the airfoilis turned and the lift oe�ient does not depend only on the in�ow angle but also onthe out�ow angle.
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3.2. Unsteady Flow 37mapping to a blade asade. A fator k0 being the ratio of lift oe�ient for airfoilasades to isolated airfoils is the result obtained:
k0 =

cl,cascade
cl,isolatedairfoil

(3.30)It is found to depend on solidity de�ned by
σ =

cb
si.e. the ratio of blade hord to blade pith and the stagger angle β an be de�ned.This relation is presented in Figure 3.5.Considering a rotor lift an be related to work input into the �uid by the blade rowthus the desired relation of lift for isolated airfoils and work input for steady onditionsis �nished. Using loss orrelations the pressure rise an be obtained from the work.Assuming adiabati �ow the power input to the �uid by a rotor an be expressed by

P = ṁ∆ht = Luu (3.31)where Lu is the irumferential omponent of the lift, u is the blade speed and ht isthe stagnation enthalpy rise in the stage. The irumferential omponent of the lift isPSfrag replaements
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Figure 3.6.: Lift of a Blade Rowgiven by (ompare Figure 3.6)
Lu = L sin (π − β∞) (3.32)Substituting equation 3.32 in 3.31 and rearranging yields
∆ht = L

sin (π − β∞)u

ṁ
(3.33)showing the relation of lift to stagnation enthalpy rise in a rotor in the steady ase.Hene, lift is related to the work input and thus stagnation temperature rise.



3.2. Unsteady Flow 38The irumferentially varying inlet onditions as depited in setion 3.1 yield dif-ferent stagnation pressure rise whih generally also leads to di�erent stati pressurerise. In order to ombine the di�erent irumferential segments a parallel ompressormodel would be in need up to the blade row at whih the stati pressure along theirumferene is uniform again beause of mixing e�ets. However, CFD results showthat the irumferential stati pressure distribution shows no signi�ant variation atrotor exit arising from tip injetion (Matzgeller [22℄). The reason for this is expetedto be the high redued frequeny for tip injetion systems whih yields low amplitudefor the stagnation pressure rise at rotor outlet. Assuming that stati pressure doesn'thange for segments with and without tip injetion no parallel ompressor model needsto be applied. Also the dynami system is omprised only by the �rst rotor beauseCFD suggests that the �ow is mixed out at rotor outlet. The rest of the ompressor istreated steady.3.2.2. Unsteady �ow about airfoilsAbove the link of �ow about isolated airfoils and blade rows was disussed. Assumingthat these relations hold as well for dynami onsiderations the e�ets apparent at iso-lated airfoils subjeted to varying inlet onditions also our in blade rows. Kármán et.al. [16℄ disussed lift generation of an airfoil in unsteady �ow using unsteady thin airfoiltheory. Aording to the thin airfoil theory lift is linked to bound irulation aroundit. A hange in in�ow onditions yields a hange of the �ow about the airfoil. Thuslift and bound irulation are altered. Due to the onservation of angular momentumto ounterat the bound irulation vorties are shed into the wake. In steady �owthe well known starting vortex results from this phenomenon. The e�et of these shedvorties on the �ow about the airfoil at a partiular point depends on the inverse ofthe distane between the point and the vortex. Considering lift on an airfoil in steady�ow it is assumed that su�ient time has passed and the distane of starting vortexand airfoil is large and does not in�uene the �ow about the airfoil. In unsteady �owvorties are shed into the wake at every hange of the in�ow onditions, and thereforebound irulation. In order to obtain the �ow about the airfoil for unsteady in�owonditions the wake vorties have to be onsidered.Complementing Kármán [16℄ Erisson et. al. [7℄ disussed additional phenomena'sthat our around airfoils in unsteady �ow using a semi-empiri way. These e�ets anbe ategorized to time lag e�ets and transient e�ets but are not further disussedhere beause they are approximated by a dynami system disussed in the following.



3.2. Unsteady Flow 39Aording to Melik [24℄, Fung et. al. [8℄ suggested that for a hange in angle ofattak all these phenomenas an be approximated by a seond order linear system ofthe form
L(s) = u2c∆αΨ(s) (3.34)in the Laplae domain where Ψ(s) and s are de�ned by
Ψ(s) =

s2 + s

s2 + 2.82s+ 0.8
(3.35)

s = 2
Ut

cb
(3.36)respetively. U , t and cb are free stream veloity, time and airfoil hord respetively.Melik et. al. [24℄ proposed further simpli�ation to a �rst order system. Applyinga step input to the system the resulting relation in the time domain is given by

Ψ(t) = 1− e−
t
τ . (3.37)The time onstant was found to be

τM =
cb
u

(3.38)and thus equal to the time it takes a partile to move from the leading edge to thetrailing edge.PSfrag replaements
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3.3. Dynami System 40Using the steady lift equation
Ls =

1

2
ρu2clA (3.39)along with equation 3.37 the quasisteady lift is obtained, where A is the projetedarea of the airfoil. Computing the lift using equation 3.39 the lift follows the in�owonditions instantaneously. As disussed above the �ow about the airfoil needs sometime to adjust to the new inlet onditions and thus the atual lift lags the instantaneoushange whih is represented by LM being the system response obtained by the �rst ordersystem proposed by Melik.Assuming that the in�ow onditions hange bak to their value before t0 at time

t1 (i.e. the in�ow is disturbed for small time only) the steady state lift for the inletonditions apparent in the time frame t0 to t1 is never reahed. Considering that theinlet onditions in this time frame are unfavourable ompared to the onditions outsidethis frame and would ause stall in the steady ase, the dynami system will not stallas long as the ritial lift is not exeeded. The ritial lift in the unsteady ase isgenerally greater than in the steady ase, beause stall needs some time to develop.Hene, stall is further delayed beause of this phenomena.3.3. Dynami SystemIn setion 3.2 it was shown that unsteady �ow e�ets about isolated airfoils an beomputed using a �rst order dynami system. Melik [24℄ and Mazzawy [23℄ treatedompressors subjeted to inlet distortion and both found that a �rst order dynamisystem an represent the system dynamis su�iently. Melik omputed so allede�etive inlet quantities employing a dynami system that uses the steady lift equationto ompute the dynami lift. In this setion in a similar way e�etive quantities forthe tip injetion system are disussed.In Figure 3.8 the semi dynami system used in this work is presented along with amodel known to be su�iently aurate for omputations of unsteady �ows. NavierStokes equations, ontinuity equation and energy equation are the modelling equationknown to represent reality in a good manner. With this set of equations theoretiallya lose to reality solution an be obtained. However, solving is not possible in losedform and generally performed by omputational �uid dynamis, known to be timeonsuming.In order to aelerate the omputations, the proess presented in Figure 3.8 (a)



3.3. Dynami System 41
PSfrag replaements

Navier Stokes equationsContinuity equationEnergy equation
Dynami System

(a)
(b) Input

Input
aver-

aver-
aging

agingunsteadysteady steady
steady

�ow �eld�ow �eld �ow �eld
orrelated input? SGVdynami

Figure 3.8.: (a) Unsteady Flow Model (b) Semi - Dynami Modelis simpli�ed to a semi-dynami model yielding approximated solutions using SGV.Basially SGV solves the �ow �eld through the ompressor in a steady way. Goodsolutions for ompressors without tip injetion an be obtained in this way beauseorrelations are applied to orret modelling errors su�iently. These orrelationsdon't aount for the unsteady �ow due to tip injetion. Hene, in a �rst step the �owdynamis have to be aptured using a dynami system. This is ahieved by introduingso alled e�etive inlet quantities that apture the �ow dynamis and an be used withsteady aerodynamis. By time averaging, the dynami quantities are transformed intothe steady domain and forwarded to SGV where the steady �ow �eld is omputed. Aspointed out in this setion the redued frequeny for typial tip injetion systems asused by Suder [30℄ and Hiller [13℄ are high suh that �utuations of �ow quantities aresmall. This yields that the amplitude of the osillations are rather small thus only itsmean has to be onsidered.3.3.1. E�etive quantitiesAs mentioned above e�etive quantities an be derived in ase of isolated airfoils inorder to represent the blade's response to unsteady in�ow onditions. The derivationof e�etive inlet quantities is presented in the following.In setion 3.1 it was found that the irumferential variation of in�ow onditions atradii less than rinj was small, thus at surfaes of revolution of r < rinj onstant in�owonditions along the irumferene are present. Cirumferential variation of the in�owonditions are just present for surfaes of revolution at radii in the range of rinj to rcas.This irumferential variation yields unsteady in�ow onditions for the rotor beauseit is rotating in this �ow �eld.



3.3. Dynami System 42The unsteady proess for a rotor subjeted to unsteady in�ow onditions in therelative frame of referene basially an't be treated by steady omputations. In thefollowing the steps from obtaining the work input to a blade row using unsteady aero-dynamis to steady aerodynamis with adjusted inlet onditions is presented.1. Relation of blade row and isolated airfoil : Due to the relation of isolated airfoiland blade row presented in setion 3.2 and the assumption that this relation holdsin the unsteady ase instead of onsidering unsteady �ow about airfoil asadesunsteady �ow about isolated airfoils an be treated.2. Considering hanging in�ow onditions separately : In ase of tip injetion �owveloity, in�ow angle and density vary instantaneously. Assuming that the re-sponse of the lift on the hange of either inlet �ow quantity is similar onerningthe order of the dynami system, the three systems an be onsidered separately.3. E�etive in�ow onditions: Similar to Melik [24℄, instead of omputing thedynami response to varying in�ow onditions using unsteady aerodynamis, thein�ow onditions are transformed to aount for the unsteady �ow e�ets, thusthe lift an be omputed using steady equations.In the following the last two points are disussed in more detail.Generally the jet has a di�erent stagnation pressure and absolute �ow angle thanthe main �ow and might have a di�erent stagnation temperature. This implies that ρ,
w∞ and cl hange with respet to the irumferential position in the absolute frame ofreferene and thus in time in the relative frame of referene. As pointed out in setion3.1 in�ow onditions an be approximated by a retangular signal. Within one periodtwo steps our one from the main �ow quantities to the jet and via versa.At �rst, a step input to the system at time t0 is onsidered. Aording to Melik(ompare equation 3.37) the response of lift an be approximated by a �rst order linearsystem in the from

L(t) = L0 +∆L(t) = L0 + (Lend − L0)
[

1− e−
t−t0
τ

] (3.40)where L0 and Lend are the steady state lift at t < t0 and t > t0 respetively. In thesteady ase lift is de�ned by
L =

1

2
ρw2

∞clcb (3.41)where cl is a funtion of in and out�ow angles in ase of a asade (see equation 3.29)and of the angle of attak in terms of isolated airfoil.



