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Rotating instability in a radial vaneless diffuser
stability analysis and effect ornthe performance

Introduction

Turbomachinerieareimportantparts of manyevicesin modern societyandare widely used
in many domains such agater supply, aeronautics, shipg-conditioring systermetc.

The design of turbomachineriesan be focused on margspects One of them is to
increase the operating range of the machine. At partial flow rates, the operating range is
limited by the occurrence of unstable phenomé@nree of themwhich is namedrotating stall
has attracted more amdore attentionin the recent yearsRotating stallhasmany negative
effects, such agoise, vibrationand particularly overall performance reductidierefore,
the presence of rotating st@l not onlythreatfor the machine itself but also for thesystem
surrounding it.It is known asa local phenomenon whbh exists in several passages
componentsof the machine (example:inducer, impeller or diffuser)The full developed
rotating stalloften turns intosurge another notable unstable phenomenon wiaittacts the
whole systemThe present studyg focusingon one type of rotating stall which is ocdng in
radial vaneless diffuserd centrifugalturbamachineies.

In the recent year@ne of the tesbencheof the Laboratoire de Mécanique de Lilas
the support of experimental and numerical studies on this tiopacwide vaneless diffuser,
Ljevar et al (2005, 200&e and 2007 associated the onset of rotating stall to the-two
dimensional core flow instdity by using a two dimensional numerical moddihis
numerical model also has been used to analyze the physical aspects of the instability and to
evaluate the effects of geometry parametg@B.unsteady numeral simulation with e&SAS
(ScaleAdaptive Simulation)turbulencemodel was applied on this test bench to study the
characteristics of rotating stai the vaneless diffus€Pavesi et al, 2011}t has been shown
that these kinds of simulation are able to predict reliably therooe and characteristics of
rotating stall. However, this kind of computations (completely 3D and fully unsteady) is very
time consumingWuibautet al (2001, 2002a and b) succedgfabplied PIV technique to the
characterization of velocity distributigin onevaneless diffusefUsing the saméechnique,
Dazin et al (2008 and 20}l 1dentified the characteristics antbpology of stall cells ina
vaneless diffuser. The results have shown that each cell is composed by two cores with
inward and outward raal velocity, androtating stallis characterized by the development of
several rotating cells rotating around the diffuser at a speed which is a fradienioipeller
rotational speed Further analyss have shown that different stall modes which are
characterized by different number of stall cells exist intermittently at onegiven flow
condition.More detailed of these previous studies are presented in the later literature review.

The ains of the presenstudyare:
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(1) To determine if it is possib to use some 2D stability analysis to get a low cost tool
which will be able to predict correctly the occurrence, the characteristicshand
effects of rotating stall.

(2) To use these tools to try to determine mdearly the cause of this kind of instability.

(3) To conduct some new experiments to have a more complete database to check the
validity of the analytical resultd he experimental results are also used to discuss the
effect of the rotating stall on the difer performance.

Thiswork is divided intdb chapters:

In chapter 1: Areview of rotating stall in turbomachinerisspresentedo showthe state of
the art ofthis unsteady phenomenoS8ince otating stallhas been observed ulifferent
turbamachineriegsuch as compressors, pumps),dteir mechanismandcharacteristicare
summarizedA special focus is made on radial vaneless diffuser rotating Btally studies
have shown thahe behaviors of rotating stall aaéfected by thegeometries of the machine,
such as diffuser width, diffuser radius ratio, impeller blade number, b&efiects ofthose
geometries on rotating statespecially classified and summarized.

In chapter 2, the experimental tegt and its instrumentain areintroduced.The impeller
and vaneless diffuser performance als®opresentedn this chapterBased on this test righe
characteristics of rotating stall have bemxperimentallyanalyzed and thenthe effect of
rotating stallon the diffuser performangginvestigated.

In chapter3, a linearstability analysiss presentedo characterizeotating stall in the wide
vaneless diuser. The flow in this kind of wide vanelesdiffuser is assumed to bisvo
dimensional and axisymetric, and the fluid is assumed to ibeompressible andviscid.

The continuity equatignmomentum equatiorend vorticity equations ansritten and solved

with specific boundary conditions, and the calculated characteristics of rotating stall have
beencompared to the experimeand theresultsin literatures The modesgrowth rats are

used todetermine the dominant stall modeéhrough the comparison)e abilities and limits

of the linearstability analysisis summarizedAt last, a discussion on theause on of the
instability, based on the kinetic energy of the perturbed flow and on the characteristics time
associated with the convection of a perturbation are proposed.

In chapter4, a nonlinear analysis is proposed take into accountthe nonlinear
combinations whichare neglected in the linear analysiBhe solutions are extended tioe
three orders: the first order solutions are the samthadinear ones The second order
solutions have been proposed and verified, and the solvability of theotiied resultsis
discussed

In chapter5, the conclusions in this study are summarized, and the future works are
suggested.
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Chapter 1 Literature review

1.1 Introduction

The behavior of worabsorbing turbomachines operating at off design conditions, and
especially at partial flow rase is subject to instability phenomerlaat could affect their
performance and can be dramatic for the machines or their environitentivo most
studied instabilities arknown asrotating sall and surgeandit is provedin manystudiesthat
rotating stallis prior to surge(Senooand Kinoshita 1978 Day, 1993and 1999 Bianchini et

al, 2013;Biliotti et al 2019. Therefore, to improve the safe margind widen the operating
range rotating stall should bevell understoodAs rotating stall have been found in many
kinds of turbomachineriesthe mechanisms, characteristics and general conclusions of
rotating stall ineach type of turbomachineries dygefly summarized A special focus is
made on the aneless diffuser rotating stallheresearch objective and method of the present
study arghenintroduced.

1.2 Rotating stall in turbomachineries

As a very common unstable phenomenon, rotating stall has been widely studied in many
aspectsThis phenomenon, which appears at partial flow rate, is characterized by the fact that
certain portions of the annulus of blades appear to be stalled while @heis unstalledn
addition these patterns do not remain fixed to the rotor or the statorptate at a velocity
which is a fraction othe rotor velocity. The resuls that the blades are exposed to very high,
low frequency, aerodynamic load \ations. For the stall inception inx@al compressa,
Mathioudakisand Breugelmans (198%undthatrotating stall is triggered by the interaction
between the blade surface boundary layer separation and the blade passdgarfi@v.et al
(1990) and Hoying (1995) found that rotating stall issometime preceded by periodical
pressure waved.he waves evolved into rotating stall smoothly without any sudtiange of

phase or amplitudeThey indicatedthat the rotating waves and rotating stall are the same
phenomenon but at different stalyecDougallet al (1990)Day (1993, Campand Day (1997)

and Inoue et al (2000) conclud#wattwo types of stall inceptioncan existin low speed axial
compressors, whichre known asspike and modadscillation Spike isa shortlengthscale
disturbance whichs characterized by sharp peakn the velocity and pressure signdihe
appearance of spike stall is related to the local flow separation in the blade row, and occurs
when the critical incidence is exceed&tibdal oscillation is a longengthscale disturbance
which grows smoothly into rotating stalt gives rise to flow separations in a larger number

of blade passages, resuih broade, slower rotating stall cells, anthis cell formation is
attributedto the 1ow separation near the hub si@ay et al (1999)eported that théype of

stall inceptionis strongly depenidg on the compressorotational speedSpike type stall
occursat low rotationakpeedandit possiblyturns into modaloscillationwhen the radtional
speedis increased to a certain valu& typical evolution of shoftengthscale stall to long
length-scale wave in axial compressor has been shown in Inoue et al (200@grical
simulationsalso have been applied to study theal compressor rotating statl the aspects

of their effect and characteristicSgxerFelici et al, 1999;Crevel et al 2014; Dodds and
Vahdati, 2015
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In centrifugal turbomachineries, rotating stall also received a great attdrgimmemann
and Howard (1970)illustrated the different stall evolutions in shrouded and unshrouded
centrifugal impellersThe stall originates from the flow separatiganerated athe blade
suction or pressure sidas shown in Figure L1.JArnulfi et al (1996)studiedthe stall
inception at twestage and foustage centrifugal blower The resultsshowed that the
characteristics of rotating stall in the two configurations are almost the same for all flow
conditions, and stall inceptiooccursalmost at the same time all componentslt is then
concluded that the onset of rotating stall is only depend on the interaction between the
impeller and diffuserBianchini et al (2015)llustrated the evolution of stall to surge by using
a real time analysidt has been showimat with a further reduction of thibow coefficient, the
rotating stall pattern was first replaced aynew and more intense rotating phenomenon,
coupled withthe onset of e surge conditioriSnally, surge conditions were reachauld the
pressure fluctugons in the diffuser are replaced b uniform pressure field, associated with
the masdlow oscillations.

Figure 11 Evolutions of rotating stall in shrouded (left) and unshrouded (right) centrifugal
impellers (Lennemanand Howard, 1970)

Since the stall inception is characterized by seveh@nomenait can be predicted by
monitoling the correspondinghenomena. For exampleawlessand Fleeter (1995) studied
the spatially coherent pressure waves to warn the arisinghsthbility in a low speed
centrifugal compressor. Usirgpmesensitive microphones whidiave beerarranged on the
diffuser and around the compressor inlet, and wiourier analysis, the experimental results
showed that the transitidrom stable condibn to stall condition is a gradual process, and the
pressure waves whidreused to warn the stall inception is 26 impeller revolutions before a
full developed stallKang JS and Kang SH (200Xfpund thatthe stalling procesin a
centrifugal compressas related tahe impellerrotational speeda stall warning is proposed
basedon the spectrum at impeller frequendye testedwarning time is about 200 impeller
revolutions.Another methodwhich is calledtraveling wave energy methdthsalso been
proved to be a reliable method, and the warning tim&0@8 impeller rewlutions for low
impeller speed antlD00 impeller revolutions for high impeller speed.

The occurrenceof rotating stallalways causesextra loads on the machine, whigha
strongthreatfor the system stabilitgndsafety The pressure fluctuatisrand vibratios due
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to rotating stall have been studied by Lucius and Brenner (2Bidhchini et al (2013) and
Biliotti et al (2015).

1.3 Rotating stall in radial diffusers

In general,the flow coming from centrifugal impeller outlethas a great kinetic energy.
Thereforediffusersarewidely used to convert the kinetic @mgyinto pressurgandalso help
to keep the flow uniformThere are two families of diffusergsaned diffuser and vaneless
diffuser, and many studies have shown that rotating stall can axisbth of them Actually, it
alsohas beershown thatheuseof diffuseisis alwaysaccompanied byotating stalwhen the
machine is operating at partial flow rat@$is was experimentallyreportedby Abdelhamid
and Bertrand1979, Abidogunand Ahmed(2000) and Biliotti (2013).They foundthat the
flow always became unstable at a certain condition wtiem machie is operating witha
diffuser. However, he mechanisms of rotating stall in thes®o kinds of diffusers are
different,and eenonly in the vaneless diffusedifferentmechanisra which areresponsible
for the onset of rotating staten be found

1.3.1 In vaned diffusers

The mechanism of rotating stall in vaigiffusersis similar b the one that can be foural
induces or impelles, which is associated with local flow separation over the blades or vanes
at largepositive incidence anglesThis kind of rotating stall have been studiéy many
authors(TrammandDean 1976 LakshminarayanandRunstedler198Q Otiligenet al 1988;
Yoshidaet al, 1991 Sinha et al, 2001Sano et al, 2002Lejvar (2006) illustratea typical
vaned diffuser rotating stall, as shown in Fegur.2, where three passages are stallad.
stalled area is called a stall cell, which is characterized by a reduced or no through flow.
Rotating stall is formed by severaf this kind of stall cd] and propagates in theame
direction as the impellewith a speedvhich isa fraction ofthe impeller speed.