3.3. Dynami System 43In order to explain the onept of e�etive inlet quantities, the following onsidera-tions are performed using the density as varying quantity but also any other quantityon the right hand side of equation 3.41 ould have been used. E�etive density laggingits atual value as introdued by Melik [24℄ is de�ned by
ρeff(t) =

L(t)
1
2
w2

∞clcb
(3.42)and beause all other terms on the right hand side are held onstant with time thesame system dynamis that apply to the Lift (see equation 3.40) are also apparent forthe density. Substituting equation 3.40 into 3.42 and simpli�ation yields

ρeff(t) = ρ0 + (ρend − ρ0)
[

1− e−
t−t0
τ

] (3.43)Hene, the dynami lift an be obtained by steady aeordynamis if the inlet quantitieslag their real value assuming that the lift follows a �rst order linear system.Performing similar analysis for the veloity weff and the lift oe�ient cl,eff equa-tions 3.44 and 3.45 are obtained.
w2

eff(t) = w2
0 +

(
w2

end − w2
0

) [

1− e−
t−t0
τ

] (3.44)
cl,eff(t) = cl,0 + (cl,end − cl,0)

[

1− e−
t−t0
τ

] (3.45)Using the e�etive quantities derived above the unsteady lift an be obtained by theuse of the steady lift equation 3.41:
L(t) =

1

2
ρeff (t)weff(t)

2cl,eff(t)cb (3.46)The advantage of this approah is, that the dynami system and the aerodynami sys-tem are separated. First the unsteady system is used to obtain e�etive inlet quantitiesand then the unsteady lift is omputed by steady aerodynamis with these e�etivequantities.Lift oe�ient cl,eff(t) is not an input quantity that is used for SGV thus the relatedinlet quantity has to be found. Aording to equation 3.29 the lift oe�ient of a bladerow depends on geometry and relative �ow angles at inlet and outlet. For tip injetionthe redued frequeny is high yielding small amplitudes of the �ow quantities at rotoroutlet. Hene, it is assumed that deviation doesn't hange with varying inlet angle.Therefore lift oe�ient and inlet angle have the same system dynamis given by
β1,eff(t) = β1,0 + (β1,end − β1,0)

[

1− e−
t−t0
τ

]

. (3.47)



3.3. Dynami System 443.3.2. Validation of the Dynami SystemMelik [24℄ proposed that for inlet distortions it is su�ient to obtain the e�etiveinlet onditions using a �rst order dynami system. In the following this approah isvalidated for tip injetion using unsteady CFD omputations arried out by Matzgeller[21℄. First the dynami system used later in this work is presented. Then the responseof it to the CFD input data is omputed and ompared to the CFD response.E�etive �ow quantities w2
eff(t), βeff(t) and ρeff (t) for a step input an be omputedaording to equations 3.43, 3.44 and 3.47. Eah �ow quantity, alled q in the following,is of the form

qeff(t) = q0 +∆qin

[

1− e−
t−t0
τ

] (3.48)Equation 3.48 is omposed of a steady part q0 and an unsteady part ∆qeff (t) de�nedby
∆qeff(t) = ∆qin

[

1− e−
t−t0
τ

] (3.49)The di�erential equation of equation 3.49 is
∆q̇eff +

1

τ
∆qeff =

1

τ
∆qin. (3.50)Substituting the time onstant obtained by Melik (ompare setion 3.2) yields

∆q̇eff +
1

τM(t)
∆qeff =

1

τM(t)
∆qin (3.51)The time onstant (see equation 3.38) is dependent of the �ow veloity whih hangeswith respet to time (i.e. a funtion of the relative rotor position). Thus equation 3.51is nonlinear in ase of tip injetion. Rather than using the �ow speed and hord lengththe axial �ow veloity and axial hord length are used whih gives better results forompressors subjeted to inlet distortions. Eventually the dynami system yields

∆q̇eff +
cax(t)

cb,ax
∆qeff =

cax(t)

cb,ax
∆qin (3.52)For a step hange of the in�ow onditions after about t ≈ 5τ (τ being the time on-stant of the system) the steady state value is onsidered to be reahed (from equation3.49 where 1 − e−5 = 0.9933). Considering the retangular signal that is apparent fortip injetion the inlet onditions are periodi and onsist of one main-�ow setion andone jet setion (ompare setion 3.1) indiated by di�erent patterns in Figure 3.3. Ineah setion the time onstant depends on the �ow speed and is thus not onstant for



3.3. Dynami System 45the whole period. For a steady osillation between both steady state values the timein eah setion has to be su�ient that the steady state value is reahed (i.e. ∆t ≥ 5τ)In ase of tip injetion this is generally not the ase and the steady state values are notreahed. This implies that even if one steady state value would inept stall beause ofthe dynami system this value is not reahed and thus the blade row might still operatein the stable range.
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ta tbFigure 3.9.: Dynami System Response to the retangular Signal for Tip InjetionIn Figure 3.9 the retangular input signal obtained in setion 3.1 as an approximationof the input signals for tip injetion is shown. The �ow quantity inside the jet isrepresented by qmax whereas qmin is the main-�ow quantity. At time t0 the rotorenters the jet and at t1 the jet is left thus t1 = ainjT (see setion 3.1). Applying theretangular input signal presented to the dynami system de�ned by equation 3.52the system response presented in Figure 3.9 is obtained. This response is disussed inthe following. Eah �ow speed in jet and main �ow setion is onstant thus the timeonstant in eah setion is onstant. The nonlinear di�erential equation 3.52 an betransformed into a system of two pieewise linear di�erential equations of the form
∆q̇eff +

cax,inj
cb,ax

∆qeff =
cax,inj
cb,ax

∆qin t ∈ [0, t1] (3.53)
∆q̇eff +

cax,ms

cb,ax
∆qeff =

cax,ms

cb,ax
∆qin t ∈ [t1, T ] (3.54)with disontinuities at 0 and t1. Equations 3.53 and 3.54 result in

∆qeff,1(t) = ∆qin,1

[

1− e
−

cax,inj

cb,ax
(t)
]

t ∈ [0, t1] (3.55)
∆qeff,2(t) = ∆qin,2

[

1− e
−

cax,ms

cb,ax
(t−t1)

]

t ∈ [t1, T ] (3.56)



3.3. Dynami System 46The dynami system depends on ∆qin being the di�erene of the �ow quantity at thebeginning of the setion and the steady state end value. From Figure 3.9 one obtains
∆qin,1 and ∆qin,2 to

∆qin,1 = qmax − q̃min (3.57)
∆qin,2 = qmin − q̃max (3.58)In Figure 3.9 a steady osillation is presented whih means that the start and endvalue of the period are equivalent. In general equating a �rst order linear di�erentialequation one is left with an integration onstant that has to be identi�ed from the initialondition. This initial ondition a�ets the transient osillation but after su�ient timea steady osillation is performed whih does not depend on the initial value. In thiswork only steady osillation is onsidered.Setting the initial ondition to q̃min for the system presented in Figure 3.9 the tran-sient osillation an be skipped and the desired steady osillation is obtained. Thus

q̃min has to be derived. For a steady osillation between the values q̃min and q̃max, atthe end of the jet setion q̃max and at the end of the main-�ow setion q̃min have tobe reahed. This implies that the magnitudes of ∆qeff,1(t1) and ∆qeff,2(T ) have to beequivalent yielding
(qmax − q̃min)

[

1− e
−

cax,inj

cb,ax
(t1)

]

= (qmin − q̃max)
[

1− e
−

cax,ms

cb,ax
(T−t1)

] (3.59)The value at the end of the �rst period an be obtained by
q̃max = q̃min + (qmax − q̃min)

[

1− e
−

cax,inj

cb,ax
(t1)

] (3.60)Substituting equation 3.60 into 3.59 and rearranging yields
q̃min =

qmax e
−

cax,ms

cb,ax
(T−t1)

+qmin
1−e

−

cax,inj
cb,ax

(t1)

1−e
−

cax,ms
cb,ax

(T−t1)

e
−

cax,ms

cb,ax
(T−t1)

+ 1−e
−

cax,inj
cb,ax

(t1)

1−e
−

cax,ms
cb,ax

(T−t1)

, (3.61)being the value at t = 0 and all following periods nT where n ∈ Z. Knowing the initialvalue for the steady osillation the transient osillation an be spared whih saves time.In setion 3.1 it was found that the Fourier series gives the better math of theunsteady CFD inlet data. In ontrast to the non-linear system with Fourier seriesinput signal, a losed form solution an only be obtained for the simple retangularinput signal whih makes a numerial solution neessary.



3.3. Dynami System 47For the validation of the system the input signal is obtained from CFD and thus isa disrete signal. Performing a numerial solution an initial value has to be providedbut an't be obtained in losed form. Fourier series as well as the CFD input anbe approximated by the retangular signal. For these two signals no losed solutionfor the initial value an be found and as the initial value q̃min (equation 3.61) derivedfor the retangular signal is used. The initial value of retangular input and Fourierseries is not the same thus a transient osillation results. In order to obtain the steadyosillation several periods have to be omputed until the �rst and last value within theperiod are equivalent.Mainly the onsiderations up to this point were performed using the retangularinput signal. In setion 3.1 it was shown that Fourier series suite CFD better. Never-theless it is obtained from the retangular signal thus onsiderations performed for theretangular signal an generally also be applied to Fourier series.
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(a) (b)Figure 3.10.: System Veri�ation Data Set: (a) input sp; (b) output LIn order to verify that a �rst order system an be used to approximate the dynamisystem, CFD data is used. Input and output data was provided by Matzgeller [21℄.A representative radius (lose to the maximum stagnation pressure inside the jet) ishosen at whih the system identi�ation is performed. Stagnation point position withrespet to leading edge and lift per unit span L̃ are seleted as system input and outputrespetively. Stagnation point position is de�ned by
sp =

x− xmax

xmin − xmax
(3.62)where x is the distane of the stagnation point along the airfoil to the leading edge and is



3.3. Dynami System 48positive if the stagnation point is loated at blade pressure side. xmax and xmin are themaximum and minimum stagnation point loations respetively. This transformationis performed to get the inlet onditions in a form as presented in setion 3.1 (ompare
f(ϕ)). In Figure 3.10 (a) the inlet quantity is shown. The in�ow onditions are ingood agreement with the retangular pro�le and the Fourier series (ompare Figure3.3). Close to the end of the period a peak is apparent whih represents a shift instagnation point and thus the time span where the rotor is a�eted by tip injetion.In Figure 3.10 (b) the system output is presented. Nondimensional lift is de�ned ina similar way as the inlet onditions by

L̃ =
L− Lmin

Lmax − Lmin

(3.63)where Lmin and Lmax are minimum and maximum lift of the blade. At about 90% ofthe period a negative peak arises that an be related to the hange in inlet onditions.A positive peak appears at the beginning of the period and it is aused by the unsteady�ow of the adjaent blade (Matzgeller [22℄). A dynami system purely depending onthe inlet onditions to the stage an't aount for this peak. Emphasises is thus laidon the peak at about 90% period that is the response to the input signal.Veri�ation of the system is performed by omparing the CFD system output to theoutput of �rst order system like suggested by Melik to the CFD input of the form
ẏ(t) +

1

τ
y(t) = ku(t) (3.64)where u is the input and y is the output. The system is solved numerially applyingentral di�erenes

yn+1 = yn−1 + (tn+1 − tn−1)

(

kun −
1

τ
yn

) (3.65)using di�erent time onstants τ and ampli�ation fators k for jet and main �ow. Jetand main �ow are identi�ed from the levels of the input signal in a way that for sp ≥ 0.5(ompare Figure 3.10) the jet quantities are used. Changing the time onstants andthe ampli�ation fators the system is adjusted to meet the peak at about 90% period.In Figure 3.11 the results are presented. Comparing CFD and �rst order response goodmathing of the negative peak an be seen. Time onstants used for the system are ofthe same order of magnitude as the onstants obtained by Melik. The ratio of the timeonstants of the jet to the main �ow di�ers by 5%. Hene, a �rst order system is ingood agreement with the negative peak. Considering this model the system dynamisis met reasonable. Better modelling an be performed by inluding the in�uene of theadjaent blade. However, the mean value along the period whih is important for thework input (disussed in setion 3.4) is reprodued in a good way.
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Figure 3.11.: System Veri�ation3.3.3. SummaryIn this setion various aspets regarding dynami systems have been disussed. Inletonditions were obtained in setion 3.1 yielding that a good mathing of the CFDin�ow is obtained by the use of Fourier series:
qin(t) = qms + [qinj − qms]

9∑

k=0

[ak cos (kωt) + bk sin (kωt)] (3.66)System dynamis were aptured by e�etive inlet quantities of the form
qeff(t) = q0 +∆qeff (t) (3.67)with
∆q̇eff +

cax(t)

cb,ax
∆qeff =

cax(t)

cf,ax
∆qin (3.68)being the governing di�erential equation. Equation 3.68 uses the time onstant ob-tained by Melik [24℄ and was obtained for ompressors experiening inlet distortion.From the identi�ation performed in this setion a time onstant ould have been ob-tained but only for one partiular ompressor at one operating point. Nevertheless,performing a system identi�ation for tip injetion systems a time onstant would beobtained that is expeted to enhane the results. However, a high number of exper-iments would be required for the identi�ation proess in order to ahieve trustableresults. The time onstants found in this identi�ation are of the same order of mag-nitude thus it is assumed that time onstant suggested by Melik an be used as wellfor tip injetion.