Figure 12 Vaned diffuser rotating stall (Lejvar, 2007)
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1.3.2In vaneless diffusers

Rotating stall in the radial vaneless diffusgsomehow different than in other machines due
to the no-vandblade structure,it is not a real stall but ataltlike unstable phenomenon
which occurring at partial flow rat®Vith the similarity to the ratting stall in other machines,

it is also named as vaneless diffuser rotating sfdlis kind of roating stall has been
extensively studied in many aspects: experimental studies can be foAbdathamid and
Bertrand (1979)Abdelhamidet al (1979)Abdelhamid(1981), Ligrani et al (1982)Frigne
and van den Braembussck#984), Abidogun and Ahmed (2000)errara et al (2004),
Abidogun (2006),Dazin et al (2008 and 2011), arftebretical analyses were presented by
Jansen (1964afkenoo et al (1977Abdelhamid(1980), Frigne and van den Braembussche
(1985),Moore (1989 and 1991Tsujimoto et al (1996 Several mmerical simulatioa can be
found inLjevar et al (2005, 2006@), Ljevar (2007) Pavesi et al (2011)

In Figure 1.3, he PIV resultspresented by Dazin et al (201thiqve clearly showrthe
topology of rotating stll in a vaneless diffusem this casethree stallcells can be identified
Each cell is located near the outlet of the vaneless diffaser,iscomposed by two cores
with inward and outward radial velocitieBhese stall cells propagate in the same direction as
the impeller rotational direction, and their propagation velocity is proved to be a fraction of
the impeller speed (Dazin et al, 2008his also can be seen from &ig 1.3(b), the stalled
regions are characterized by relative negative tangential velacitige axial direction, it has
been found that the stall celisedeveloping in the hubo-shroud direction.
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Figure 13 Rotatingstall in vaneless diffuser: (a) radial, (b) tangential, and (c) axial velocity
distributions. (d) velocity vector®azin et al, 2011)
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The mechanisms of the vaneless diffuser have been extensively studiechrgndtudies
havereveakdthat more than onmechanism shoultesponsible for the onset of rotating stall.
Abdelhamid and Bertran(l979)found the measured characteristics of rotating stall in their
study are diffeentfrom the results presented by Jansen (dp&adAbdelhamidet al (1979
in many aspects, and thémey pointed outthe possibility of the existence ofmore than or
set offlow conditionswhich could lead to the occernce ofrotating stall in the vaneless
diffuser. The geometrical parameters in these studies are listetl@s:f

x Jansen (1963): D4/D3 = 2.93,B3/D, = 0.068
x Abdelhamid and Bertrand (197®)iffuser 1:D4/D3 = 1.83 Bs/D, = 0.(88 +0.063
diffuser 2:D4/D3 = 1.55,Bs/D, = 0.038 +0.063

x Abdelhamid et al (1979): diffuser Du/D3 = 1.51,B3/D, = 0.032
diffuser 2:D4/D3 = 1.52,B3/D, = 0.065

The first difference comes from the comparison of-domensional rotational speed of the
stall patters. This rotational speed did not change as the flow rate was reduced after the onset
of rotating stall inAbdelhamid and Berand (1979), but it increased as the flow rate was
decreased in Jansen (18b4ndAbdelhamidet al (1979, as shown in Figuré.4.
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Figure 14 Variation of nondimensional rotational speed with the diffuser inlet flow angle
(Jansen, 1964), Abdelhamid et al, 1979)

The difference also can be saarthe waveformof the pressure signals at stall condition
The waveform ilAbdelhamid and Bertrand 979 is characterized by a sharp variation while
in Abdelhamid et a{1979 the waveform isinusoidalor almostsinusoidal
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Figure 15 Waveforns of the pressure signals at stall conditions: (a) Abdelhamid and Bertrand,
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More differences can be found in terms of amplitude of the pressure fluctuation and

number of lobesThe amplitude of the pressuftactuationis 11%(of a4,%), and the number

of lobes varies from 1 to 4 iAbdelhamid and Bertran@l979, while the amplitude is only
about 0.4% 2%, and onlyonestall pattern with 2 lobes can be obtainedbdelhamid et al
(1979. Althoughthe geometrical parameters are similathiese two studiedut the observed
characteristics of rotating stall are clearly differénis thenconcluded thamore than one set

of flow mechanisms could responsible to the occurrence of rotating sttikeiwvaneless
diffuser.

Shin et al (1998)eported two mechanisms responsible for the development of reverse
flow which further results irabruptrotating stalldevelopmentn a vaneless diffuseirf-igure
1.6 givesthe phaseveraged radial velocity distation at the stall inception for two flow
rates (/ Q/ ®,B3U,), the shaded areas repres@vierse flow regionst tan be seen thétte

reverse flow at/
exit, andat /

is dominatedoy the extensiownf the reentering flow from the diffuser
, it is dominated by thgrowth of the local flow separatiomone on the

hub and shroudide.
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Figure 16 Phaseaveraged radial velocity distributions with diffuser radius ratio and axial
distancgShin et al,1998

Gao et al (2007) summarized the effects of geometries on rotating stall in the vaneless
diffuser by wavelet neural network3he results have showthat the stall behavior in
diffusers with large and small width ratio nesndsdifferently for variation of one same
parameterFor example, the critical flow angle is foutal increase with the widthatio in
Jansen (1964aand this result contradictedth Abidogun (2006)This suggestthatthe stall
mechanisms in two kinds of diffusare possibly differentAccording to that, €pending on
the ratio of diffuser width to impeller outlet radiBg/r,, Ljevar (2007)proposedwo kind of
vaneless diffusergeometry wide vaneless diffuseBg/r, ! 0.1) and narrow vaneless diffuser
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(Bs/r,  0.1), as shown in Figure 1.7. The stall mechanisms in two types of diffuser are
different due to the different forms of the boundary layers
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Figure 17 Narrow and wide vaneless diffus€Lejvar, 2007)

(1) In narrowvaneless diffuser the mechaisim of rotating stall is associated widthree
dimensional boundary layer instabilifyrom the diffuser inletthe boundary layersn
both walls gradually develowith the increase of radiushenthey merged together
andinteract with the core flowThe interaction between boundary layers and the core
flow will leads to unsteady floflow separation, reverse flow, reentering flow, étc)
the flow channel. Consequently, rotating staluld occurwhen those unsteady flow
are combined with the rotating system.

(2) In wide vaneless diffussrit is assumed that the space between two vigllarge
enough to have a twdimensional core flowhich separates the wall boundary layers
from each other. In this cgsthe mechanism of rotating stallrsainly associated with
atwo dimensional core flow instability, and the effect of boundary &gerthe core
flow is weak

However,one can notice thdahe diffuser radius ratioy/r; is also important to define the
type of diffuser.According to the previous diffuser definition, one can imagine that the
boundary layers in @wide vaneless diffusércan bein the same situation as in the narrow
vaneless diffuser if the diffuser radius ratialsolarge enoughSimilar consideratioa have
also been reported by Senoo and Kinoshita (194®y indicated that no reverse flow occurs
in a wide vanelesdiffuser if the diffuser radius ratio is small enougesidesthe mass flow
rate also strongly affects thdevelopmeniof the boundary layer, the decrease of the mass
flow rate results ira smaller diffuser inlet flow angle, arah increase ofhe lengh of the
streamline. Consequently, the boundadgyer thickness will increase and the flow topology
in a wide vaneless diffuser will be similar to the one we havenareow vaneless diffuser.
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Nevertheless, how to definrbarrow” or wide " vaneless diffger is notlear even if different
diffuser geometries can lead to different instability mechanisims.rfain focus ohext part
will be to introduce thse different mechanisms of rotating stall time two kind of vaneless
diffusers

1.32.1Threedimensional rotating stall

Three dimensionalotating stallin vaneless diffuser associated witta flow separation or
areverse flondue to the boundary layer instabilityavebeenextensivelystudied This kind
of diffuser stallhas beenstudiedwith the help of the boundary layer theodansen (1964a)
found that a steady flow may change imatingstall when the radial velocity component is
directed inward along the diffuser side wall$e threedimensional boundariayer theory
usedin Jansen1964b) indicatedhat the inward flow take place when a thidienensional
boundary layer separation occurs. Therefore, rotating stall wikxpectedwhen a three
dimensional flow separation exists in the vaneless diffuSke criteron to predict the
boundary layer separation is given in Figure Tlge flow separation (or rotating stall) will be
presenwvhen the machine is operated in the regiathe right of the curves.
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Figure 18 Stable operating rang# the flow in the vaneless diffuser (Jansen, 1964a)
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Using the same boundary layer theory, Dou and Mizuki (18f8gated that théocation
of the flow separationaries with different parametens Figure 1.9, the value oD /=0
indicates the separation locatidih.can be seen that with a given diffuser inlet flow angle
D  © the flow separation is closer to diffuser inlet with the increase of Reynolds number
(Figure 1.9(a))On the other hand, Figure 1.9(b) shows that skparation isnoving tothe
diffuser inlet with the decreas flow angle when the Reynolds numberfilsed. Therefore,
the physical mechanism of the onset of rotating stall is explainedthghe decrease of flow
rate, the flowseparation or the rexse flow zone moves to the diffuser inlet and interacts with
the rotating jetvake flow pattern discharged from impeller outlatd rotating stall is then
generated.The importance of the interaction betweenweke pattern and the reverse flow
on thediffuser instability also haven been reported by Mizuki et al (19B&ne othestudies
of the jetwake pattern can be found in Dean and Senoo (1960), Johnston and Dean (1966)
and Cumpsty (1989).

More studiesof rotating stall associated withe threedimensional boundary layer theory
can be found inSeroo and Kinoshita(1977) Senoo etal (1977) Frigne and van den
Braembusschgl985)
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Figure 19 Effects of the diffuser inlet (a) Reynolds number and (b) flow angle on the wall
boundary layer flow angl@dou and Mizuki, 1998)
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Figure 110 Separation locations versus the diffuser inlet flow afQteu and Mizuki, 1998)

1.32.2Two dimensionalotating stall

As it has been introduced before, rotating stall in a wide vaneless diffuser is associated with
the two dimensional core flow instabilityhich appears wheacritical flow angle is reached

and the effect of thboundary is weak and can be neglect&ddies for this kind of rotating

stall have been presented by Jansen (1964a), Abdel{ag8@), Moore (1989 anii991),
Tsujimoto et al (1996), Ljevar et #F05, 2006a and2007).

Jansen (1964djas not onlyndicatedthatthe occurrence abtating stallis linked withthe
three dimenisnal boundary layer separatidmt alsoproposed @awo dimensionatheoretical
modelto determine the stability of the two dimensional diffuser core fldwvas assumed
thatthediffuser flow in the vaneless diffusés two dimensionalincompressible and inviscid,
and the perturbed flow is treated the superpositiorof a steady and perturbedlow. The
model is constructed by the continuity and momentum equations, argbltiteon which
expresses the perturbation in periodic waseagven inthefollowing form:

/ (r)d" o (1.1)
where Us a complex number,
VoK (12)

In this analysis Grepresents the number of stall cells, abgis the angular velocity of
rotating stall.The stability criterionfor the two dimensional flows determined by the sign of
I, the perturbations grovor I4,< 0, decay for l4,> 0, and keep constant foig, = 0. That

is, the flow turns into unstable regime whé#< O.
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With the same assumption of the diffuser flow as Jansen (1964a), Abdelhamid (1980)
proposed a theoretical ansiy to estimate the effects i#levantparameters on the stability
limits. The flow properties were written as a mean flow plus the perturbations,

(1.3)

The linearized equations were obtainaad the perturbations were writteim a form
similar to the on@roposedy Jansen (1964)

(1.4)

The model was solved witspecified boundary condition$he determination of stable or
unstable regimes has been done by introducing a small imaginary pargtattiiy

Based on this modehe effects of diffuser radius ratio, diffuser inlet flongin frequency of
the oscillation, and number of stall cdtiave been discussed, the general conclusions are

(1) Diffuserswith small radius rati@are more stable than the large ones.
(2) The decrease of diffuser inlet flow angle leads to the decrease of dgtabkr margin.