3.4. Implementation 50Equation 3.68 employing the Fourier series as input is solved numerially using en-tral di�erenes yielding
qeff(n+ 1) = qeff (n− 1) + [t(n+ 1)− t(n− 1)]

1

τ(n)
[qin(n)− qeff(n)] (3.69)where n is the disrete time. Solving equation 3.69 the values n− 1 and n are requiredwhih are not available for the �rst step thus for the �rst step bakward di�erene ofthe form

qeff(n+ 1) = qeff (n) + [t(n + 1)− t(n)]
1

τ(n)
[qin(n)− qeff(n)] (3.70)is used. The initial value results from equation 3.61.In the derivation proess it was assumed that system dynamis of isolated airfoiland blade row are equivalent. Considering the unsteady thin airfoil theory by Kármánthe unsteady e�ets are due to wake vorties hanging the �ow �eld about the airfoil.Also irulations of the adjaent airfoils in the asade in�uene the �ow �eld. Forthe steady ase Weinig [33℄ de�ned the fator k0 (see equation 3.30) that gives theimpat of the irulation about the adjaent airfoil on the present airfoil in terms ofthe lift oe�ient. Leht [18℄ suggested that this onstant an be applied to the timeonstant as well in order to aount for the in�uene of the adjaent blades thus thetime onstant is hanged to

τ(t) =
5.5cb,ax
k0cm,ax(t)

(3.71)3.4. ImplementationThe basi system and ideas about how the dynami pressure and temperature rise anbe aounted for by a �rst order dynami system in ombination with a steady SCMwere presented up to this point. In this setion the implementation of this approahinto a omputer program is disussed.Two di�erent sets of inlet onditions have been derived. Cirumferentially varyingin�ow onditions were developed in setion 3.1 that are alled real in�ow onditionsin the following. In the relative frame of referene those inlet onditions are unsteady,beause of the rotor speed. Unsteady in�ow onditions an't be treated by a steadytool like SGV. Hene, di�erent in�ow onditions that apture the system dynamiswere developed in setion 3.3. This set of in�ow onditions is referred to as e�etivein�ow onditions. Both in�ow onditions are generally di�erent. Using the modelled



3.4. Implementation 51real in�ow onditions the in�ow �eld (i.e. the radial distribution of streamlines) isexpeted to be orret, but using them a steady work input to the stage is obtained.E�etive in�ow quantities are expeted to give the orret unsteady work, but thein�ow �eld is wrong. Hene, two separate SGV runs are performed. One with e�etivein�ow onditions that is used to obtain the unsteady work and then a SGV run withreal in�ow onditions, for whih the work input of the rotor a�eted by tip injetion isorreted.The SGV soure ode is available at MTU so at �rst it was onsidered to inludethe tip injetion omputation method diretly into SGV. High �exibility and bestperformane would be the advantages of a diret implementation. On the other handa hange of the soure ode is required whih makes the implementation more omplexand thus was rejeted.A python sript is developed that �rst reads the required input from a onvergedSGV solution for the same ompressor without tip injetion. This baseline omputationis used to get the out�ow of the stator upstream of the injetion (or IGV for injetionupstream of the �rst rotor). Hene the initial �ow �eld for the tip injetion alulationis given by the baseline omputation and the injeted jet is added at the injetionloation. An additional input �le "injetion.ein" (desribed in Appendix A) has to beprovided for the sript ontaining the tip injetion parameters as well as some �agsfor program ontrol. Altering the provided SGV input (s2.ein) �le for the baselineomputation the desired solution with real in�ow quantities imposed by tip injetionand unsteady work input over the rotor downstream of the injetion slot is omputed.Before this proedure is presented in a �ow hart, SCM spei� hanges of the developedproedure, averaging and the modi�ation of the input �le "s2.ein" are disussed.Up to now the dynami system was treated at surfaes of revolutions. SGV uses agrid where the radial diretion is resolved by streamlines. In order to obtain the radialpro�les of the e�etive in�ow quantities they have to be obtained from the dynamisystem for all streamlines inside the jet. Generally the number of streamlines andthe ratio of injeted mass �ow to the main-stream mass �ow are small thus the jetsremain well inside the �rst streamtube. Therefore the e�etive �ow quantities are onlyobtained for the asing streamline and the radial pro�le of real and e�etive inlet �owquantities along the jet is assumed to be that at the asing and thus onstant.



3.4. Implementation 52AveragingIn setion 3.1 the real inlet onditions to the rotor downstream of the injetion de-pending on the angular diretion were de�ned. E�etive inlet onditions to this rotoras disussed in setion 3.3 depend on the time. Generally the irumferene ould bedisretised and at eah point resulting from this disretisation one SGV run ould beperformed using the real inlet onditions and orreting the work input aording to thee�etive inlet onditions in order to aount for injetion. But this would require manySGV runs slowing down the proess signi�antly. A more simple approah is ahievedby averaging the inlet quantities and then performing just one SGV omputation withreal inlet onditions and orreted work.Real in�ow onditions are of steady nature and depend on the irumferential po-sition. In order to obtain the orret streamline distribution and the integral orretmean, �ux quantities have to be mass averaged. E�etive in�ow quantities on theother hand are unsteady an in order to obtain the mean of the unsteady work inputthose inlet quantities have to be time averaged. First mass averaging of the real in-�ow quantities and then time averaging of the unsteady e�etive in�ow quantities aredisussed.Fourier series were seleted as in�ow onditions beause they represent CFD resultswell and are time-ontinuous (see setion 3.1). The Fourier series are omputed fromthe retangular signal. Thus the mean of those two pro�les is the same and the meanof the retangular pro�le is omputed, beause a losed solution is easier in ontrastto the Fourier series.Averaging takes plae in the angular diretion to obtain the radial pro�les that areused for SGV. Considering radii less than rinj (i.e. irumferenes positioned ompletelyin the main �ow) the angular mass averaged value is the one from the main �ow. Forradii in the range rinj to rcas (i.e. in the setion where also jets are present) angularmass averaging is presented in the following.In Figure 3.12 (a) a ring segment showing one main �ow setion and its adjaent jet(i.e. periodi unit aording to Figure 3.1) on the inlet plane is presented in a viewalong the axis. The inner radius is rinj and the outer radius is the asing radius rcas.The mass �ow through the area overed by the jet is given by
ṁinj = ρinjcax,injAinj (3.72)
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(a) (b)Figure 3.12.: View along the Compressor Axis on the Inlet Planewhere cax,inj is obtained from (ompare Figure 3.12 (b))
cax,inj = cinj sinαinj (3.73)with ρinj , cinj and αinj are density, absolute veloity and absolute �ow angle respe-tively. For the main �ow equivalent onsideration yields
ṁms = ρmscax,msAms (3.74)and
cax,ms = cms sinαms (3.75)evaluated with main �ow quantities. The area of the jet and main �ow for a in�nitesimalthin ring segments in one periodi unit are given by (ompare Figure 3.12 (a))
dAinj = 2πrϕinjdr (3.76)and
dAms = 2πrϕmsdr (3.77)respetively.The mass averaged mean of an arbitrary �ow quantity q along the angular diretionfor the in�nitesimal thin ring segment is obtained by:
q̄m =

qinjṁinj + qmsm̄ms

ṁinj + ṁms

(3.78)Substituting equations 3.72, 3.74, 3.76 and 3.77 into 3.78 and simpli�ation yields
q̄m =

qinjm̃inj + qmsm̃ms

m̃inj + m̃ms
(3.79)



3.4. Implementation 54with
m̃inj = ρinjcax,injainj (3.80)and
m̃inj = ρmscax,ms (1− ainj) (3.81)using ainj as de�ned in equation 3.5.The unsteady work is obtained by unsteady e�etive in�ow onditions that have tobe averaged with respet to time. Generally the time averaged value of �ow quantity

F in a period T is given by
F̄t =

1

T

∫ T

0

F (t)dt (3.82)Using the numerial solution proedure of the dynami system the time has to bedisretised in an arbitrary number n of intervals with index k ∈ [0, n] and thus F isavailable at this disretised time values. Applying the trapezoidal rule to equation 3.82the time averaged value is omputed by:
F̄t =

1

T

n∑

k=0

Fk + Fk+1

2
(tk+1 − tk) (3.83)Presription of Radial Pro�lesFor SGV with a ommon number of streamlines the radial extension of the jet issigni�antly smaller than the height of the �rst stream tube. Therefore, it is su�ientlyaurate to obtain the averaged onditions valid for the whole jet using �ow propertiesat the asing only. These values are used for the whole jet inAveraging yielded the real and e�etive inlet onditions that have to be presribedusing the SGV inlet �le whih is not straight forward and thus thoroughly disussedin the next paragraphs.SGV interpolates the required values for the omputation from the the radial pro�lesprovided in the input �le "s2.ein" on the streamline position. In ontrast to CFD thegrid for SGV is oarse beause it only onsists of few streamlines and alulation planes(ompare hapter 2). Therefore it an not be assumed that interpolating the desiredradial pro�le with its in�nite radial gradient at rinj on the streamline position usingeither linear or splines interpolation is su�iently aurate. Hene, a di�erent approahhas to be developed to presribe the pro�les to the SGV input �le.



3.4. Implementation 55In Figure 3.13 (a) the in�uene of the streamline position on linear interpolatedradial pro�les is presented. On the absissa the dimensionless radius de�ned by
r =

R− Rhub

Rcasing − Rhub
(3.84)where R, Rhub and Rcasing are the radii at atual position, hub and asing respetively,is plotted. Along the ordinate, f(r) de�ned by

f(r) =
q(r)− qms(r)

qmean(r)− qms(r)
(3.85)where q, qms and qmean are �ow quantities at atual radial position, in the main streamand in the mean of the inlet pro�le for radii greater than rinj respetively, is plotted.Hene, f(r) is the di�erene of quantity q(r) to the main �ow with respet to the di�er-ene of the quantities mean value for radii greater than rinj and main-�ow. Therefore

f(r) is 1 in the range r ∈ [rinj, 1] and 0 in the range r ∈ [0, rinj]. In Figure 3.13 (a) thispro�le is represented by fid(r). Generally, the extension of the jet is suh, that only thePSfrag replaements
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(a) (b)Figure 3.13.: Presription of the Radial Pro�le: (a) Pro�le obtained by Interpolation;(b) Pro�le used for SGV input �leasing streamline (streamline a in Figure 3.13 (a)) is loated inside the radial segmenta�eted by the jet and all other streamlines (b, c..) are outside. Linear interpolationof the radial pro�le fid(r) on the streamline position yields the pro�le fint(r). At theasing streamline a it takes the value 1 and the value at all other streamlines (b, c,..)is 0.Integrating fid(r) along the radial diretion the integral di�erene of qmean and qmsis obtained. Comparing the integrals (i.e. areas under the urves with respet to theradial axis) one an easily see that a big di�erene of the integrals of fint(r) and fid(r)