(3) Depending on the boundary conditions, diffuser stable margin responses differently
for the increase of number of stall cells

(4) The coupling between the impeller and the diffuser is important to the generation of
self-excitedoscillation. The diffuser flow maybe stable with one impeller, but unstable
with another even with the same diffuser inlet flow angle.

Tsujimoto et al (1996) presentediwo dimensional inviscid flow analysis to study the
characteristics ofrotating stallin vaneles diffuses. It is assumed that the vorticity is
transported on the steady flow whiclgisen by:

(1.5)

It is also assumed that the relative flow exits the imp&diegentially to the vanes, then the
following condition can be obtaindy:

(1.6)

where As the vane angle.
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The linear model is constructed give the solutions for the digstbance velocity
components and the vorticitin the subsequensimplified case,he boundary conditions of
vanishing velocity fluctuation at thediffuser inlet and vanishing pressure fluctuation at the
diffuser outlet are applied, that fey the velociy fluctuations at the diffuser inlet:

(1.7)

andfor the pressure fluctuation at diffuser outlet:

(18)

It is interesting to note that thabove condition(1.6) associated with the impeller
parameteilis always satisfied by thproposedooundary condition (¥) regardless the vane
angle Therefore this simplified analysis is independent on the upstream impeXNeurther
analysisalso showedhatthe diffuser rotating stall is nearly unaltered efeeamore realistic
flow taking into accountthe impeller isused as an inlet flow condition.

If the diffuser radius ratio and the number of stall cells are given, this analysis is able to
calculate thecorrespondindlow angle and propagation velociof the stall mode at critical
condition, as shown in Figure 1,]Mhere the flow angle is defined ¢he angle between the
flow path and the tangential direction:

Figure 111 The critical flow angle and propagation velocity of rotating stall versus diffuser
radius ratio (Tsujimoto et al, 1996)

The general conclusions for this two dimensiaralysis are

(1) Rotating stall occurs when the critical flow angle is reachiée. critical flow angle
and propagation velocity are the functions of the diffuser raditis and number of
stall cells andindependenbn the impeller.

(2) The critical flow angle is larger for largaumber of stall cells when the radius ratio is
fixed, and is larger for larger radius ratio when the number of stall cells is given.

(3) Smallerpropagation velocities are observedlfige radius ratio.
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In addition to theoretical analysis, two dimensional rotating stall h&lge been
numerically simulated by Ljevaet al (2005, 2006, and 2007). The studied vaneless
diffuser is a typical wide one with a radius ratio equal to 1A5aminar incompressible flow
model isused andthe jetwake pattern is prescribed at the diffuser inldte transition from
stable to unstable conditiomsshown in Figure 124 It can be seen that at stable condition
( & = 119, counterclockwise vortices alternate near the diffuser outlet, and the number of the
vortices equal to the number of the prescribedvigte patterns; at thenstable condition (3
= 3.9), two dimensional rotating instability which characterized byesesounteiclockwise
rotating vortex structures can be identifiédis believed that this two dimensional rotating
instability is associated withotating stall phenomenon since it develops in few impeller
revolutions and characterized by rotating cellsich propagate with a fraction of impeller
speed around the circumferengéis transitions obtained by varying the diffuser inlet radial
and tangentiavelocity, that is the inlet flow angle which is known to be the critical parameter
for the occurrene of rotating stallThe authors also suggest that the occurrence of the two
dimensional rotating instability is due to the interaction between the diffuser inleaket
pattern and the alternating flow pattern near the diffuser oWleeén the flow anig is large,
the jetwake patternis more radial toward to the alternating flow patteamd they gear
perfectly into each othelWith the decrease of thidow rate, the jetvake pattern becomes
more circumferential.Once it is circumferential enough to gg|aunderneath the alteting
flow instead of interactingvith it, rotating instability starts to occulhe small and weak
vortices merge into larger ones, and finally several cells are formed and equally distributed
around the diffuse space.

Figure 112 Contours of velocity magnitude from stable to unstable condifigesar, 2007)

This two dimensional simulation hadso been applied to study thiefluence of the
geometical parametersthat isthe effect of diffuser radairatio, diffuser width ratio and the
impeller on the stall characteristics.
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1.3.3Effects ofthe geomety

Rotating stall ischaracterized by several characteristics (number of cells, critical condition,
propagation velocity, etc) whictandepend orthe geometricaparameter®f the machine
Therefore, the study dhe effects oftheseparameter®n the instabilitybehavior can help to
predict the stalatthe design phaséhis isparticularimportant forindustrialapplication.The

main studies thdhave beeronductedn these subjects are summarized as follows

Diffuser radius ratio: Senoo and Kinoshita (1977¢portedthat the decrease of radius
ratio helps to suppress the reverse flow which is expected at the rear part of a wide vaneless
diffuser,andleads toadecrease dhe criticalinlet flow angle Abdelhamid(1981)foundthat
the rotational speed of stall cells varied inversely with the diffuseusaditiQ and that
critical flow angle of stall inception increased with the diffuser radius,ratibtheslopethe
critical angleevolution with the radius ratio decreased significantiyhen the radius ratio
larger than 1.75Tsurusakiet al (1986) and Tsurusaki and Mori (1988gxperimentally
observedthat the critical flow angle of rotating dtadecreases with the decrease of the
diffuser radius ratioTheoretically, Tsujimoto et al (1996have showrthat the critical flow
angle increases witthe increase of theliffuser radius ration alinear stability analysisThe
effect of the diffusion ratio reported by Ferrara et al (2004), is actually the effect of diffuser
radius raio.lt has been found that the radius ratio has a great influence ormfotbih stall
inceptionandthe stall patternin a shorter vaneless diffusea,smaller stall inception flow
angle is expected but the stall pattern becomes more complexumericalstudy presented
by Lejvar (2007 agree that the critical angle ofotaing stall decreases with decreasing
diffuser radius ratioand the number of cellnd their propagation velocitjecrease witlthe
increase of thdiffuser radius ratioThe propagation velocity of stall cells seems only affected
by the size of the diffuser spa&e has shown thad larger diffuser radius ratio leads to cells
which arefar from the diffuser inlet andvhich are consequently propagating atower
velocity. As a conclusion, if other geomieal parametersemainunchangedsmaler radius
ratio diffusers are more stable than largees. The reasons are twofoldn the one hand, the
boundarylayer geteasilyfully developed in a diffuser with large radiusatio. This leads tca
flow separation oareverse flow which is one of thetating stall triggerson the other hand,
the stable margin for a small radius ratio is wider because the critical condition will be
reached at a much smaller flow angle. Howeweshould be noticed that the decrease of
radius ratio also leads to a performance reduction. Therefore, the balance between the stability
and performance should be carefully considered.

Diffuser width ratio : Jansen (1964 repored that adecreaseof the diffuser width ratio
will increase the flow anglat diffuser inlet and thus keep the flow angle away from the
critical stall condition the operating rangef the system is theimcreased Senooand
Kinoshita (1977) andLigrani et al (1982) alsogave similar conclusios about theeffect of
diffuser width ration on the flow stabilityrsurusakiet al (1986) experimentally plotted the
critical flow angle of rotating versus 4 diffuser width ratios, the results have sthawthe
critical flow angle ircrease with the increase of diffuser width ratiiigenet al (1988)stated
thatthe onset of rotating stalé delayed with the decreased diffuser width ratiee to the
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critical flow angle of otating stalldecrease with the decreased diffuser widthtio. Moore
(1991) also observed that narrow diffusers are more stable than wide, beeause the
boundary layer displacement makes the flow in narrow diffusers more convergenn than
wide ones.Ferrara et al (2004) agree that the diffuser wittlongly influencethe critical
flow rate of stall inception butseemsgo not influencevery much the stall evolutiarishidaet

al (2005)found that he operation range of narrow diffusierlarger than wide ore the
unstable flow range of the test blower was reduced about 45% by implemamiangpwe
diffuser.Lejvar (2007 explained why the stabilityangeis improved innarrow diffuserfirst,

a narrowdiffuser givesadditional friction forces which makiae flow structure more stable;
second,a narrowdiffuser increases the radial velocity component. Consequehdyflow
angle becomes larger However, Abidogun (2006)reportedthat the critical flow rate of
rotating stall in a vaneless diffusacreasesvith the decrease of diffuser width ragtwhichis
inconsistent with previous studidse also indicated that the frequency of rotating stall is not
affected by the diffuser width ratidout increases with the drease of diffuser radius ratio:
this resit is alsoopposite tavhatwasobserved by Ljevar (2007Neverthelesst seemghat
most of thestudiesagree to sayhat small difuser width ratiohelps to widen the stable
operating range of the system, hedds also to performance drap

Impeller: Zhu and Sjolander (1987tudied the effects of thienpeller geometryon the
diffuser performanceThe main geometrical parametdos the impeller are:blades number,
inlet blade angle and dlet blade angleThe results shoadthat the diffuser perforamce was
not affected by thénpeller geometriesOtiigenet al (1988 lsoreportedthatthe behavior of
rotating stallis not affected by the impeller tip speedTsurusaki ad Ichihara (1988),
Tsujimoto etal (1996) have concluded that the vaneless diffuser rotating stall is nearly
unaffected by the upstream impellérejvar (2007) indicatedthat the scaledpropagation
velocity of cells is independent on the impeller speedthadiumber of blades, bihatthe
number of stall cells anithe critical flow angle vary with the number of impeller bladas a
conclusion, it seemghat the diffuser rotatingnstability is not affectedtoo muchby the
impeller, diffuser rotating stall is more likdipked to thenature of the diffuseitself.

Diffusion shape Zhu and Sjolander (198&tudiedtwo kind of diffuseis with divergent or
convergent structure$he results shoedthat the convergemtiffuser can hip to stabilize the
inner flow becauset helpsto reduceor eliminate the reverse flow which is the main cause of
rotating stallin awide vaneless diffuser. Hower; the penalty of the convergence diffuser is
the performance reductioiherefore, it is suggested to selestaptimisedwall convergence
angle tosatisfyboth the performance arlde stability requirements.

Clearance between impeller and diffuserO Yoshida et al (1991) performed an
experiment to study rotating stall by changing the clearance between impeller and diffuser. It
has been found that tldearancenas a great effect on rotating st&llith the decrease dhe
clearance, rotating stall became weakenedexigtsin a narrover flow range which means
the flow is more stable with a small clearan8ano et al (2002) simulatede effect of tle
clearance betweethe vanediffuser andthe impeller on the stall inception. The resudiso
showed thaa small clearancleadsto anincreaseof the safe margin
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Mach number: Senoo and Kinoshita (1977) indicated that the critical flow angle is
affected by the diffuser inlet Mach number, ahdtthe influence is strong for diffuser with
large width ratioThe critical flow angle increases with the increase of Mach nutdeaus
a larger Mach number results an greaterdensity and consequentty decrease ahe flow
angle.The influence is strong for large width ratio diffuser because the reverse flow occurs at
larger radius and the effect of Mach number is magnifiée. resuls presented by Ferraea
al (2004)alsoshowed thatthe Mach numbesstrongly infuence stall inception flow rate, but
doesnot influence to muchonthe stall evolution

1.3.4Pressure bssesn vaneless diffuses

Senoo and Kinoshitél978)reportedthatthe pressure loss in a varless diffuserconsistof
exit losesand wall friction loses. Fordiffusers with small radius ratipthe pressure lods
mainly contributedby the exit loss, and it is increaswith the increase of flow rate. On the
other hand, the pressure less large adius ratio vaneless diffuser arainly comingfrom
thewall friction lossesand it increases with the decrease of flow rate.

Dou (1989) concluded that the losses in theeless diffuser consist of: mixing lessat
the diffuser inletthe divergence losscaused by the pressure gradieseiconary flow losses
and wall friction loses The mixing losesarecaused bynternal friction resulting from the
shear stress digbution over the whole inlet cross section of the diffuser passageit is
mainly focusedn the region:D/D,= 1.00 ~ 1.06The divergence loss is significant when the
flow angle is large, because the boundamel easilyseparatefrom the diffuser wall due to
the large divergence of the passa@e. the other hand, the secamy flow loss becomes
important when the flow angle is small, because the flow tends tostablebecause ofhe
large curvature of the streamline and theeree flow.Based on a sergimpirical method, it is
found thati/ the total energy loss is strongly depending on the flow angle and the diffuser
width ratio,ii/ the friction losgsareimportantin the frontpartof the diffuser andresmall in
the reampart.

Dou (1991)added that the friction logsaresignificant when the flow patts longin the
vanelesdliffuser, consequentlythe friction losgsshoulddepend on the diffuser width ratio,
diffuser radius ratio, diffuser inlet flow angle and Reynolds numbeerefore, this analysis
discussed the diffuser losstegyetherwith the diffuser width ratio and the inlet flow angle.
The results cited frm Den (B60), Johnston and Dean (1966) and Dou (1989) are plotted in
Figure 1.B.
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Figure 113 Variation ofK (ratio between total losses and wall friction losses) versus the
mean inlet flow angle (Dou, 1991)

whereB is the diffuser width ratior/r; is the diffuser radius ratio, anéta is the blade angle
at the impeller outleK represents the ratio between total losses and wall friction |0Eses.
minimum value ofK in each caseepresentshe point for whichthe wall friction losgsare
the largest portionf the total losss and one flow angle®is corresponding tohe minimum
K value When the flow anglds smaller than thisvalue of £ the contribution of the
secondary flow logsincreases; when the flow angkelarger than £ the diffusion losss
increaselt can be seethatthe friction losgsarethe primarysource olosssin diffuser with
small width ratio, andhat theother losses aremall On the other hand, the frioh los®s
becomea small part of the total logsin large width ratio diffuserespeciallywhen the flow
angle is large

More studiesaboutthe lossesanalysisin the vaneless diffuser can be found in Johnston
and Dean (1966)hich is focused on thmixing losesand the wall friction losss in Senoo
et al (1977)which is focused on theall friction losses coefficient Nevertheless, no study
can be found on the effect of rotating stall on the diffuser performance and losses.

1.3.5Control methods dr diffuser rotating stall

Many studies have reported that one of the stalchanismss linked withthe flow angle.

The flow angle in the diffusers is determined by the radial and tangential velocity components.
Thereforepased on this observaticgxperimentatontroltechniques have been carried out to
delay the arising afotating stall.

Tsurusakiand Kinoshita (2001)sed jet flovg to control rotating stall in a parallel vaneless
diffuser, as shown in Figurd.14. The rotatable jet nozzles weneserted in the vaneless
diffuser. By rotating the nozzleptating stallwas suppressedvhen the jet directionwas
opposite to the impeller tangential velogignd was amplified when set the jetwasin the
same directiorasthe impeller tangential veldgi This is becausevhen the mass flow rate
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remains unchanged, the flow angle will be increased (decreased) by the decrease (increase) of
the tangential velocity.

Figure 114 Stall control by jet flow (Tsurusaki and Kinoshi2901)

Kurakawaet al (2000)used radial grooves to suppress rotating stadl vaneless diffuser
as shown in Figuré.15. The groovesare characterized gifferent length, width and depth.
The results showed thatl groovesare hepful to suppressotating stall becaustne radial
grooves increased the radial velodiythe diffuser inletlue to the groove reverse flow, and
also decreased the tangential velocity duetlie mixing betweenthe main flow andthe
groove flow. Both of these two effeckisad toan increase othe diffuser inlet flow angle.
Consequently, the onset of rotating simtielayed

Figure 115 Radial grooves used for stall suppression (Kurokawa et al, 2000)

With the similar consideration Sahaet al (2001)applied J-groove structurdo suppress
rotaing stall ina vaned diffuser afadial impeller as shown in Figure 161The tested results
showed thatotating s$all can be entirely suppresseg Jgrooves, andany increase of the
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length, number, width and depth of the groowa$increase the suppression effelotit with
an increase of performance loss.

Figure 116 J-groove structure (Saha et al, 2001)

On the other hand, as it has been introduced, airthemechanisra of rotating stallis
associated witlthe boundary layemstability and suppressinghis instability could bean
effective wayto control rotating stall Ishidaet al (2001)studied the effect ofhe hub side
wall roughness on rotatirgfall in the vaneless diffusefhe results shoed that the increase
of wall roughness decreased the skewed angle of the three dimensional boundary layer,
consequently theoundary layer separatias suppressedand the onset of rotating staths
delayal with only a smallperformanceeduction(less than 1%)Ahmed(2008)alsoused the
surfaceroughness to delay rotating stall in a radial diffuSére results shoadthat the onset
of rotating stall was delayed to a lower flow rate applying a rough surface. However, the
balancebetween flow stability and system performasbeuld be considered

1.4 Researchobject and method

Rotating stall has been widely studied in many aspestslisted abovgmechanisms,
characteristics, influencespntrolling, etc) The present work is focusing on wide vaneless
diffuser for which rotating stall is due to a core flow instability. It aims at evaluating the
ability of some theoretical approaches to predmtrectly the arising and characteristics of
rotating stall in a given vaneless diffus&ome methods based on linear stability analysis,
liked the most recent ones proposediByjimotoet al(1996)exist in literature. Nevertheless,

in this studytheestimateal characteristics of rotating stalte limited tathe critical conditios.
Besides, many studies have shown that several unstable modes can coexist in a vaneless
diffuser at a given operating range. The interactions between these modes are bgrared
linear stability analysis. At last, if many existing studies are concerning the losses and
performance of a vaneless diffuser, nothing can be found on the effect of rotating stall on the
diffuser losses. Based on these reviews the objectives ofabenpwork are the following:
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(1) Extend the linear stability to developed stall conditions.
(2) Extend the study to (weakly) ndimear stability analysis

(3) Conduct new experiments to validate the stability analysis and study the effect of
rotating stall on the pearmance of the diffuser.
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Chapter 2 Experimental study

2.1 Introduction

In this chapterthe experimental test rigsedin the presenstudyis introduced.This test rig
working with air,was first designedby Morel (1993),and has beerused for many studies
with the same impeller but with different statoes shown in Figure 2.For example,
numerical studiegpresentedby Lejvar (2007),Pavesi et al (2011)experimentalstudies
presented byVuibaut (2001, 2002 and b, Cavazzni (2007), andazin et al (2008, 2011)

Based on this test rigan experimenrdl study of rotating stall in the vaneless diffuser
presentedn this chapter Using the signal phase difference analysis, the propagation velocity
of rotating stalland their number of stall cells are obtained by two microphones on the
diffuser upper wall. After the determination of the characteristics of rotatingte&impeller
and diffuser performance are calculated based on some static pressure measurements. Then,
an analysis is provided &stimatethe effect of rotating statin the diffuser performancH is
usually admitted that rotating stall has negative effect on the overall performance, but the
interestin the present study is focused on the diffuser perdmce onlyWith the decreasing
flow rate (from stable conditions to unstable conditions), the performance and pressure
fluctuatiors in the vaneless diffuser are measured, and the effect of rotating stall on the
diffuser perbrmance is estimated throughcamparison of the losseg atable and stall
conditions.Theinfluence of rotating stall ithendiscussed.

Figure 21 Experimental test rig
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2.2 Experimental test rig

The sketch of the test bench is shown in Figure tBel configurationused inthe present
study consists ofthe soecalled SHF” (Société Hydrotechnique de Frahaadial impeller
coupled witha wide vaneless diffusefownstream of the impellelt has to be noted that the
outlet of the diffuser is at freair to assure an axisymmetric boundary condition at diffuser
outletThe diameter of the suction pipels = 290 mm and atankis placedupstreanof this
pipe. Thetankis equipped with @&et ofchangeableliaphragmsvhich are usedo adjustthe
flow rate. The bottomof thetankis equipped with a honeycomb flow straighteteestabilize
the air coming from the tank inlet, and then the stabilized flow will enter into the suction pipe,
as shown in Figure 2.

Figure 22 Innerstructure of the tank

2.2.1 SHF radial impeller

Figure 23 SHF radial impeller
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The specific speeds and radiuss of the SHF radial impelleare:

with
&mp FAngular speed of the impeller
ro xlmpeller outlet radius
I +Density of the fluid
t+Total pressure rise of the impeller at best efficiency point

+The volume flow rate at best efficiency point

Somegeometric detailgre given in &ble2.1. The impeller is driven by a motor, and the
rotational speed is measureddBriel & Kjaer Type 4913transducervhichis coupled with
a photoelectric cell

Table 21 Impeller geometries

r Inletdiameter 141.1mm
ry Outletdiameter 256.6mm
B, Impeller atletwidth 38.5mm
Z Number ofblades 7

2 Impeller atletbladeangle 22.5e
K Meanbladethickness 9mm
Qq Designflow rate(1200rpm) 0.236m%/s
R=VDy/ ; Reynoldsnumbe(in Qq) 9.08<10"

2.2.2 Vaneless diffuser

Thevaneless diffuser is connected to the impealigitetand is composed of twearallelwalls,
as shown in Figure 2.4he outlet of the vaneless diffuser is connected with the atmosphere.
The main geometrical characteristicslog vaneless diffusare given inlfable 2.2.

Table 22 Geometries of the vaneless diffuser

ra Inlet diameter 257.1 mm
ra Outlet diameter 390 mm
Bs Diffuser width 38.5 mm
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Figure 24 Vanelesdiffuser

2.2.3Bruel & Kjaer condenser microphorse

Figure 25 Briel & Kjaer condenser microphone (Type 4135)

Vanelesdliffuserrotating stallis characterized bgeriodicalpressure fluctuations. Therefore,
two Briel & Kjaer condenser microphones (Type 413% used tocapturethe unsteady
pressurdluctuatiors. They areplaced on the diffuser upper waill the same radius = 320
mm) but with an angle difference ofi =75°. The spectrum analysis is processed by LMS.
Test Xpress.The acquisitiontime and sampling frequenare 600 £conds and 4096Hz,
respectively

2.3 Impeller and diffuser performance

2.3.1 Pressuremeasuremerg

To determine the effect of rotating stall, theasuremestof the impeller and the vaneless
diffuser performanceare performedFor the impeller, the static presswaiation between
the suction pipeHs) and impeller outlebire measured to determine the performarnte
pressure of the suction pipeaveraged by 4 positionss shown in Figur2.6.
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2.1)

Figure 26 Pressure measurement in suction pipe

Because of the clearance between the impelilet and diffuser inlet is small enough (=
0.5 mm), the diffuser inlet pressure () is usedto representhe static pressure at impeller
outlet, then thampellerstatic pressuraseis defined as follow

2.2)

whereU; is the impeller tip speed

The diffuser inlet pressunmecoveryis measured with the help of the pressure taps on the
diffuser upper wall. 9 pressure taps are mounted in one radia(Higare 2.7) and are
equally spaced from diffuser inlet to outlet, the radii are givéirale 2.3.

Table 23 The radii of 9 pressure taps

Location

Radius

264 | 279 | 294 | 309 324 | 339 354 | 369 | 384
(mm)
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thenthe diffuser static pressure variation is defined as

2.3

Figure 27 Pressure taps on the diffuser

The above static pressure measurementseatized by é&5électeuBEXHILL , connected
with a YEW digital manometer (Type 2654}he accuracyis 0 £ Q1 mmH,O. The
atmospherigressure is given by a mercury manometer which ranging from 580 mmHg to
810 mmHg, and the accuracy4s0.1 mnHg. The apparatus arehown in Figure 2.8To
calibrate the pressure, the local temperature and humédyobtained by a thermec
hygrometertDOSTMANN T870, and the parameters are given in Table 2.4.