3.4. Implementation 56is present. Hene, interpolation of the radial pro�le presribes the a wrong integralvalue of the radial pro�le using a ommon streamline distribution. The problem aboutsimple interpolation of the pro�le is the radial gradient at the boundary between jetand main-�ow (rinj). In order to resolve this gradient properly several streamlineswould have to be plaed near this gradient. This would yield a pro�le being loseto the values of desired pro�le fid(r) and a similar area. For streamline urvatureomputations more streamlines are dereasing the auray of the method, one aertain number is exeeded [34℄. Using ommon numbers of streamlines that generallygive good auray of SGV this gradient an't be resolved.As pointed out above the pro�le has to be developed to ful�l the integral mean valueof the pro�le fid(r). In order to ahieve this, the streamlines are �rst ategorized intwo groups regarding their position with respet to rinj. All streamlines inside the jet(i.e r ∈ [rinj , 1]) and the �rst streamline below the jet give the "jet" streamline group.For the interpolated pro�le fSGV (r) in Figure 3.13 (b) this means that streamline aand b are in the jet ategory and streamline c and all streamlines below c are in main�ow ategory.The general idea is to set the f(r)-value for streamlines belonging to the "main-�ow" group to 0 and ompute the f(r)-values for streamlines in the "jet" group tomeet the area under the pro�le fid(r). SGV interpolates �ow quantities from thepresribed values to the streamline distribution using spline interpolation. The steepradial gradient at rinj leads to wiggles if not resolved properly by the streamlines.Plaing su�ient number of streamlines in the annulus to resolve this gradient thoughis known to be negative for the auray of the SCM and thus not performed. In orderto minimize these wiggles values belonging to the "main �ow" group are not set to 0but a polynomial of the form
f(r) = 0.05

(
r

rinj

)8 (3.86)is used (ompare Figure 3.13 (b)). The polynomial is de�ned in a way that it passesthrough the points (0, 0) and (0.05, rinj). The power 8 as well as 0.05 for the pro�levalue are hosen arbitrarily in a way that a smooth shape for ommon pro�les results.Using the trapezoidal rule the area under main �ow setion is omputed by
Ams ≈

nc∑

k=1

[rk − rk−1]
fi(r) + fi−1(r)

2
(3.87)and then subtrated from the area under fid(r) yielding the area under the upper
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Ajet = hinj × 1−Ams (3.88)The jet ategory is approximated by a trapezoid. Using a trapezoid a de�ned slopeto the asing is generated and thus the gradient to the asing is limited. Steep radialgradients partiularly to the asing often yield numerial problems in SGV whih isavoided by this hoie. Two trapezoids ompose the area under the jet ategory andthe area between the top most streamline in the "main-�ow" group and �rst streamlinebelow the jet thus the area is given by
Ajet = Atr1 + Atr2 = [1− rn−1]

a+ b

2
+ [rn−1 − rn−2]

b+ 0.05

2
(3.89)(ompare Figure 3.13 (b)) where n is the number of streamlines. a and b are the desiredquantities and in order to obtain them the ratio of them de�ned by

k =
a

b
(3.90)is introdued and substituted into equation 3.89. Rearranging yields

b =
2Ajet − 0.05 (rn−1 − rn−2)

(1 + k) (1− rn−1) + (rn−1 − rn−2)
(3.91)and

a = kb. (3.92)
k is proportional to the slope of the pro�le to the asing.As mentioned above the �rst streamline outside the jet is alloated to the "jet"group. Generally the number of streamlines is not su�ient to plae two streamlinesinside the jet. If this streamline would not be added to the "jet" group only the valueof the pro�le at the asing streamline would be omputed to ful�ll the same area under
fSGV (r) and fid(r). Therefore, this value would be bigger than one whih implies thatthe desired presribed mean value would be exeed and additionally a steep gradientto the asing would be introdued yielding numerial problems. In order to preventthis, the above disussed pro�le is used.In Figure 3.14 f(r)-pro�les obtained using the desribed method for two di�erentnumbers of streamlines are omputed. Pro�le f1 has got the streamline distributionthat is apparent in ommon SGV alulations. In order to ahieve the right inte-gral value the magnitude of the pro�le is dereased. A higher number of streamlines(ompare pro�le f2 in Figure 3.14) improves the presribed pro�le beause the radialresolution is better.
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Figure 3.14.: Pro�les reated aording to the presented Method with di�erent Stream-line Resolution around rinjObtaining in�ow quantities for the Dynami SystemIn setion 3.1 the time dependent in�ow onditions in terms of stagnation pressure,stagnation temperature and �ow angle in the absolute frame of referene were disussed.For the dynami system inlet onditions in terms of veloity and �ow angle in therelative frame of referene and density are required (as shown in setion 3.3). Usingthese inlet onditions e�etive inlet onditions are omputed in the form of relative�ow veloity, relative �ow angle and density. As pointed out later in the SGV input�le absolute stagnation pressure, absolute stagnation temperature and absolute �owangle an be altered. Thus the e�etive in�ow quantities obtained from the dynamisystem have be transformed bak. In the following this proess is disussed.Rearranging equation 3.3 yields
pt,LE = ps + (pt,inj − ps) cd (3.93)the atual stagnation pressure at rotor leading edge where ps is the stati pressure inthe main �ow at the asing and pt,inj is the stagnation pressure upstream of the nozzle.Using the isentropi relations the Mah number [6℄ is obtained by
M =

√
√
√
√ 2

γ − 1

[(
pt,tat
ps

)γ−1
γ

− 1

]

. (3.94)In the SGV solution �le the stati pressure at IGV outlet is provided whih is usedto obtain the Mah number. Generally as disussed in setion 3.1, from the IGV to



3.4. Implementation 59the loation of the injetion the main-�ow aelerates due to the redued annulus rosssetional area beause of the jets. Nevertheless, beause the nozzles are supposed tobe hoked for ommon tip injetion on�gurations the jet veloity does not hange forthe expeted variation of stati pressure.Using isentropi relations the stati temperature equates to
Ts = Tt,inj

(
ps
pt,tat

)γ−1
γ (3.95)Density an be obtained from the ideal gas law by

ρ =
ps
RTs

(3.96)The absolute �ow veloity of the jet an be obtained from the de�nition of Mahnumber and speed of sound by:
c =M

√

γRTs. (3.97)The atual �ow angle in the absolute frame of referene is obtained in a similar way tothe atual stagnation pressure from equation 3.4
αtat = αinj − (αinj − αms) cα. (3.98)Relative �ow quantities are obtained from the absolute ones by transformationsaording to veloity triangles. These relations are presented in a general form andan be applied to any veloity triangle under onsideration. In Figure 3.15 a veloitytriangle is presented where u is the blade speed, c and α are absolute veloity and angleand w and β are relative veloity and angle respetively.PSfrag replaements
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3.4. Implementation 60the relative veloity an be obtained from the osine law as (ompare Figure 3.15)
w =

√
c2 + u2 − 2cu cosα. (3.99)Using the sine rule the �ow angle in the relative system equates to

β = π − arcsin
( c

w
sinα

) (3.100)These quantities are now used with equations 3.42, 3.44 and 3.47 to obtain the e�etiveinlet quantities.E�etive Stagnation Pressure, Temperature and �ow angleThe e�etive inlet onditions for the dynami system were obtained in the relativeframe of referene. As pointed out, later only absolute stagnation pressure, stagnationtemperature and �ow angle an be adjusted in the SGV input �le. Thus the relativee�etive quantities have to be transformed to those quantities. First the relations aredeveloped in a general form an then they applied to the partiular ase.First the relative e�etive �ow quantities are transformed into the absolute system.Knowing
• blade speed u
• relative veloity w
• �ow angle in relative system βthe absolute veloity an be obtained from the osine law as (ompare Figure 3.15)
c =

√

w2 + u2 − 2wu cos (π − β). (3.101)Using the sine rule the �ow angle in the absolute system equates to
α = arcsin

(w

c
sin (π − β)

)

. (3.102)The desired values are omputed from the absolute quantities. E�etive stati Tem-perature equates from the ideal gas law to
Ts,eff =

ps
Rρeff

(3.103)Using the e�etive absolute �ow veloity the Mah number of the �ow is omputedaording to
Meff =

ceff
√
γRTs,eff

(3.104)



3.4. Implementation 61From the absolute Mah number the e�etive stagnation pressure is obtained
pt,eff = ps

[

1 +
γ − 1

2
M2

]− γ

γ−1 (3.105)Using isentropi relations the e�etive stagnation temperature equates to
Tt,eff = Ts,eff

[
pt,eff
ps

]− γ−1
γ (3.106)Interation of SGV and the python programIn order to ahieve the desired �ow �eld for tip injetion aording to the above on-siderations input quantities have to be adjusted in the SGV input �le. In setion 3.1the inlet onditions that are present in the annulus were disussed. E�etive in�owquantities that give the orret dynami work input to the stage were derived in setion3.3. Generally those two inlet onditions are not equal and therefore two separate SGVruns are performed. Using the real inlet onditions the modelled in�ow altered by tipinjetion is obtained but the steady work input would be omputed by SGV and thusthe out�ow onditions of the rotor are wrong. Also the losses and thus the stagnationpressure rise that would arise due to the steady work are obtained di�ers from theunsteady one.Generally, SGV omputes the �ow �eld in the ompressor using the given inletonditions at the rotor front fae, i.e. the �rst alulation plane. In the following thedesired hanges of the in�ow to the rotor and the work input of the rotor downstreamof the injetion are presented along with the values that have to be adjusted in theSGV input �le:

• Inlet onditions: As mentioned at the beginning of this setion 2 di�erent SGVruns have to be performed where radial pro�les of following �ow quantities aheadof the rotor downstream of injetion have to be presribed:� Stagnation Pressure: Stagnation pressure upstream is hanged by modi�a-tion of the stagnation pressure loss oe�ient of the upstream blade row inorder to aount for the altered stagnation pressure due to tip injetion atrotor inlet. From SGV the inlet onditions of the upstream blade row areknown so that aording to equation 2.3, ω is adjusted to meet the desiredstagnation pressure at row outlet.� Stagnation Temperature: At every alulation plane a temperature di�er-ene an be presribed and thus the desired stagnation temperature an be



3.4. Implementation 62set.� Absolute �ow angle: The out�ow angle of the upstream blade row is ad-justed.� Mass Addition: Injeted mass �ow has to be added to the main �ow. Inorder to aount for bleed mass �ows the perentage of the main mass �owan be spei�ed at the alulation plane at whih the bleed is loated. Usinga negative value mass is added to the main �ow to the asing streamtube.
• Dynami Work : For the �nal SGV run with orreted work input for the rotorthe unsteady work and losses have to be presribed:� Work Di�erene: Aording to the Euler equation 3.1 the work input is thedi�erene between the produts of blade speed and irumferential ompo-nent of the absolute �ow veloity at rotor outlet and inlet respetively. Theblade speed is �xed thus that either the irumferential omponent of theabsolute veloity at inlet or outlet has to hange.At inlet the mass-averaged inlet onditions give the integral mean thus theinlet onditions are assumed to be orret. Therefore, the di�erent workinput an just be a result of a di�erent irumferential omponent at rotoroutlet for steady and unsteady work. It is not apparent if this hange inirumferential veloity at rotor outlet is due to a hange of the out�owangle or the �ow veloity. However, only the out�ow angle an be adjustedthus the di�erent work input has to be realized using the out�ow angle.Rearranging the Euler equation the out�ow angle an be obtained using theatual �ow veloities by

β2 = π − arccos

[
u22 −W − u1c1u

u2w2

] (3.107)where subsript 1 and 2 denote inlet and outlet onditions respetively,
W is the unsteady work input and u, w and cu are blade speed, relativeveloity and irumferential omponent of the absolute veloity respetively.Aording to equation 3.107 the out�ow angle is omputed from the �owquantities due to steady work input. Beause of the hanged work inputthe out�ow veloity hanges. Further, it is not aounted for the deviationorrelation in equation 3.107. Hene, the out�ow angle β2 depends on resultsof the omputations suh this is an iterative proess.� E�etive Loss: For the annulus segment that is a�eted by tip injetion the



3.4. Implementation 63losses obtained using e�etive inlet onditions and for the remainder lossesomputed using real inlet onditions are used. The stagnation pressure lossoe�ients are adjusted in order to aount for the hanged losses.The �ow �eld for SGV omputations with and without injetion hanges onsid-erably. Presribing the values obtained using the onsiderations performed in thishapter ommonly yields no onvergene beause the hanges are too high. Therefore,relaxation is used. The relaxation fator is de�ned by
r =

√

i

n
(3.108)where n is the number of relaxations. Using this form of relaxation the hange forlater relaxations are smaller than in the beginning. Relaxation is applied to stagnationpressure, stagnation temperature, injeted mass �ow and �ow angle at the same timesuh that a smooth hange is ahieved. It is only performed for the two SGV runswhere the in�ow quantities are hanged but the work input is not orreted.Tip injetion omputation method �ow hartIn this hapter the single aspets of the tip injetion omputation method were de-veloped. Now the single piees are put together and the program is presented in a�ow hart. Ahead of the injetion the main �ow as well as the jet quantities have tobe known. Jet quantities have to be provided in a separate �le (injetion.ein) that isthoroughly disussed in appendix A. Main �ow quantities are obtained from a on-verged SGV (s2.ein) run having the same inlet onditions at the front fae as the tipinjetion omputation. In the desired working diretory the "input_folder" has to bereated and the input �les (injetion.ein and s2.ein) have to be plaed in it. Then thetip injetion method an be exeuted.Above onsiderations are realized in a python program that is presented by themeans of this �ow hart. In this �ow hart only the main steps are presented in orderto understand the working priniple. The program proedure is disussed in moredetail in appendix B:1. Organisation: First the �le "injetion.ein" is read to get the required additionalinput. Then the folder struture ontaining following diretories is reated auto-matially.

• working_folder : in this folder the SGV exeutable is plaed and all SGVruns are performed in there
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• eintritt (engl: entry): in this folder �les regarding the omputations withreal in�ow quantities are plaed
• delta: in this folder �les regarding the omputations with e�etive in�owquantities are plaed
• run: in this folder �les regarding the omputations with real in�ow quanti-ties and orreted work are plaedand the SGV solver is opied to the "working_folder"2. SGV pre-run: A pre-run with the provided s2.ein is performed to hek if the �leis valid and to obtain the result �le s2.ges.lst3. Main stream quantities: All required main �ow quantities are extrated from theSGV result �le (s2.ges.lst)4. Real in�ow onditions: Using the main �ow quantities and the jet values providedin the �le injetion.ein the Fourier series in�ow onditions as derived in setion3.1 are omputed. All values are extrated from the asing streamline.5. E�etive in�ow quantities: Real in�ow quantities are �rst transformed to therelative quantities. E�etive quantities are obtained as disussed in 3.3 and thentransformed bak to give e�etive stagnation pressure, e�etive stagnation tem-perature and e�etive absolute �ow angle.6. Averaging : In order to obtain the mean steady work the e�etive and real quan-tities are averaged7. SGV run with e�etive inlet quantities: Unsteady work is obtained by performinga SGV omputation using e�etive inlet quantities.8. SGV run with real inlet onditions: In order to obtain a start solution for theiterative proess used to obtain �nal solution, a SGV run with real in�ow on-ditions is performed. The �ow �eld resulting from this omputation already hasthe orret inlet ondition to the rotor downstream of the injetion, but the workinput is the steady work input as omputed by SGV9. Chek Convergene: If the solutions for e�etive and real inlet onditions areonverged the iterative proess for the �nal solution is started.10. Correted Work : Starting from the solution with real inlet ondition and theblade outlet angle is adjusted in a way to give the unsteady work as disussed inthis setion. This proess is iterative.



3.4. Implementation 6511. Post Proessing : If the solution onverged a summary �le is written and plotspresenting the e�ets of tip injetion are reated.



Chapter 4.
ResultsA tip injetion omputation method was developed in hapter 3. In order to validatethe funtionality of this method, it is applied to a test ompressor and the results arepresented in this hapter along results obtained from ompressor tests. Test results withand without tip injetion (referred to as injetion and baseline (BL) in the following)are available whih show the in�uene of tip injetion on the ompressor. Before thein�uene of tip injetion an be investigated the baseline solution has be met. Anexisting SGV design modelling the test ompressor is available but the results don'tomply with test baseline results. Thus this solution is �rst adjusted as presented insetion 4.1 to give a better math of the test baseline results. Finally the e�ets oftip injetion for test and SGV are ompared to eah other to validate the method insetion 4.2.4.1. SGV Baseline ComputationFirst the steps that have to be performed to adjust an existing design alulation tomeet the measured ompressor maps along with the resulting solutions are disussed.Finally the baseline harateristis are ompared to test data.Straightening of Hub and Casing ContourIn the existing SGV design the ontour is spei�ed with all ontour details (e.g. water-falls). As disussed in the following these details an't be resolved by the alulationgrid. Thus the hub and asing ontour are straightened in order to inrease the au-ray of the method.



4.1. SGV Baseline Computation 67The annulus is de�ned by two splines employing multiple user spei�ed ontourpoints for hub and asing respetively. The number of points for the original design �leresults from resolving the annulus geometry for CFD. In SGV asing and hub ontourare used as the outer streamlines. As desribed in hapter 2 between hub and asingthe other streamlines are plaed and their quasi-orthogonal position is omputed alongthe alulation planes. For one streamline its point at eah alulation plane are usedto built a spline. Hene, beause the number of omputation planes is smaller thanthe number of ontour points the hub and asing streamline an resolve more detailsthan the other streamlines in the meridional diretion.In Figure 4.1 a sample setion of the asing streamline along with its adjaent stream-line is presented in a meridional view. In order to resolve ontour details at the asing
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Figure 4.1.: Contour Corretionaround these details several ontour spei�ation points were put losely together inthe meridional diretion. The high number of spei�ation points is required to resolvethe loally high urvature. This urvature an't be resolved by the streamline adja-ient to the asing beause of the axial distane of the alulation planes. This has anegative e�et on the auray of the method. Thus this loally high urvature at huband asing are dereased by hanging the spei�ation points of the ontour.Aording to best pratie guide [2℄ streamline urvature of the asing should notexeed 50 signi�antly for omputations with SGV. On the other hand asing geometryshould be resolved in a good way. In the proess of straightening the asing it isared that the maximum urvature of the asing is less than 50 and that the asingspei�ation points represent the asing urvature from one alulation plane to anotherrather than the loal urvature and thus ontour details.Adjusting the ontour some points are removed and other points are moved slightlyin order that the same intersetion points of either hub and asing with the alulationplanes are obtained. Further it is tried to keep the overall shape of the ompressorannulus as losely to the original as possible.



4.1. SGV Baseline Computation 68Rotating StallFrom test data it is known that even if the ompressor does not surge at the �rst rotorrotating stall appears if no form of tip injetion is applied (Matzgeller [22℄). In setion2.2 it is pointed out that SCM is invisid thus losses are orrelated. Rotating stallhowever is a visid phenomena and an not diretly be predited by the SCM. Lossorrelation do not aount for rotating stall phenomena either.In order to identify the onset of rotating stall by SCM the main aspets of rotatingstall are summed up. A more detailed view on rotating stall an be found in [5℄.In Figure 4.2 rotating stall is presented in a irumferential plane. As soon as this
PSfrag replaements stall ellFigure 4.2.: Rotating Stallphenomena arises a number of blades start to stall. Therefore, the axial veloity forthese blades dereases signi�antly. Flow approahing this setion is by-passed sinethe free �ow area is redued. Hene, rotating stall ats like irumferentially distributedblokage. Aording to Figure 4.2 inidene for blades left of the stall ell is inreasedbeause of the �ow de�etion due to the stall ell yielding higher blade loading. Bladesto the right are less loaded due to this e�et. This implies that blades to the left willstall whereas the �ow at the right hand side is stabilized and the blades return fromstall. Hene the stall ell moves in the right diretion.Further the mean axial veloity through the not stalled setion is inreased beausepart of the annulus is bloked by the stall ells. Therefore, the mean inidene isdereased and not stalled parts of the blade row are generally less loaded beause theinidene is dereased.As shown, rotating stall is a irumferential phenomenon and thus an't be omputedby an axisymmetri tool like SGV. However, for highly throttled states SGV resultsshow an e�et similar to rotating stall presented in the following. This e�et ommonlyyields a high inrease of the losses. Thus a partiular aspet about the loss orrelationshas to be disussed before the phenomenon is presented. As disussed in setion 2.2



4.1. SGV Baseline Computation 69the pro�le o�-design losses are omputed from an exponential relation to the rangeparameter (i.e. inidene). This implies that the pro�le o�-design losses inreaseexponentially with the inidene. In reality this is not exatly true. For high inidenesthe losses saturate and to over this, a loss limiter is inluded. This limiter is a onstantvalue that an be adjusted by the user. Hene, if the inidene inreases about a ertainritial inidene where the losses are equal to the limiter a further inrease in inideneyields no inrease in losses anymore.For highly throttled states, SGV shows a phenomenon where the losses suddenlyinreases and is ommonly limited by the user de�ned limiter. Along with this asudden derease in the axial veloity and absolute �ow angle at the asing streamlineours as presented in Figure 4.3 (a) and (b). The work input at the asing streamlineis inreased due to this e�et beause the resulting irumferential omponent of the
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(a) (b)Figure 4.3.: Rotating Stall Analogy: (a) Axial Veloity cm; (b) Absolute Flow Angle αaxial veloity ∆cu inreases. The stagnation pressure ratio drops beause the lossesaross the row rise signi�antly. Comparing rotating stall and the behaviour of aSCM for highly throttled states both show a derease in axial veloity and inreasedlosses. Like for rotating stall the streamline below the asing is unloaded beause ofthe dereased inidene. Therefore it is assumed that when this phenomena oursthe rotor experienes rotating stall. But the SCM phenomena does not have anyirumferential stall ells as apparent in reality.