Table 24 Technical data of thtnermehygrometertDOSTMANN T870

Humidity Temperature
Range 0% 98% Hr | 200°C  800°C
Precision r0.1Hr r0.1°Cfor 100°C  200°C, r0.2°C for other range
Resolution | 0.1 Hr 0.1°C
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Figure 28 (a) The Sélecteur BEXHILL: 20 pneumatic channelsTfigrmo thygrometer:
DOSTMANN T870.(c) YEW digital manometer (Type 2654) Mercury manometer

2.3.2 Flow rate calibration

To obtainthe impeller and vaneless diffusperformance curvs, the flow rates need to be
determined with calibration$n the experiment system, two clearanegistbetween: (1) the
suction pipe andhe impeller; (2) the vaneless diffuser and the impeller. Consequently, in
addition to the main flow from the tank inlet, thene two leakagéows in thetwo gaps, as
shown in Figure.9. For the impeller performance, the flow r&@es

Q=Qr+Qu (2.4)

where Qr is the flow rate from the t&n and Q.; represents the first leakage between the
suction pipe and the impeller.

The second leakage flo@.» could be positive or negativcdepending orthe diffuserinner
relativepressure

p=Q+ Qu2if Pp < Pam (2.5)
p=Q Qu if Po > Patm (26)

The detail flow rate estimdions have beemresented ima previous experimental study
presented by Cherdieu (2013), and will be briefiminded in this section.

Figure 29 Leakagelbw in the system
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2.3.2.1Flow rate from the tank

Figure 210 Diaphragm on the inlet tank

The flow fromthe tank inletis the main part of the total flow rate, it is limited by the inner
diameter of the selectediaphragm(Figure 2.10. This flow rate can be estimated Hye
following expression,

@2.7)

where

is theflow rate coefficient which is given by Figur211.

Figure 211 Flow rate coefficient versus the inrdiameter of the diaphragm

S is the inlet area of the selectéidphragm(m?):
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is therelative staticpressire difference between the upstream dodnstream

of thediaphragm(Pa)

is the densitykg/m®), andis calibrated bythefollowing expression

(2.8)
Pt is theabsolué pressuratthetankinlet (Pa)
T is the temperature(().
is the partial pressure of the water vapor in the (&#
(2.9
is theexternal pressur@a), and equal to the atmosphere pressure:
is the external partial pressure of the water v4pai}
(2.20
Pyseis the external saturated water vapor presgeag
(2.11)

+H; is the humidity, whichs measured by the thermitygrometer tDOSTMANN
T870.

The above quantities are shown in FigRrE2,

Figure 212 Local quantitiesn the tank and atmosphere
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2.3.2.2Leakage flowQ, ;

At the gap between the suction pipe and the impeller, the inner pressure of the suction pipe is
lower than the atmosphei@dthe external air will be sucked into the pipéis leakage flow
can be estimated by

2.12)

+ is the relative staticpressure difference between tkaction pipeand the

atmosphere pressufea) , Psis given in (2.1)

2.3.2.3Leakage flonQ,»

It shouldbe noticed that the joint shapes between the impeller and diffuser at upper and lower
side are different, as shown in Fig@#d3. Therefore, the leakage flows at upper and lower
side are calculated in different ways,

Q2 = Quau + QuaL (2.13

Figure 213 The joint shapes between impeller and diffuser at upper and lower side

More detailedaboutcalculations ofQ2y and QoL are given in AppendiA. As aresult,
the performance of the machine and of the vaneless diffuser expressed in terms of static
pressure rise are plottéu Figure2.14. The discussion of theffect of rotating stall, based on
theseperformanceurves, will be presented in the latpart.
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Figure 214 Pump and diffuser performance curves (Static pressurehesgaxis for the
pump and diffuser performance is respectively the impeller flowQated the diffuser flow

rateQp)

2.4Vaneless diffuser rotatng stall

As it has been reported (for example Abdelhamid and Bertrand, 1979; Abidogun and Ahmed,
2000), rotating stall always occurs within the vaneless diffuser when critical flow conditions
are reached. Generally, this critical condition of rotatiteyl is represented by the critical
flow angle in the vaneless diffuser, aruk tcritical flow angle is linked with the flow rate.
Thereforeyvaneless diffusertating stallis triggeredby the graduatlecrease athe flow rate

in present experimentheflow rate is reduced from large flow rat® low flow rates, which
represents stable conditions to unstable condit@2g$low rates Q/Qq = 1.53 : 0.26) were
testedfor two rotating speeds: 1200PM and 180(RPM.

2.4.1 Spectrum analysis

The pressure fluctuations are obtained bytthe Briel & Kjaer condenser microphones
Type 4135(see chapter 2.3). With the help of spectrum analysisjs possibleto detectthe
occurrenceof rotating stall inthe vanelessdiffuser and to analyz its characteristicsThe
spectrafor flow rates varying from Q/Qg= 0.74down t00.26 are summarized Figure2.15
(For more details, see Appendy, where %was defined as:

(2.14
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In whichPy, is the microphone pressure signal,

(a) 1200 RPM

(b) 1800RPM

Figure 215 Crosspower spectra at two impeller angular velocities

It can be seen that the spectra for two rotation speed are similan@t-dimensionaflow
rates, and several tendencies can be drawn as follows:

(1) At large flow rate,the highest pressure fluctuation appear8RF (blade passing
frequency), and nother strondluctuatiors can be identified.

(2) With the decreasof theflow rate,several low frequency peaksise andlominde the

spectrum.These peaks are generated byitigabilities and will beclassifiedin the
later spectrum analysis.
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(3) The instability occurs at the same flow rate regardless the impeller speedl|egig
shows that the occurrence of rotating stall is independent on the impeller speed.

The spectrum at design flow ra@Qq = 1.0 is givenin Figure2.16a) to represent the
typical spectrum at stable condition®/Qg > 0.6). Contrary to Figure2.15 the spectrum
amplitude is plotted in a long scale. As already pointed ou§ clearthat the dominant
frequencyis theblade passing frequency

According to the spectrum analysigotating stall waddentified at the five partial flow
ratesinvestigated experimentall)/Qq = 0.26, 0.36, 0.47, 0.56, 0.58, acahnotbe observed
when the flow rate is higher th&n6. The spectra of the five flow rates with rotating stall are
given in Figure2.16(b), (c), (d), (e) and(f) to show the typicaspectrum at unstable condition
At Q/Qq = 0.47, 0.56 and.58 the blade passing frequency is still the dominant frequency,
but the low frequency peaksnplitude is of the same order of magnitudeQ/Qy = 0.26 and
0.36,the dominant frequency is nonger the blade passing frequenttycan be seen that the
amplitude of tle low frequency peakbecomestronger than the blade passing frequesiog
dominatethe spectra.

(@)QQu=1.0

(b) Q/Qy=0.58
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(c) Q/Qq = 0.56

(d) Q/Qq =047

(e) Q/Qq = 036
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() QQu=0.26
Figure 216 Crosspower spectra at different flow rates

2.4.2 Characteristics of rotating stall

The presence of rotating stall in the vaneless diffuser is confirmed through the spectrum
analysis. Inthis sectionthe studywill be extended tthe analysis ofhe characteristics dhe
vaneless diffuser rotating stathe number of stall cellthe amplitude and thpropagation
velocity associated with each modd! be determined.

2.4.2.1Number ofstall cells

Most of low frequencypeaksare the result of theccurenceof instabilities in the vaneless
diffuser. they may correspond to rotating staly to harmonics or nonlinear interaction of
fundamental phenomendherefore, a dedicated spectrumabsis is applied to identify
which peaksare corresponding tmtating stallmodes, and discriminate the others

As the microphone pressure fluctuation signal associated with one stalinmsdssumed
to be:

(2.19

The determination of number of stall cefisdepends on theneasuredphasedifference
between the two microphond®haseand the angular difference ,

n=| Bphas¢/ b (2.19

The phase difference was directly measured by the two microphones, and the angular
difference b = 73, asshownin Figure2.17and2.18

49



Figure 217 Phasalifference in the spectrum

Figure 218 Angle difference between two microphones

Finally, a synthesisof the unstable modes that can be evidenced for each flow rates is
proposed in Tabl@.5. More detailsaboutthe identificaton of rotating stall can be seen in
AppendixC.

Table 25 Different modes of rotating stall

Q/Qq Dominant  Second Third Fourth
0.26 n=3 n=2 no no
0.36 n=2 n=3 no no
0.47 n=4 n=2 n=3 no
0.56 n=4 no no no
0.58 n=4 no no no
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At the five unstable conditions, the dominant stall modes are determined based on the
amplitude. 1 can be seen that with the flow rate decegise dominant stall mode starts from
4 cells mode(Q/Qq = 0.47, 0.56, 0.58), then becomesc@ls mode(Q/Qqy = 0.36), and
changes to 3 cells mod&/Qq = 0.26) at last. Actuallya similarevolution of the dominant
stall modehas been reported in a previous experimental switty a similarconfiguration
(Dazinet al, 2008), as shown in Figu&19. However, a shift can be observed in the critical
in the critical angle observed by Dazin et al (2008) and in the present experiments. This point
is attributed to some modifications in the experimental configuration and will be discussed in
chapter2.6.

Figure 219 Dominant stall mode &/Qq = 0.26 (Dazin et al., 2008)

2.4.2.2Propagation velocity of stall cells

Once the number of cells of the stall mode is confirmed, and the corresponding frequency is
given by the spectrum, thehe grcumferentialpropagation velocityf the stall cel & can
be estimated as follow:

(2.17

Theamplitude andlimensionlessiccumferentialvelocity of stall cellsversus flow ratere
drawn inFigure2.20, for different values of stall cedlumbersConcerning the amplitude, the
general tendency is an increase of the intensity of the unstable flow with the flow rate
decreaseOn the other handhe propagationvelocity of stall cells isincreasng with the
decreas of flow rate This can be linked witlthe increasg circumferentialvelocity of the

main flow at impeller outlet (diffuser inletys shown in Figurg2.21 the decrease of flow rate
results in the decrease dhe radial velocity component ( ), meanwhile the
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circumferential velocity of the main flow increase from . Consequently, the

propagation velocity of stall cellsnfolved in the diffusemain flow) is then increased he
evolution of the circumferential velocity at diffuser inlet also plotted in Figur@.2Qb).
Besides, another mechanissrproposed by jevar (2007) who indicated thathe increas of
flow rate resuls in a further distance of the cells frothe impeller, and therto a lower
propagation velocity of rotating stalélls

(@)

(b)
Figure 220 The amplitude (a) and circumferential velocity (b) of stall cells for 1200 RPM

Figure 221 Velocity triangles at impellesutlet (diffuser inlet)
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2.5Effect of rotating stall on the diffuser performance

The performancecurve plottedin Figure2.14 presents a&lear effect of rotating stall on the
diffuser performancea sudden performance increase appears Wiediow rate decreases to
the critical valuewhichleadsto the onset of rotatingtall.

With such anobservation the following study willdiscusshow the vaneless diffuser
performance is affected by the arising rotating stidl. focus the effect on the diffuser
performance, the pressure recovery in the vaneless diffuser, scaled by the kinetic energy at the
diffuser inletis plottedin Figure2.22

Figure 222 Diffuser static pressure recovery versus flow rate rétio#Diffuser outlet
pressureP; zDiffuser inlet pressure)

The absolute velocity at diffuser inlaf; has been evaluated by the determination of the

velocity triangle at impeller outleW, V, V2 ), as follows

(2.18
From ontinuity equation (2.19
From momentm equation (2.20

In stable conditions (without rotating stall), it can be seen thapribgsure recoveris
decreasing witlthe decreasef flow rate, but shortly increased at the onset of rotating stall,
and therdecreasedgain when rotating stall is fullyeveloped

To have a deeper understandioigthis result, an analysis of the losses in the diffuser is
proposed:ithe isentropic increase of pressure due to the gradually velocity decrease in the
diffuser has been calated and compared to the experimental pressure recovery (Figure
2.23: more precisely, at the diffuser outlet, the pressure differbrt@eenthe isentropic
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theoretical estimatioandthe experimental resuis then defineds experimentdbssesand
anexperimental loss coefficient can be defined as:

(2.29)

In which:

Figure 223 Pressure recovery curve at design flow @@, = 1.0
The losses imvanelesdgliffuser, in stable operationgye usually divided into three terms:

(1) Losses due to friction that can be modeled by a friction factor derived from the ones
obtained in ducflows.