4.1. SGV Baseline Computation 70Area Averaging vs. Mass AveragingStator Leading edge instrumentation was installed on the test rig (see PVD [26℄). Thesedata are used to validate the SGV solution to the test. Using the mean of stator leadingedge test data (stagnation temperature and stagnation pressure) quasi-stage hara-teristis an be obtained. Quasi-stages are omposed by the rotor and its preedingstator suh that the �rst quasi-stage onsists of the inlet guide vane (IGV) and the �rstrotor. To represent the integral work input of the quasi-stage the measured pro�les ofstagnation pressure and stagnation temperature have to be mass averaged. However,from the test data the mass �ow distribution is not apparent. Therefore ommonlythese quantities are area averaged. In Figure 4.4 the stage stagnation pressure ratio of
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Figure 4.4.: First quasi-stage Stagnation Pressure Ratio: Comparison of Mass and AreaAveraged Ratiosthe quasi-stage 1 is plotted versus the redued mass �ow at quasi-stage inlet employing2 di�erent averaging methods. The area averaged harateristi is plotted versus themass averaged harateristi. All quantities are normed with the working line point ofthe mass averaged urve. The hange of the harateristi is signi�ant. Thus in orderto ompare test data to results obtained by a SCM mass averaged harateristis an'tbe used but the radial pro�les have to be area averaged.Adaption of the Original Design SolutionSGV is used in preliminary design and thus has to be a fast method. In order to obtainthis fast method several simpli�ations are performed. Using orrelations it is tried to



4.1. SGV Baseline Computation 71orret some of the modelling errors. These orrelation though are ommonly semi-empiri and represent a variety of ompressor test. In order to adjust them, fatorsthat work on the orrelations an be adjusted. Also e�ets like asing boundary layersan't be omputed and blading sometimes is adjusted to give better results in thisareas. Hene, the design solution does not meet the harateristis using the defaultfators for the orrelation. In order to meet test data the original SGV design isadjusted as presented in the following. As pointed out in hapter 2 in the design asestagnation pressure rise and degree of reation in onjuntion with loss orrelations areused to obtain the blade angles. Assuming that stagnation pressure ratios and degree'sof reation of test and SGV are the same in the design ase the only adjustmentpossibility are the loss orrelation fators. Adjusting these fator the design solution isadapted to meet the test harateristis satisfatory. Further the stagnation pressureratios are radially adjusted at hub and asing but the overall stage stagnation pressurerise held onstant.Tip injetion is applied between IGV and the �rst rotor, thus it has its biggestimpat on the �rst rotor. In order to benhmark the orrelation, partiularly the �rstrotor is of interest. This rotor together with the IGV omposes the �rst quasistage.IGV losses are not orrelated but presribed from a CFD omputation [21℄. The IGVout�ow angle omputed of SGV and CFD are not signi�antly di�erent and thus thedeviation of the IGV is assumed to be orret. Assuming that CFD results of the IGVare orret in the �rst quasi stage only the �rst rotor auses the di�erene of SGV andtest harateristis. Hene, the rotor has to be adjusted to meet the harateristiswhih allows for a good math. For all other rows the adjustment proess bears theproblem that only one stage harateristi is available to adjust 2 rows yielding someunertainties.Baseline CharateristisValidation is performed at 90% relative redued rotor speed. Throttling lines and thefollowing results are ompared at this redued rotor speed. In the test the radial pro�leof stagnation pressure was measured at a position upstream of the IGV. This plane isloated downstream of the swan-nek. The SGV omputation domain inlet is plaedat this plane thus the stagnation pressure pro�les at this loation are presribed asinlet ondition to SGV. In Figure 4.5 the stagnation pressure ratio of the baselineompressor of the �rst quasi-stage is plotted versus the redued mass �ow at quasi-stage inlet. The SGV results are plotted versus test results. All quantities of eah
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Figure 4.5.: Quasi-Stage 1 Charateristis of SGV Baseline Compressor at 90% nredharateristis are normed with the working line point of it. As mentioned earlier fortip injetion stall of the blades partiularly that one a�eted by tip injetion and surgeof the ompressor are of interest. Stall of the blade row (i.e. the phenomena assumedto be similar to rotating stall) ours at the hanged slope at a normed mred of about0.961. In ontrast to expetations an inreased slope of the quasi-stage harateristisours at blade stall. This is mainly due to the fat that losses are limited. It is furtherampli�ed beause in order to ompare the stage harateristis of SGV to test thestagnation pressure ratios are area-averaged (ompare Figure 4.4). Compared to thetest stall ours at a slightly higher redued mass �ow. This was ahieved by adjustingthe loss orrelation fators for the rotor. Adjusting the fator of the loss orrelationsin a way that losses are inreased at the rotor yields stall at higher redued mass-�ow. Dereasing the losses by adjusting the fator of the orrelation delays the stallto smaller redued mass �ows. Therefore, the fators on the loss orrelations are givenbut this aspet though hanges the shape of the harateristis as desribed in thefollowing.Close to the working point the slope of the quasi-stage harateristis is preditedreasonable well. But for smaller redued mass �ows the slope of the SGV results is toosteep. The slope of the harateristis as well as the radial pro�les suggest to inreasedlosses partiularly at mid-span and rotor tip, but those values are �xed beause theprimary target is to prediate the ourrene of stall at the mass-�ow found from testdata.Only adjusting the loss orrelation fator the ompressor harateristis and the



4.1. SGV Baseline Computation 73shape of the quasi-stage harateristis ouldn't be ahieved. In order to obtain abetter math the stagnation pressure ratios and degrees of reation would have to beadjusted as well. Exept for minor hanges of the radial stagnation pressure rise ratiosof the �rst rotor only the mean values of the adjustable parameters in the SGV designsolution were used. In order to ahieve a better math of the ompressor if possible theradial pro�les of the quantities need to be adjusted. The fators available to hange theloss orrelations though don't allow for radially distributed values. The SGV resultsthough showed that there is signi�ant improvement potential. Partiularly adjustingthe radial pro�les of the parameters is expeted to enhane the results.Overall stagnation pressure ratio of the baseline ompressor plotted versus the re-dued mass �ow at ompressor inlet is presented in Figure 4.6. Compressor harater-istis of SGV and test are plotted versus eah other. SGV and test harateristis are
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Figure 4.6.: Overall Charateristis of SGV Baseline Compressor at 90% nrednormed to SGV and test working point respetively. At throttled states (i.e. normed
ṁred < 1) the harateristis are met reasonable well. Also the surge point is foundat almost the same normed ṁred. For de-throttled operating points the harateristisare improvable, but beause tip injetion is ommonly of interest in delaying stall andsurge this was skipped.



4.2. Computations with Tip Injetion 744.2. Computations with Tip InjetionApplying the tip injetion omputation method developed in hapter 3 to the baselineomputations (BL) results for tip injetion are obtained. For validation the radialpro�le of stagnation temperature ratio in the �rst quasi-stage and the �rst quasi-stageharateristis will be ompared to test data.Comparison of SGV results with test dataIn order to aount for the unsteady e�ets due to tip injetion the work input of therotor has to be hanged (ompare setion 3.4). Work input is related to the stagnationtemperature rise aross the stage. In Figure 4.7 (a) stagnation temperature ratios θ ofthe �rst quasi-stage are ompared. Baseline results (i.e. ompressor without injetion)of test and SGV are plotted versus tip injetion results.An operating point for the baseline test results (operating point at a normed ṁredof 0.99 on the "Test BL" urve in Figure 4.8) is seleted and ompared to a SGVomputation with a similar radial θ-pro�le of the quasi-stage. Partiularly the θ-pro�le at the rotor tip is of interest, beause tip injetion partiularly in�uenes therotor tip. The SGV baseline operating point found to have a similar radial θ-pro�leas the test baseline operating seleted is the one at a normed ṁred of 0.96 on the"SGV BL" harateristis in Figure 4.8. Comparing the SGV and test BL results itis obvious that at rotor tip (r ∈ [0.75, 1]) the work input of SGV is slightly smallerthan in the test. On the remainder of the radius the work input is inreased. Aspointed out in 4.1 this is beause only the stage mean values dwere onsidered butthe radial pro�les wasn't looked at during the proess of adjusting the SGV baselinedesign omputation. Considering tip injetion where the radial mathing is hangedthis might lead to errors but it is assumed that trends are onsistent and the deltavalues are of similar magnitude.In order to ompare injetion and BL results a operating point of the injetion testis used that has a similar mass �ow through the rotor (i.e. mass �ow through frontfae + injeted mass �ow) of the �rst stage. In terms of SGV the operating point at a
ṁred of 0.95 is obtained and for the test the operating point at a ṁred 0.98 results (seeFigure 4.8.Comparing the results of test BL ases and injetion ases unloading at the rotortip whih is due to the dereased inidene an be seen. At the lower 80% normed
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(a) (b)Figure 4.7.: Radial Pro�les of SGV and Test results for quasi-stage 1 with Tip injetion:(a) Stagnation temperature ratio θ1; (b) Stagnation Pressure ratio π1radius the loading is inreased. Applying the the omputation method for tip injetiondeveloped throughout this work in onjuntion with SGV, the radial θ-pro�le "SGVdyn. inj." is obtained. At the asing streamline the load redution in ase of SGV(between BL and "SGV dyn. inj.") is slightly lower and at the streamline below theasing it is higher than in ase of the test. This is due to the presription of the radialpro�le. As pointed out in setion 3.4 the radial pro�le is presribed in a way thatunfavorable gradients to the asing are prevented. The hange of the radial pro�le ofthe main-�ow quantities due to injetion is generally limited to a small radial extensionand is distributed onto two streamlines. In order to ahieve the same integral valuethe magnitude of this hange is dereased. This dereased magnitude of the e�ets andthe inreased radial extension is also apparent in the results.The urve denoted with "SGV steady. inj." θ-pro�le in Figure 4.7 represents a SGVrun where the only mass averaged real in�ow onditions are presribed. Thus, inontrast to "SGV dyn. inj." the work input is not orreted for the unsteady part. Itis obvious that the unloading of "SGV steady. inj." is higher than for "SGV dyn. inj.".Comparing "SGV steady. inj." and "SGV dyn. inj." to the test it an be seen that interms of the θ-pro�le "SGV dyn. inj." gives a better math. Hene, it is shown thatthe unsteady work input plays an important role and an't be negleted. Consideringremathing both "SGV dyn. inj." and "SGV steady. inj." underestimate this e�etwith respet to the test urve.



4.2. Computations with Tip Injetion 76In Figure 4.7 (b) the radial stagnation pressure ratio pro�les assoiated with the
θ-pro�les presented in Figure 4.7 (a) are plotted. Comparing the results of "test BL"to "SGV BL" a signi�antly higher pressure loss is apparent at rotor tip in the testresults. This di�erene as pointed out in setion 4.1 is due to the e�et that the fatorsfor the loss orrelations in SGV has to be set in a way that the losses at rotor tip andmid span are underestimated.Considering the stagnation pressure ratio di�erene between BL and injetion asethe hange in ase of the test is bigger than it is for SGV BL to "SGV dyn. inj.". Thedi�erene of stagnation pressure ratio between "SGV steady. inj." and "SGV BL" isgreater than in the test ase at the asing streamline. As disussed for the θ-pro�lesthe magnitude of unloading at the asing itself is less but the radial extent is greater.This as well has to be the ase for the stagnation pressure ratio. In the ase of "SGVsteady. inj." the unloading at the asing is bigger and for "SGV dyn. inj." it is smallerthan in the test ase. Hene, "SGV dyn. inj." omplies better with the test data.In Figure 4.8 the quasi-stage harateristis of the �rst stage for test and SGV asesare plotted. Baseline results already have been presented in Figure 4.5 and are in
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Figure 4.8.: First Quasi-Stage Charateristis of Test and SGV results 90% nredthis plot used as referene only. BL harateristis are normed with their workingline point. The results for the test tip injetion ase and SGV ase are normed withthe working line point of the assoiated BL working point. The stage harateristishows the orret trend even though the shift of the quasi-stage harateristis of BLto injetion results for the test ase is greater than it is omputed by SGV.



4.2. Computations with Tip Injetion 77Considering the quasi-stage harateristis with injetion, both for the test ase andthe predition by SGV, the stall point is not reahed. In ase of the test, the ompressorsurged before the rotor stalls thus no measurements an take plae. SGV is not able toobtain the results for smaller redued mass �ows beause the �ow �eld for a rear stagerotor an't be omputed at the hub. This ould be resolved by optimizing the lossharateristis of the rear stages whih was not performed beause this is assumed tonot diretly a�et the hanges due to tip injetion. However, looking at the di�usionfator de�ned by Lieblein the rotor is lose to stall.