(2) Additional losses due to the adverse pressure gradieeseTlosses are commonly
called diffusion losses

(3) Losses due to the mixing of the jet wake pattern coming out from the impeller.
The present study is neglecting the two last lossasces because:

For (2): The diffusion losses could be neglected if the streamline in the diffuser is
sufficiently long (Aungiey 1993 Dou, 1991). Dou (1991) showed that the diffusion
losses could be neglected for diffuser width of the same order ofitudg compared
to the one used in the present stuglyre = 0.15) if the absolute flow angle at diffuser
inlet is lower than 25°. In the present study, the diffuser inlet flow angle varies from
2.3° to 24.6°, depending on ttestedflow rate.
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For (3): The mixing losses are concentrated in the region close to the impeller outlet (1.00
<rlr, < 1.06) (Doy 1989 andl99l). In the preserdgtudy the pressure ta@relocated
in the range ofL.03 <r/r;< 1.5. Thereforethe mixing losseave contributions at
1.03 < r/r, < 1.06which is a small part of the whole diffuser, and will not affect the
growing losses in the rest patt@6 < r/r, < 15) of the vaneless diffuser.

Consequentlyjf the vaneless diffuser is on stable operatitime lossesanalyzed in the
present studyare supposed to be mainly due ftaction lossesalong the lengthL of a
streamline:

(2.22
Where
Dy is the hydraulic diameter, and e presentvaneless diffuser
(2.23
In whichSis thecross sectional areghichis equal to , andCp is the perimeter of the

crosssection whichs equal to

is the friction factor, which relies on the relative wall roughndggDy and
Reynolds numberRe then the value of can be obtained from the Moody diagram, as
shown in Figur€.24 In present experiment, with the varying flow rate, the Reynolds number
varies from 0.6% 10° a1.27x 10°.

Figure 224 Moody diagram
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According to thedefinition of loss coefficient in expressior2.21), and making the
assumptiorthat the friction loss is the maipart of the losses in the vaneless diffuske,

diffuser loss coefficient atable conditions ithen obtained:

(2.24

whichis a linear function ofhe length of streamlink, with the slope:

The expressions2(19 and .20, which have shown that for any two locations on the
streamline in the vaneless diffuser (For example, pos@i@mdD in Figure2.25, we have
thefollowing relation

(2.25

which meanghat the flow angle of the streamline keeps constadiis kind of curve is
known as a logarithmic spiralhelength of the streamlink, can bedetermired by equation

(2.26,
(2.26

where , iIn which s the diffuser inlet flow angleand wasestimated from the

calculation of the velocity triangle at impeller outlebrredced bythe Stodola slip factgr

(2.27

Figure 225 Streamline in the vaneless diffuser
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It can be seen that the length of streamline is depending only on the value of the absolute
flow angle . at diffuser inlet and is thus increasing with the flow rate decrease, the results are
givenin Figure2.26

Figure 226 Length of streamline versus the flow rate

With the definition of loss coefficient in Figu&23and the length of streamline in Figure
2.26 the loss coefficiestversus the length of streamlirsge plottedin Figure 2.27 (the
detaiked values of théoss coefficient at each flow rate are given in Apperid)xIt can be
seen that the loss coefficiagntreases linearly with the streamline length for small valug of
that is, for operating conditions without rotating stall (stable conditions). Moreovi, it
noticeable thathe experimental slop€80.32) is close to the theoretical onéDy (= 0.28
which is defined in equation224. As a first conclusion, thisresult confirmed the
assumption of equatior2.24): the friction loss coefficient at stablondition is a linear
function of the streamline, and thus the friction losses are the mainfghe ttal losses in
the vaneless diffuser.

What is particularly notable irFigure 2.27 is that the arising of rotating stall is
corresponding to a clear drop of the los3éss is confirmed again in Figu&28 presenting
the evolution of the loss cfiigient as afunction of the flow rate.In this figure, the loss
coefficient dropat the arising of rotating stall is also obvioAdter this drop, the losses are
increasing again with the decread the flow rate, but this time with a clear much smalle
slope than the ong ) calculated based on the length of logarithmic spiral which represents
the conditionswithout rotating stall. According to such a result, it seémasthe occurrence
of rotating stall decreased the lossasthe vaneless diffuser, and resuih a diffuser
performance higher than the one we would have if the machine keeps working at stable
conditions.
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Figure 227 Experimental Diffuser loss coefficient at diffuser outlet vetsagth of
streamline

Figure 228 Losses at diffuser outlet versus flow rate r&iQy
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Figure 229 Diffuser losses coefficient versus static pressure recovery coefficient

Figure 2.29 gives the diffuser experimental amigeoretical losses coefficient versus the
static pressure recovery coefficielhe experimental loss coefficient is a straight line. This is
due to the definition of the experimental losses which are defined as theenité between
the isentropic pressure recovery and the experimental pressure retoaegther form,

(2.28
Then it can be written as follow
(2.29

The theoretical loss coefficient is calculated based on equatiad (vhich assumes that
the diffuser flow is stable (without rotating stall).can be seen that the experimental loss
coefficient agrees all with the theoretical one while the diffuser flow is stable. However,
with the occurrenceof rotating stall Q/Qq< 0.58), the experimental loss coefficient is not as
large as the theoieal prediction, which confirnthe effect of rotating stall on thdiffuser
performanceAs a conclusion, it seems that the arising of the instability could be a way, for
the flow, to reduce its losses when the flow angle is very low at diffuser inlet.

Two possible reasons may explain why the pressure recovery issedreapresence of
rotating stall: First, Figure 2.30, from previous experimental study with the same
configuration (Dazin et al., 2011), gives the PIV resaftthe radial velocity in the vaneless
diffuser (atQ/Qq = 0.26). Three rotating cells can be identified and each cetingposed of
two coreswith inward and outward radial velocity. Therefore, one can congfdgrthe
rotating cells generate a blockage region due to the inward radial velocity near teerdiffu
outlet. Consequently, the flow in the regions outside of rotating cells is characterized by
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higher radial velocities than what we would have without rotating cells. Therefore, the real
streamline could become shorter than the one we would have withtatihgstall, and then
the shorter streamline leads to smaller friction losses.

Figure 230 Radial velocity in the vaneless diffuser@Qy = 0.26 (Dazin et al., 2011)

To estimate the streamlin@revious PIV results were used to estimate the blockage
induced by the rotating cell$hen,the space of theaneless diffuser can be divided into two
parts,as shown irFigure2.31

(1) Part 1 Before the streamline reaches to the boundary of cells, it can be assumed that
the streamline is not affected by the presence of rotating stall.

(2) Part 2: After the streamline reaches to the stall zone, the effect of blockage due to stall
cellshas tobetaken into account.

Figure 231 Two assumed regions in the vaneless diffuser
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Therefore, in Figur@.32 the length of streamline 1 has been calculated as before (without
rotating stall). For streamline 2, the new radial leeity has been calculated taking into
account the blockage area identifi'dm PIV resuls. Then,a newflow angle and a new
length of streamline have been estimated. Finally, the new estimation of friction losses
based on the new length of streamline has been calcVatbdhe same value of used
before)and compared with experimental results, as shavwigure2.33

Figure 232 Assumption of the real streamline

Figure 233 Comparison between experimental losses and corrected losses

In spite of the simplicity of the model, a good agreement is obtained betwesnrrbeted
loss coefficientand the experimental results, which means that the blockage due to rotating
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stall cells must be the major cause of the reduction of the losses in unstable operation of the
diffuser.

One can nevertheless notice that the correttsdes are a little bit higher than the
experimental losse3 herefore, asecond explanation has also to be considdhedpressure
whichis measured at the diffuseutlet is a time averaged value amhsideringthe topology
of cells it can be seen thahey arecharacterizedby regions of inwardradial velocity.
Consequently, some high pressure flow coming fdmwnstreanof the diffuser (the ambient
air at atmospheric pressutig)convected in the diffuséFigure 2.34), then the mesured time
averagedressure is actually increased.

Figure 234 Convection at the diffuser outlet
2.6 Effect of the geometrical configuration

In Table2.5, all the identified stall modes have been listed at each flow condition. Comparing
the dominant stall mode to previous experimental results (FRyu8 a similarevolutionis
observedthe dominant stall modehanges with the decreasefluiw rate 4 cells (Q/Qq =

0.47, 0.56and 0.58 : 2 cells Q/Qy4=10.36) : 3 cells Q/Qq = 0.26). However, a clear shift

of the critical flow condition for each dominant stall modes can be observed in Ri§are

For example, mode = 4 appeared d&/Qq = 0.78 in previous study, and the critical flow rate
for moden = 4 moves td)/Qq = 0.58 in the present experiment.

The first difference between the present and previous experiment is the diffuser width
which has been decreased from 40 mm (previous) t6 88n (present)As a result the
comparison shows the flow in a narrow diffuser is more stableithanvide one, the critical
stall condition for each stall mode moves to a lower flow rEbe same conclusiomasalso
been reported by Jansen (1964a@n& et al (1977), Ligrani et al (198P)tiigenet al (1988),

Moore (1991) and Ljevar (2007), they reported that the narrower vaneless diffusers have a
wider operating range than the wider ones. The mechanism can be explained with the help of
thelinear sability analysisproposed by Tsumoto et al (1996), who indicated that the critical

flow angle of rotating stall in the wide vaneless diffuser, is only the function of the diffuser
radius ratio and the number of stall cedlad independent on the diffuseidth.
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Figure 235 Comparison of the critical flow rate for the dominant stall modes

Therefore,if the critical flow angle is fixed for a given vaneless diffuser, for a given flow
rate, one can imagine thtde radialvelocity component is largen a small width diffuser
than in a large width diffuse€onsequently, the decrease of the diffuser width ratio results in
an increase of flow angle, and rotating stall will not occur if the increased flow angle is higher
thanthe critical value. For example, the critical flow angle of mode4 is reached a&/Qq =
0.78 in previous experiment, but in the present experiment, the real flow angle at the same
flow conditionQ/Qq = 0.78 is actually higher than the critical valtleen the same stall mode
cannot be observed.

Figure 236 Comparison of the critical flownglefor the dominant stall modes

In Figure 2.36, thebserved dominargtall modes are plotteds a function othe flow
angle in order tdakethe effect of the diffuser widtimto accountComparing the critical flow
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angle forn = 4 in present studyQ/Qq = 0.58) to previous resul€Qy = 0.78), it can be seen
thatthe critical flow angle irthe presentstudyis still smaller than previous studyhis may

be due to the secorgometricaldifference the gap between the impeller and the diffuser in
present experiment is slightly larger than before.

On the one hand, ihlarger gap will increase the leakagewllocConsequently, the diffuser
inlet flow angle will be increased’hen, closeresults for the critical flow angle in Figure
2.36 can be expected. On the other hamel result presented by Pavesi et al (2011) in Figure
2.37 shows a clear interaction beemethe leakage flow and the diffuser core flow, and this
effect is stronger at shroud side than at hub side due to the different joint shapes (Figure 2.13)
Therefore, the stability of the diffuser flow is possibly affected by this interaction.effect

Figure 237 Flow field in the vaneless diffuser (Pavesi et al, 2011)

2.7 Conclusions

In this chapterthe experimenperformed to study rotating stall in the vaneless diffumsey

been presented’he presence of rotating stadl deteced by the spectrum analysis: at stable
conditions, the dominant frequency in the spectrum is the blade passing frequency, the
impeller frequency and its harmonics are also significant; at unstable condigvesldow
frequency peakslominatethe spectrum instead of the blade passing frequehogse low
frequencies are then classified to be rotating stall, impeller frequency, or harmonics by a
dedicated spectrum analysis.