Chapter 5.
Conlusions and Suggestions forFuture WorkThe main objetive of the present work was to develop a fast method for tip injetionalulations in order to enable parametri studies of tip injetion and preliminarydesign. Steady SGV omputations were orreted for phenomena that arise whenusing tip injetion system.In order to obtain a fast omputation method various assumptions had to be made.However, the method showed the expeted trends and �ts test data reasonable well.The main assumptions are disussed in the following before the hapter is �nished withonsiderations about the validation proess.In�ow orrelationEmploying tip injetion jets enter through the asing and interat with the main-stream. Generally jet and main-stream have signi�antly di�erent �ow veloities andangles. Phenomena that arise through jet main-stream interation were disussed forexample in [15℄ using CFD results. Matzgeller [21℄ arried out similar investigationsfor a setup losely related to the tip injetion setups in terms of �ow speeds and�ow angles. Using these results Matzgeller omputed the stagnation pressure lossand deviation of the jets at several positions downstream of the injetors. Using thedownstream position of the rotor leading edge with respet to the injetor the �owangle and stagnation pressure loss at rotor leading edge are orrelated. Altogetherthese orrelations for stagnation pressure loss and deviation are expeted to give agood approximation of the in�ow ondition to the rotor downstream of the injetors.In order to aount for various tip injetion setups and ompressors several param-



5. Conlusions and Suggestions for Future Work 79eters that in�uene the orrelation have been onsidered. Nevertheless, one parameterwas not aounted for. Flow veloity of the main-stream is expeted to in�uene thejet main-stream interation but all CFD omputations in [21℄ were arried out for onemain-stream veloity. This main-stream veloity was hosen as an averaged value forthe tip injetion omputations in this work, thus the in�uene of this issue on this workis expeted to be not signi�ant. In literature [15℄ it is explained that jet main-�owinteration depend on the veloity ratio whih was hanged in terms of the jet veloitybut not in terms of main-�ow veloity. Hene, in order to extend the sope of theseorrelation to aount for di�erent ompressors and tip injetion setups this parameterneeds to be onsidered in the orrelation.Dynami SystemTip injetion hanged the �ow �eld in the angular diretion as disussed in setion3.1. It was found that this in�ow �eld an be approximated by a Fourier series basedon a retangular input signal where the order was hosen suh, that CFD results were�tted best. In the absolute frame of referene this in�ow onditions varied with angularposition and beause of the rotor speed thus results in unsteady in�ow onditions tothe rotor in the relative frame of referene.Generally this arrangement would have to be solved using unsteady aerodynamis.Melik [24℄ showed that the lift obtained by unsteady aerodynamis an be omputedby onsidering system dynamis �rst and then the �ow �eld is omputed using steadyaerodynamis. In this way, "e�etive" inlet quantities are derived that apture thesystem dynamis. Using e�etive inlet quantities and the steady lift equation the samelift is obtained as in ase of the real in�ow onditions and unsteady aerodynamis.This approah was than applied to ompressor subjeted to inlet distortions.In this work this idea was modi�ed for tip injetion omputations. The resultsobtained using this approah �tted test data reasonable well. Thus it was onludedthat this method worked for tip injetion as well. However, looking loser at thedynamis system two aspets should be further investigated.The dynamis system was validated and the results are shown in Figure 3.11. Itwas found that using a time onstant similar to that one suggested by Melik the partof the system output resulting from the system input was aptured reasonable well.But another part of the system output was signi�antly disturbed by the adjaentblade. When the jet hit the LE of the adjaent blade a vortex was shed from the LE



5. Conlusions and Suggestions for Future Work 80and in�uened the �ow about the present blade [22℄. In order to enhane the systemdynamis this disturbane should be aounted for.The time onstant suggested by Melik [24℄ was used for tip injetion as well. Systemvalidation showed, that the system an be predited reasonable well using similar timeonstants for jet and main-�ow setion. However, only one partiular system with adistint period and ratio of the jet to the period was onsidered. It is expeted thatfor ommon tip injetion setups this system an be used but in order to validate it asystem identi�ation based on various ompressors and tip injetion systems should beperformed. Further, the time onstant was developed for single airfoils by Weinig [33℄.In order to adjust it for blade rows as suggested by Leht [18℄ a fator de�ned for theratio of the lift oe�ients was used for the time onstants.Cassina [4℄ showed that the e�ets of tip injetion depended on ainj de�ned in equa-tion 3.5 (i.e. ratio of the jet extension to period) and the extend of the period. Con-sidering mass averaging of the inlet quantities for a segment that ompletely enlosesthe jet the mass averaged mean does not depend on the aspet ratio of the injetors.The means of the in�ow quantity on the other are used to ompute the work inputto the system and the losses. Thus, in order to omply with the results obtained byCassina the means of the in�ow onditions have to vary for di�erent aspet ratios. Thedynami system used aptured this e�et as presented in the following. In ase of thedynami system the time onstant varied with time. For jet and main-�ow setion itdepends on the axial �ow veloity inside the jet and main-�ow respetively. In ase ofthis non-linear system the mean depends on the ratio of the time onstants and ainj .Changing the number of injetors and aspet ratio of the injetors ainj is hanged,thus mean and work input vary. Hene, the observations of Cassina are supposed tobe represented using this method. Additionally this e�et is in�uened by the lossand deviation orrelation by Matzgeller [21℄, that depend on the aspet ratios of thenozzles.Comparing the results of test and SGV injetion results to baseline results it wasfound that the unsteady work input was signi�ant and improved results. Comparisonof unsteady stagnation pressure loss for blade rows with and without injetion showedthat those were mathed good as well. Assuming that the baseline omputations weremet the �rst order system is found to be su�ient.Redued frequeny as de�ned in setion 3.2 an be used to ategorize the dynamisystems. If the redued frequeny is in the order of magnitude of 1 the system responsevaries little in amplitude. The redued frequeny of the tip injetion system used



5. Conlusions and Suggestions for Future Work 81ful�lled this requirement. Consulting CFD results Matzgeller [21℄ on�rmed that thestati pressure variation at outlet was small. This allowed for two major assumptions.On the one hand the use of a parallel ompressor model has not to be applied and onthe other hand just the mean of the dynami system had to onsidered. For a smallernumber of injetors though the redued frequeny might not allow for this assumptionanymore. A general redued frequeny range (partiularly a lower limit) for whih thisassumptions an be used was not found, but would be of interest for future work.Implementation of the tip injetion omputation methodIn order to ompute the �ow �eld of ompressors subjet to tip injetion the solutionproess is split into a dynami system and steady aerodynamis as disussed in setion3.3. Steady aerodynamis are omputed using the streamline urvature method basedsolver SGV. As disussed in setion 3.4 a python program was developed that obtainsthe values of the main-�ow using a onverged SGV base omputation and omputes realand e�etive inlet quantities. Using the e�etive inlet quantities the unsteady workis obtained and this work is then presribed to a SGV omputation with real inletquantities. The implementation was performed in order that the SGV soure ode wasnot adjusted. In the following assumptions that were applied in order to implementthe method into SGV and their impat are disussed.Tip injetion hanges the in�ow onditions to the rotor downstream of the injetionwhih has to be aounted for using SGV. Flow angle and stagnation pressure werepresribed using out�ow angle and stagnation pressure loss oe�ient ω of a stage thatonly an be applied to blade rows and hange the quantities at the outlet alulationplane of the row. Hene, instead of applying the hanged in�ow at the loation of theinjetion, in�ow onditions are adjusted at the exit of the stator or IGV upstream. Inorder to be onsistent the whole dynami system onsiderations and averaging takesplae at outlet alulation plane of the row upstream of the injetors. Altogether thee�et of this axial shift is assumed to be not to signi�ant beause in general the axialdistane is small and the asing radius at outlet plane of the upstream blade row andat the inlet plane of the downstream blade row are similar.In order to ompute the in�ow onditions, the stati pressure at the injetors wasrequired. This stati pressure was obtained from a SGV omputation without injetion.The jets though at like an additional blokage. Thus the main-stream �ow speedwould inrease, yielding a smaller stati pressure. In terms of the presribed �owveloity inside the jets the in�uene was expeted to be small, beause the injetors



5. Conlusions and Suggestions for Future Work 82were hoked and the jets are small ompared to the main-�ow, thus the stati pressureand the veloity were not expeted to hange onsiderably.The unsteady work input was realized hanging the outlet blade angle. Generally, inorder to obtain a hanged work input it would be neessary to adapt the turning anddeeleration of the �ow. In terms of SGV only the outlet �ow angle an be hangedby hanging the blade angle. It is not obvious if this assumption is orret. In orderto get an idea about the possible error introdued with this assumption the di�erenebetween out�ow angle at the rotor with and without injetion were ompared betweenCFD and SGV. Computing the di�erene aording to
∆β =

[βBL − βinj]SGV

[βBL − βinj ]CFD

− 1, (5.1)where indies BL and inj are results without and with injetion respetively, the dif-ferene was found to be 20%. Hene the e�et of inreased work is not purely ahievedby turning. As pointed out in setion 3.4 a SGV solution with real in�ow onditions isobtained whih is then orreted to obtain the solution with the orreted work. Hene,assuming that the hange in work input would be purely due to further deeleration theout�ow would be that of this omputation. The angular di�erene aording to equa-tion 5.1 was found to be -40%. This implies that the out�ow angle was hanged by theunsteady work. Therefore, the unsteady work input of the rotor is a ombined e�et ofadditional turning and deeleration with respet to the steady ase. The blade anglein the ase of unsteady work input is smaller it is expeted to be the better approah.SGV baseline solutionTest data was available for ases with and without tip injetion at the same reduedrotor speed. In ase of disrete tip injetion as used in this work, jets enter the asingand a�et the in�ow at rotor tip. Due to a radial hange of the streamline distributionbeause of the jets also the in�ow onditions at the remainder of the annulus aremodi�ed. This a�ets the work input of the rotor and thus the out�ow onditionsyielding di�erent in�ow onditions to the following blade rows thus radial and axialmathing are hanged.Comparing the di�erenes of the stagnation temperature and pressure rise aross the�rst stage and the stall point of the �rst stage for results with and without tip injetionthe omputation method was validated. As pointed out above tip injetion a�etsradial and axial mathing that depended on geometry suh that �rst the SGV baselineomputation had to be adjusted to meet the test baseline. The adjustment proess was



5. Conlusions and Suggestions for Future Work 83based upon the quasistage harateristis suh, that only one mean radial value was�tted per stage. It was found that this might be an oversimpli�ation onsidering thee�ets of tip injetion whih hanged the radial in�ow pro�le of the stages. In order tolear out any unertainties the baseline solution should be improved. Partiularly theloss orrelations and the blade angles should be adjusted looking at radial pro�les.
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Appendix A.
Injetion.einIn the following the �le "injetion.ein" is disribed. This �le is the input �le for thetip injetion omputation and it has to ontain the following input.