Since the presence of rotating stakkonfirmed, the characteristics of rotating stall are then
obtained based on the experimental results.

(1) The number of stall cells, is determined by signal phase difference delivered by the
two microphones

(2) The propagation velocity of stall cells, is determinedh®frequencyof the peakand
thenumber of stall cells.

(3) The critical flow angle, is directly linked with tle®rrespondindlow rate.
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The effect of rotating stall on the vaneless diffuser perfoomamasalso analyzed.The
result shows that, for operating points with no rotating stall, the losses increase linearly with
the length of streamline in the diffuser. But, it has also been observed that the development of
rotating stallis corresponding ta decrease of the losses$erarising of instability has thus a
positive effect on the diffuser performan@evo possible reasons were offered:

(1) The blockage due to the occurrence of the rotating instability indimeter length
of streamlinavhich decreasgthe friction losses

(2) The convection at the diffuser outlet makes the measured pressure higher than the one
we would have without rotating stall.

The evolution of the dominant stall modes in present study is the same as previous study,
but eachdominant stall mode occurs at a lower flow rate than beflos®. explanations were
proposed:

(1) The smaller diffuser width in present experiment increased the flogle asf the
diffuser core flow.

(2) The larger gap in present study not only increased the Hoglein the vaneless
diffuser, but also interasvith the core flow which affects the stability of the diffuser
flow.
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Chapter 3 Linear stability analysis

3.1 Introduction

In this chapter, gheoretical studyf rotating stallin a radialvaneless diffuseis presented
With several assumptions (two dimensional, axisymmetric, inviscid and incompresaible),
linear stabilitymodel is constructed he critical stability problem of the flow in the vaneless
diffuser s thenrepresented by twgroupsof solution:One group of solution is for the stable
flow, which can balirectly solvedby specifying theboundaryflow condition; another group

of solution is for the perturbations, which can be solved scifiedboundary conditions.
With the constructed lineatability model, the characteristics of rotating stall in the vaneless
diffuser are calculated andcompared tothe experimental results and tHmear stability
analysis presented by Taupto et al (1996)Moreover the velocity and pressure fluctuations
predicted by present studysohave been compared to previous PIV experiment andasimi
results found in literatureVhereas Tsujimoto et al (1996) wotke present analysis is not
focused onlyon the criical conditiors of rotating stal] but extendedalso tothe studyof
unstable conditionsThen, the growth rate of stall modés calculatedto determine the
dominant stall modéhat is, the on&vith maximum growth rateat unstable conditionghe
results are discussemd comparewith the experimental results

A discussion of the cause of the instability is proposed andgtbeth rateof the
perturbation is calculated@he analysis shows thtte growth ratean be expressed into three
parts,and the contribution of each part is then discusBaded on the characteristics time in
radial and tangential, an analysis is proposed to explain whinstebility is developingn
the experimen(different modes exist intermittentlyand the conditin for the developing of
stall modes is also proposed.

Through the comparisons and discussidhe abilities and limits of this kind of linear
stability analysis ardiscussedt the end

3.2 Hypotheses

To simplify the theoretical modehndaccordingto the experiment setup chapter2, several
assumptionsare made in this partin the experiment studyhe width ratio of the vaneless
diffuseris: Bg/r, = 0.15 which isa typical wide vaneless diffusefherefore,asit is stated
before a two dimensionatore flow is able to represent the main flow in the vaneless diffuser,
afirst assumptions proposedthe flow issupposed to bevo dimensional.

Figure 31 Velocity triangle at impeller outlet
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The velocity triangle at impeller outlet (Figui@l) explained thafor the fixed impeller
blade angle ; and rotational speed,, the decrease of the flow rate results in the decrease of
the radialcomponent/,,. Consequently, the absolute veloatyimpeller outletV,increased.
Therefore, the maximum velocity in the vaneless diffuser appeared at the lowest flow rate
Q/Qq = 0.26, which is nearly equal to 24 m/3hen, he correspondingmaximum Mach
number is then calculateMa = 0.07, which means the flow in present studyaisubsonic
and incompressibl#ow. In addition the diffuser inlet flow is assumed to be axisymmetric,
andas the problem is focusing on the core floghavior the viscosity will not be taken into
account.

All the hypotheses aseimmarizedelow,

(1) The vanelessdiffuser flow is two dimensional anthe boundary conditions are
axisymmetric, with uniform static pressure at diffuser od&nosphere pressurajd
imposed velocity magnitude and angle at inlet.

(2) Thefluid is incompressible and inviscid.

3.3 Linear model

3.3.1 Dmensioral equations and basic solutions

Figure 32 Flow in the vaneless Diffuser

At first, the linear stabilityanalysisis startedfrom dimensional form (the quantities with
overbar).Some of the parameters used in the analysis are summarizeéguie 3.2. The
continuity equation in cylindrical coordinate systenthisn

(3.2)
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Because the flow is two dimensionaldsthe fluid is incompressibleone get:
Eand (3.2)
Therefore, the continuity equation becomes
(3.3

As it is usually done for machine working with air, the effect of gravity are neglected and
the momentum equatias

(3.4)
Since the flow is two dimensionale have, irtheradial direction:
(3.5)
andin thetangential direction
(3.6)
where is the radial velocity, is the tangential velocity.
The vorticity is defined as , and applying thecurl operator toequation 8.4),
oneobtained
(3.7)
with
andit is known thathe curl of the gradient is 0, thethe two terms
Finally, equation(3.7) becomes
(3.8)

and:
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(3.9)

Because of the fluid is incompressidimm equation 3.3), we have

andit is known thathedivergenceof the curlis 0, then

Therefore, gpression(3.9) now becomes

(3.10)

For the two dimensional floyonehave

Thentheequation(3.10) can beexpandeds

(3.11)

As the flow istwo dimensionalthe only equation component of interesequation 8.11)
is the axiadirectionand the equatiooan be expressed theform:

(3.12)

One can also note that:
(3.13)

Collecting equations 3.3), (3.5), (3.6), (3.12) and 8.13), a set of basic equatias then

proposed
(3.14a)

(3.14b)

(3.14¢)
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(3.14d)

(3.14e)

The basicsolutiors of equations3.14a +3.14e), for a steady flowareassociated with the
assigned flow conditian

, , and

where isthecirculation of the upstream impeller, which is defined as
$L i L (3.15)

According tothe velocity trianglet the impeller outlet

(3.16)
Therefore, the circulation from impeller outlet is
3.3.2Dimensionlesgorm
To obtain the linear analysis in dimensionless fotime, quantities , , : ,
and are introduced to scale thequantities oflength, time, velocity, vorticity and

pressure respectivelynd then thefollowing dimensionless quantities aobtaired :

, : : , and the basic equation se?.14a

3.14e) becoms :

(3.17a)

(3.17b)

(3.17¢)

(3.17d)
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(3.17¢)

where , and the corresponding dimensionlesgutions for steadyflow are
: : and . We then define to
represent in the following, where. is theabsolute flow angle in theanelesdiffuser,

as shown in Figurd.2.

3.3.3Linearization

As it is classically done in linear stability analysis, the perturbed flow will be represented
as a superposition of steady and unsteady flow. Therefad]aw in the vaneless diffuser
will be now represented by the sum of the steady fl{ive basic solutionsand a small
unsteady disturbancas shown irthefollowing,

where

Introducing the abovexpressioninto the equation seB(17a3.176 and keemg only the
terms with first order of , the linearequations foithe smallperturbation( andp)

are obtained

(3.18a)

(3.180)

(3.1%)

(3.18d)

(3.1%)
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3.3.4Normal Modes Analysis

Thequantities of the perturbation the form of normal modesan be writteras

(3.19

Where is the number ofnodes which represeistthe number ofotating stall cellsn the
experimentA is aconstant which represents the amplitudeheflinear mode The complex
pulsation Zcould be divided in a real and complex part . Physically, the real part

is the angulavelocityand is thegrowth rate of the instabilitwhich determingif the

mode is stableor not.
, the flow is unstable

, the flow isat neutral stability
, the flow isstable

Therefore, e neutral stability statean be obtained by setting to have the
characteristics of the rotating instabilitythe critical condition Introducing he normal mode
expression (3.19) into equations §.18a +£3.186, the following equations are obtained:

(3.208)
(3.200)
(3.20c)
(3.20d)
(3.20e)
3.3.5 Solutionsof linear stability analysis
From equation3.20d), it becomes
(3.21)
Then thegenerakolution of equation3;21)is
(3.22)
whereC is aconstangivenby
(3.23
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If thesolution B.22)is usedn equation 8.20e), that is

(3.24)

with equation(3.24) and equation 320a), a solutiorrepresented by the twiollowing
equations can be proposed:

(3.25)

whereF andG are twoarbitrary functiors, anday, a,, by, b, are the constants which need to
be determinedOnethen obtained

(3.26)
The firstequation in(3.26) can be rewritten as
(3.27)
The term is replacedin the secondequationof (3.26) by using the expression
(3.27),thenwe have
(3.28)
in thesamemannerpne can get
(3.29)
(3.30)
Theorthogonality conditiorof equations3.27) and @.29) leads to
(3.31)

One of the solutionsf these equations proposed:
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(3.32)

and equations3(28) and @.30) become

(3.33)

The general solutions oF and G are the sum of a particular solutiofor the
nonhomogeneous equati@and a solution for the homogeneous equatiofherefore, the
solutionscan be written as

(3.34)

where the subscripp represents particular solution ahdrepresents the solutiofor the
homogeneous equatiofor the particular solution, we propose the following solution,

(3.35)
For another solution, the corresponding homogeneous equations are
(3.36)
Then, he solutions can be easily obtained,
(3.37)
Finally, thesolutionsof F andG are
(3.38)

Then equation3;25) becomes
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(3.39)

with

(3.40)

To determine the values of tiwo constantsC; and C,, the boundary conditi@of the
disturbance at the diffuser inlet 1 are usegdthat is

(3.412)
Therefore:

(3.42)
andas from expression3 40),

(3.43)
Finally, and arewritten as

(3.44)

The outlet of thevaneless diffuser is directly connected with the atmosphere, thus the
boundary conditiomt diffuser outlet is obtained. Thequation 8.20c)becomes

(3.45)

The above expression may be simplified by taking into account equét@e) which
gives

(3.46)

Expression 8.46) is introducedinto (3.45), andthe following dispersion equations
obtained.

(3.47)
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in which

and canbe determinedrom equationg3.22), 3.40),
and B.44), whichreorganized as follosv

3.4 Resultsof linear stability analysis

3.4.1 Critical flow angle and propagation velocity

(3.48)

The dispersion equation3(47) is the function ofn, R, £ Za and W To estimate the

characteristics of rotating instability at critical conditiot,

is prescribedthen with the

specified stall mode which representedignd vaneless diffuser which representedRpthe
critical flow angle (represented by andangular frequency £.,) of rotating stallcan be
determinedby giving proper initial valuesThe mathematicakalculations weregealizedby
the commercialsoftware Mathematica, the procegsis given inFigure 3.3. The results are
given in Table3.1 and Table.2, in which

Table 31 Critical flow angle for different parameters

x°)
n
R=1.5 R=2 R=25 R=3
1 3.62 8.16 11.76 14.55
2 6.60 13.76 18.98 22.89
3 8.66 16.40 21.40 24.80
4 9.84 16.76 19.68 18.20
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Table 32 Critical propagation velocity for different parameters

ViV
R=15 R=2 R=25 R=3
0.20 0.014 0.04 0.05
0.24 0.088 0.042 0.024
0.29 0.16 0.11 0.08
0.34 0.22 0.17 0.18

Figure 33 Calculation process ofand &ea by Mathematica
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(a) Comparison of the critical floangle

(b) Comparison of the critical propagation velocity
Figure 34 Comparisons between present results and Tsujimoto et al (1996)

In order to verify thepresentinear model, theharacteristics of rotating stadle plotted
and compared to the results presented by Tsujimoto et al (1996), as shown in F4gute
can be seen that good agreements obtained fgrésentedtall modesn=1, 2 and 3, and
the generalendemies can be concluded as follows

(1) Thecritical flow angle increases with the increase of diffuser radius ratio.
(2) Thepropagation velocitgecreases with the increase of diffuser radius ratio.