• path: Is the path to the SGV programm.
• pt_ein [Pa℄: The stagnation pressure upstream of the nozzle pt,inj in the highstagnation pressure reservoir (see 1.3)
• loss_orr : (True/False) If this �ag is set to "True" the loss orrelation aordingto Matzgeller [21℄ is performed (see equation 3.3)
• f_d : This fator fcd is used to orret the dynami head loss obtained from theorrelation aording to Matzgeller in the form cd,LE = fcdcd,M where cd,LE is thedynamis pressure loss obtained from the orrelation and cd,LE is the value usedfor the tip injetion omputation.
• deviation_orr : (True/False) If this �ag is set to "True" the deviation orrelationaording to Matzgeller [21℄ is performed (see equation 3.4)
• f_alpha: This fator falpha is used to orret the deviation orrelation aordingto Matzgeller in the form cα,LE = fcdcα,M where cα,M is the deviation omputedusing the orrelation and cα,LE is the value used for the tip injetion omputation.
• d : If the �ag loss_orr is set to false the dynami pressure loss has to be providedby the user (If no dynami pressure loss is desired the value has to be set to 1).
• _alpha: If the �ag deviation_orr is set to false the value for the deviation hasto be provided by the user (If no deviation is desired the value has to be set to0).
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• pos [m℄: is the axial distane of the the lower edge of the injetion jet to the rotorleading edge xinj (see setion 3.1 Figure 3.2) [m℄
• width [m℄: is the width of the nozzle
• m_inj [%℄: is the mass �ow throught the injetors in perent of the ore mass�ow.
• Tt_ein [K℄: is the stagnation temperature of the injetion system upstream ofthe nozzle.
• alpha_ein [◦℄: The angle of the injetors to the irumferntial diretion (see 1.3).
• n_slot : is the number of injetors.
• gitter : is the index of the blade row ("Gitter" value given in SGV).
• stufe: is the index of the stage ("Stufe" value given in SGV).
• ar_nozzle: is the aspet ratio of the nozzle throat wt

ht
where wt and ht are widthand height respetively (see setion 3.1 Figure 3.2)

• plot : (True/False) If this �ag is set to true several plots showing the e�ets of tipinjetion are reated.
• omparison: (True/False) If this �ag is set to true a baseline SGV omputationwith the same �ow oe�ient through the rotor downstream of the injetion isreated.For debugging and programm development an "expert" version was reated whereseveral additional parameters have to be provided. These are disussed in the following:
• k1 : this onstant is a multiplier of the Melik time onstant for the dynamisystem for the veloity in the form k1 cb

cax(t)
(see equation 3.37)

• k1a: this onstant is a multiplier of the Melik time onstant for the dynamisystem for the angle in the form k1a cb
cax(t)

(see equation 3.37)
• k2 : is a fator for a desired �rst derivative in the input signal and should be setto 0 (obsolete).
• k2a: is a fator for a desired �rst derivative in the input signal and should be setto 0 (obsolete).
• ktau1 : this quantity an be used to adjust the time onstant in the jet setion inthe form τused = ktau1τM
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• ktau2 : this quantity an be used to adjust the time onstant in the main-�owsetion in the form τused = ktau2τM

• test : a fator that multiplies the �nal value of all quantities that are adjusteddue to injetion (i.e. ∆qused = test∆qcomputed)
• n_relax : number of relaxations while setting the real and e�etive in�ow ondi-tions (see 8. Running SGV base runs in appendix B)
• al: (True/False) if this �ag is set to true, than just the real and e�etive in�owonditions are omputed and the results are written to a �le.
• analyse: (True/False) if this �ag is set to true, a s2.ein with real in�ow onditionsis reated but not solved with SGV.
• averaging : (mass/area) gives the type of averaging of the radial pro�les for theomparison SGV run. If set to "mass" then the equivalent �ow oe�ient isobtained by mass averaging of the radial pro�les and if set to "area" this valueis obtained from area averaged radial pro�les.
• maxiter : is the maximum number of iterations for the adjustment of the exit �owangle in order to obtain the unsteady work
• irumf_averaged : (True/False) if set to True a omputation with irumferentialaveraged inlet �ow quantities is performed. (obsolete)



Appendix B.
Programm Flow Chart 2In setion 3.4 a �ow hart fousing on the proedure in terms of the working priniplewas presented. The �ow hart presented in the following presents the programm inmore detail and is losely related to the program. First the de�ned methods used arepresented with input and return values. Then the main programm is explained.This setion is written to understand the soure ode written in Python and isnot required to understand the working priniple of the method. Therefore this setionrefers to values used in SGV and the soure ode and it might be di�ult to understandit without aes to the soure ode and SGV. However, this setion is not requiredto understand the thesis, it is thought to help future developers of this program tounderstand the ode.De�ned MethodsThe methods as de�ned in the programms are presented in the following list and theirinput values, funtion and return values are brie�y disussed.1. read_list_e(datei,val,ebene,kmax): This method parses the s2.ges.lst loated atthe path given by the string datei and reads the radial pro�le of a physialquantity spei�ed by the string val on the alulation plane with index ebene.kmax is an integer with the number of streamlines suh that the method anhek if the return vetor ontains a value for every streamline. The return valueof this method is vetor of length kmax ontaing the radial pro�le of val. val isthe �rst keyword in the line of the desired quantity (e.g. PT, TT, ...)2. read_list_g(datei,val,ebene,kmax): This method parses the s2.ges.lst loated atthe path given by the string datei and reads the radial pro�le of a physial



B. Programm Flow Chart 2 91quantity spei�ed by the string val of the blade row with index ebene. kmaxis an integer with the number of streamlines suh that the method an hek ifthe return vetor ontains a value for every streamline. The return value of thismethod is vetor of length kmax ontaing the radial pro�le of val. val is the �rstkeyword in the line of the desired quantity (e.g. INC, OMEGA, ...)3. read_list_s(datei,val,ebene,kmax): This method parses the s2.ges.lst loated atthe path given by the string datei and reads the radial pro�le of a physialquantity spei�ed by the string val of the stage with index ebene. kmax is aninteger with the number of streamlines suh that the method an hek if thereturn vetor ontains a value for every streamline. The return value of thismethod is vetor of length kmax ontaing the radial pro�le of val. val is the �rstkeyword in the line of the desired quantity (e.g. Work, ...)4. read_ebene(datei,ebene): parses the s2.ein �le loated at the string datei andgives bak a vetor of string names de�ned in the form of (ebe1_up, ebe2_up,n, ebe1_down, ebe2_down, ) where ebe1_up, ebe2_up, n, ebe1_down andebe2_down are the alulation plane indies of inlet plane and outlet plane tothe row upstream and downstream of the injetion respetively. n is the rotorspeed and  is the hord length. ebene de�nes the row index (gitter) of the rotordownstream of the injetion.5. relativ(u,,alpha) : is the transformation of �ow veloity  and �ow angle alphafrom the absolute to the realitve frame of referene. u is the blade speed. Thevetor w,beta (i.e. �ow veloity and �ow angle in the relative frame of referene)is the return value.6. absolut(u,w,beta): is the transformation of �ow veloity w and �ow angle betafrom the absolute to the realitve frame of referene. u is the blade speed. Thevetor ,alpha (i.e. �ow veloity and �ow angle in the absolute frame of referene)is the return value.7. sgv(dat,folder): performs an SGV run with a valid s2.ein loated at the path givenby the string dat. First the s2.ein is opied to the working folder and renamed tofort.10 (i.e. input �le for the fortran programm SGV and then SGV is exeuted.The results �les fort.13 and fort.51 are then opied bak into the folder as s2.einand s2.ges.lst respetively8. lin_int(x,x_ve,y_ve):is the linear interpolation of x on the vetors x_ve andy_ve. The return value is the �oat digit resulting from the linear interpolation.



B. Programm Flow Chart 2 929. multil(dat,val): is used to get the radial pro�le of the physial quantitiy val fromthe s2.ein loated at the path de�ned by the string dat. val is the �rst keywordin the line of interest.10. sgv_on(datei): is used to hek if a SGV run has onverged. If an SGV run isonverged a entry "Qualitaet der Stromlinienlage: 1 " is reated. This methodparses the �le loated at the string datei and looks for this entry. If it exist thereturn value is True, otherwise False is returned (booleam)11. read_list_e_m(datei,val,ebene): like read_list_e(datei,val,ebene,kmax) but in-stead of obtaining the radial pro�le the mean is obtained and thus the numberof streamlines is not required.12. read_list_s_m(datei,val,ebene): like read_list_s(datei,val,ebene,kmax) but in-stead of obtaining the radial pro�le the mean is obtained and thus the numberof streamlines is not required.13. rad_prof(r,h_inj): omputes the radial pro�le aording to 3.4. r are the radialpositions of the streamline along the alulation planes and h_inj is the heightof the jets as de�ned in setion 3.114. l_transp(inlist): transposes the list inlist and returns the obtained list.15. area_av(inlist,rlist): omputes the area averaged value of the inlist given atradial positions rlist and returns the area averaged mean.Main ProgramThis �ow hart is an extende version of that presented in setion 3.4.1. Organisation: First the �le "injetion.ein" is read to get the required additionalinput. Then the folder struture ontaining following diretories is reated
• working_folder : in this folder the SGV program is plaed and all SGV runsare performed in there
• eintritt(engl. entry): in this folder �les regarding the omputations withreal in�ow quantitites are plaed
• delta: in this folder �les regarding the omputations with e�etive in�owquantitites are plaed
• run: in this folder �les regarding the omputations with real in�ow quanti-tites and orreted work are plaed



B. Programm Flow Chart 2 93and the SGV solver is opied to the "working_folder"2. SGV pre-run: A pre-run with the provided s2.ein is performed to hek if the �leis valid and to obtain the result �le. Then the resulting s2.ein and s2.ges.lst areopied to the folders eintritt,delta and run.3. Reading required quantities from the pre-run results:
• The mass and number of streamlines are obtained from the �le s2.ein.
• Runing the method read_ebene(datei,ebene) with the pre run s2.ein and thegitter value from the input �le injetion.ein the alulation plane indiies ofupstream and downstream rows inlet and outlet as well as rotor speed andhord length of the pro�le.
• Using the plane indies obtained above the required main �ow quantitiesare obtained using the method read_list_e(datei,val,ebene,kmax) with thes2.ges.lst.4. In�ow orrelations: The orrelations aording to Matzgeller [21℄ are applied andthe so orreted jet values at rotor leading edge is obtained.5. Real In�ow Conditions: Using the main �ow quantities and the orreted jetvalues the Fourier series in�ow onditions as derived in setion 3.1 are omputed.All omputations are only performed for the asing streamline quantities.6. E�etive In�ow quantities: Real in�ow quantities are �rst transformed to therelative quantities. E�etive quantities are obtained as disussed in 3.3 and thentransformed bak to give e�etive stagnation pressure, e�etive stagnation tem-perature and e�etive absolut �ow angle.7. Averaging : In order to obtain the mean steady work the e�etive and real quan-tities are averaged8. Running SGV base runs: For the SGV base runs the in�ow onditions have to beadjusted as de�ned in setion 3.4. One run is with real in�ow onditons and theother with e�etive. For eah run omega (i.e. VLGI in SGV terms) the out�owangle (i.e. BETZ in SGV terms) and the stagnation temperature di�erene (i.e.DTZ in SGV terms) have to be adjusted. Using relaxation and the mehtodrad_prof(r,h_inj) �rst the pro�les of above quantities are reated. Then theadjusted input �le is reated by parsing the s2.ein �le in the folder (eintritt forreal in�ow and delta for e�etive in�ow) and adjusting it as disribed in thefollowing. If a line does not ontain any value of interest it is written without



B. Programm Flow Chart 2 94any hange. Otherwise the values are hanged and the lines are replaed. Thenthe SGV runs for real and e�etive in�ow quantities are performed.9. Chek Convergene: If the solutions for e�etive and real inlet onditions areonverged the iterative proess for the �nal solution is started.10. Correted Work : Starting from the solution with real inlet ondition and theblade outlet angle is adjusted in a way to give the unsteady work as disussed inthis setion. This proess is iterative. For every iteration the input �le is adjustedsimilar as disussed in point 8 for the blade angles. Real in�ow pro�les as wellare adjusted in this run that in ase of a hanged radial streamline distributionat the IGV outlet the values are presribed orretly. As disussed in setion 3.4the resolution in radial diretion is oarse suht that presribing the radial pro�leat the atual streamline position at every iteration the values are �xed at thestreamline position and thus are not interpolated.11. Post Proessing : If the solution onverged a summary �le is written and plotspresenting the e�ets of tip injetion are reated.In the "expert" version additionally a �le "alulation.dat" is reated. This �leontains the values that are obtained by the omputation of the dynami system. Theentries are self-explanatory. Post proessing is performed using the tool pyplot thathas a similar syntax to the matlab plot ommand. Using swithes at the begining ofthe plot setion the single plots an be swithed on and o�. Additionally a generalsummary �le is written, where the entries are self-explanatary.
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