(3) For stall modes = 1, 2 and 3, the more of the number of stall ¢celie larger of the
critical flow angle and the higher of the propagation velocity.

Thelastconclusionis only true forthe modes presented in batfudies:n = 1, 2 and 3the
different behavior of the critical angle versus diffuser radius ratio, obtarthedthe number
of stall cells is 4has already beemported by Ljevar (2007), as shown in Fig8re
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(@)

(b)
Figure 35 Critical flow angle (a) and propagation velocity (b) versus the diffuser radius ratio
(Ljevar, 2007)

3.4.2 The growthrate of stall mode

Although thelinear stability analys presentedby Tsujimoto et al(1996) has provided
quantitative information on the stabilignalysis the theoretical predictionarelimited to the
neutral stability regimeonly. For example,Figure 3.6 (Tsujimoto et al, 1996pives the
comparisons of critical flow angle and propagation velob#yween the theoretical results
andexperimetal results It can be seen th&br each configurationt givesonly theresult at
critical point, while the experimental result®portedcontinuouspropagation velocitysince
the flow angle beyond theritical limit of rotating stall Therefore the results of Tsujimoto et
al (1996) did not show theharacteristic of rotating stadt stall conditions.
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Figure 36 Comparisons of critical flow angle and propagation velocity with experiments
(Tsujimoto et al, 1996)

Sincethe comparisons shown in Figu8es are not enough to reveal thbaracteristics of
rotating stall &unstable conditionghe presenstudyextenad the analysis to unstable flow
conditions(with a positive growth ratef instability). More precisely, the dependenof the
propagation velocityand he growth rate on the flow angleill be examined for different
fixed diffuser radius ratid? and different fixed number of stall modesin addition,as we
have observed different stall modes in the experiment,thieegrowth rate of each stall mode
will be comparedo determine the dainant stall mode.

In Figure 3.3, we have determined the critical flow angland propagation velocitfor
fixed n andR. In the same manneif, we decrease the flow angleP! £) from the critical
valug which means the operating condition moves to unstable regimeththegrowth rate

land the corresponding propagation velocsy, of each stall modat unstable conditions
can be obtained AR andn are givenThe processing idescribedn Figure3.7.

The caonputed values of the growth eatl/ for assigned number of modesand diffuser
radius ratioR are reported inigure 3.8. In this figure Us plotted versustfor R=2 andR =
25 withn=1,n=2,n=3 andn = 4. The plots inFigure 3.8 show that the growthate
changes from negative foD! [ to positive for O [ where Ris the critical angle at the
onset of instability. Antherinformation gathered frorrigure 3.8 is that, for any given pair
(R, pwith D [ the comparison of the growth rates associated with different modes of
instability indicates that there exists a maximum growth raterresponding to a particular
rotating stallmoden.

There is an intrinsic physical interest in determining the fagpesving linear mode for
given values oR and D In fact, with l{ax ! , the spatial periodicity of this mode, namely
2 Sn, likely determines the number of stall cells. Depending on the flow adgtee number
of stall cells corresponding to a maximumowth rate Waxis indicated inFigure 3.8 for two
geometric configurations witR 2 andR 2.5. A close inspection of this figure shows that
generally, the growth ratassociated with the mode 1 is always smaller than the nearly
similar growth rate of the modes 2, 3,and4, this is confirmed by the experiment of that
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moden 1 is the weakest stall mode which can be neglettith the decrease of flow angle,
for the casdk = 2, the fasteggrowing (dominant) stall modes ane 4: n 3: n 4, while
forcaseR 2.5,theyarem 3: n 2:n 4.

Figure 37 Calculation of 1and &g, by Mathematica

@R=2
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(b)R=2.5
Figure 38 Growth rates of instabilities for different cases

Figure 3.9 depicts the dependenoe the flow angle of the propagation velociyV
for R 2 andR 2.5 at unstable conditionsAs it can beseen from this figure, the
propagation velocity in the unstable region is a decreasing functidiioofa fixed number of
stall cells and an increasing fuiwet of n for a fixed flow angle

@)R=2
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(b) R=25
Figure 39 Propagation velocity of cas&s= 2 and 2.5

3.4.3 Comparisorbetween theory and experiment foage R = 1.5

Figure 3.10 shows thecomparison between thexperimental(R = 1.5) and theoretical
propagation velocity/y/V . The moden = 1 was eliminated due to its low amplitugdich is
barely observeth experimerg. It can be seen

(1) The experimental and calculatg@opagation velocitypoth increaseas the flow rate
decreasesThis can beexplained with the help of the increased circumfitial
velocity at diffuser inlet.

(2) From the quantitative point of viewhe measuredpropagation velodies agreewell
with the theoretical predicti@n they areof the same ordeof magnitude In more
details the theoretical predictions overestinthtee propagation velocity fonoden =
3 and 4and underestimated far= 2. It also can be seen that the theory predictger
propagation velocitie$or stall mode with larger number of cellsyt thistendency
cannot be observed in the experinsent

In the same mannghor caseR = 1.5,the growth rate of different modesre determineds
a function of DThe obijective is to verify ithe dominant stall modebservedn experiment
can be predictedly the stall mode with the maximum growth rat€he results argivenin
Figure 3.11. As it can be seen from this figure, the made 4 hasalwaysa maximum
growth rate, independentlyom the angle flow D This theoretical prediction contrasts with
the experimental resulor which the observed modes varyingfromn=4ton=2andn=3
when the diffusr inlet flow angle is decremg from 0= 5.72to D= 2.29°.
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Figure 310 Comparison of propagation velocity between experiment and thiaryL (5)

Figure 311 The dominant stall mode f&t= 1.5
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The possible reason ishat the linear assumptiomeglectedthe effect of nodinear
interactiors between stalmodes. When rotating stdifst occurred in the experimertere
was onlyone moder{ = 4) thatcan be identifiedThis is well predicted by the present linear
analysis However, mce the flow angle decreased tocertain conditionthat allowsthe
existence ofmulti stall modes, the nonlinear interactioould affect theevolution of the
dominant modeln that caseljnearapproachbecomes clearliimited to predict the dominant
mode of instability

Although the theoreticabnalysispredictedthe dominant mode is the one withlarger
number of cel forR = 1.5, the same conclusi@annot be drawn for otheaneless diffuser
radius ratioR, as shown in Figur&.8. In fact, the results obtained in the current study
indicated thathe predicteddominant modés not alwaysn = 4 but depends on the flow angle

andthe radiugatio R. By decreasing, the dominantmodechanges successively from=
4 to n = 3 andthento n = 4 cellsfor caseR = 2; from n = 3 to n = 2 andthento n = 4 cellsfor
caseR = 2.5 This result is a motivation to perform nexperiments with differendiffuser
radius ratio to get mmore comprehensive conclusion

3.4.4 Velocity vector and pressure distribution

In this section, the characteristics of the shape of the rotating instatdde predicted by the
present model will be compared with the results found in literatures.

Firstly, the comparison of the velocity fluctuations associated with a given mode, between
the present model and the results given by Tsujimoto et al (1996)visish Figure3.12. In
the study of Tsujimoto et al (1996), two stall cells were identiffretheir experimentvhen
the flow angle D 3.2 (Figure3.12(b)). His theory also succeed to predict the two cells stall
mode at D 3.8 (Figure 3.12 (d)which is the critical angle fan = 2). According to that,
when flow angle D 3.3 and 3.8 are specified in present modele then obtainthe
corresponding velocity fluctuation using present model, as shown in Hdi2réa) and (c). It
can be seen th#he stall mode = 2 also has been well predicted gmgsent modedt the two
flow conditions. Therefore, the good agreements are obtained between present model and
Tsujimoto$ theoretical and experimental results, the present analysis is able to firedict
velocity fluctuation due to rotating stall in the vaneless diffuser.
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(a)Present modeR=2,n=2, D 3.3°

(b) Experimental result of Tsujimoto et al (199R)=2,n=2, .=3.3°
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(c) Present modeR=2,n=2, D 38°

(d) Theoretical result of sujimoto et a(1996: R=2,n=2, . =13.8°

Figure 312 Comparison of the velocity distribution
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The comparison of the radial velocity component between present model and previous PIV
resultpresented by Dazin et al (2QMith the same experimental configuration) is given in
Figure3.13. It should be noticed that the experimental velocities are shown in real values (in
m/s), but the values in the theoretical results are only the amplitudes of the corresponding
quantities.The PIV result in Figur&.13 (a) shows a stall mode with 3 celésd each cell is
composed by two cores with inward and outward radial veloThe. similar topology of 3
cells stall is also well predicted by present model in Fi@ut8 (b). For the comparisoof
tangential velocity betweenidure 3.13 (c) and (d), the I/ result shows that three regions
are characterized by negative tangential velocity due to the propagation velocity of stall cells
is slower than the averadangential velocity and the present model also predicted those
three stall regions with negatit@ngential velocity.

(@) PIV result of Dazin et al (2011R = 1.5,Q/Qq = 0.26 (in m/s)

(b) Present modeR=1.5,n=3,Q/Qq=0.26
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(c) PIV result ofDazin et al (2011)R=1.5,Q/Qq = 0.26(in m/s)

(d) Present modeR=1.5,n=3,Q/Qq=0.26
Figure 313 Comparison of the radial and tangential velocity components

At last, since the velocity fluctuation and radial velocity have been compared, then the
comparison of the pressure ftuation is presented in FiguBel4. Four cases are compared
with present results, they are:

(1) Tsujimoto et a(1996), theoryR=2,n=2, . =13.8°
(2) Tsujimoto et al (1996), experime:=2,n=2, . =3.3°
(3) Tsujimoto et a(1996), theoryR=3,n=2

(4) Nagashima and Itoh (1989), experimeRt: 3, n=2
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It can be seen thgbod agreements are obtained when comparing the results calculated by
present model to the theoretical or experimental results in literatures. Similar pressure
fluctuations are predicted by the present modékrefore, this study has the capability to
de<ribe correctly and qualitatively the shape of thedsotour of pressure fluctuations due
to rotating stall in the vaneless diffuser.

(a) Present modeR=2,n=2, .=13.8° (b) Tsujimoto et a(1996, theory R=2,n=2, .=13.8°

(c) Present modeR=2,n= 2, . =3.3°(d) Tsujimoto et a(1996, experimentR=2,n=2, .=3.3°

91



(e) Present modeR=3,n=2

() Tsujimoto et a(1996, theory R= 3,n= 2 (g) Nagashima and Itoh (1989), experimdRt: 3,n=2
Figure 314 Comparisons of the pressure fluctuation between present results and literatures

3.45 Analysis ofthe perturbed flow

The linear stability results are now used to try to give some physical explanation to the
development of the instabilityilo do so, an analysis of the kinetic energy of the perturbation
is developed in the following to try to identify which term of theapn is the source of the
instability.

Applying the complex conjugate of and  to equations3.20b) and 8.20c)gives:

(3.49)
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(3.50)

The sum of théwo lastequations is

(3.52)
As , then the complex conjugate of is:
(3.52)
Then the complex conjugate aif equation 8.51) is
(3.53)
From the linear analysis, the basic solutions larewn to be: , then the
sum of @8.51) and 8.53) is
(3.54)

whereC.Cis thecomplex conjugate in theorrespondindprackets.

It is interesting to see thdtd lefthand side of equatior3.64) represents the kinetic energy

of the perturbatiorandthe righthandsideincludes3 partswhich could be associatdd three
parametes: the radial velocityV,, tangential velocityyv and the pressurefluctuation . It

meansthat the growing of the perturbationis depending orthe values ofthesethree
components

The contribution of the pressufieictuationcan be simplified byhe continuity equation
(3.20a),which gives

(3.55)

then theerms with in equation 8.54) becomes:
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(3.56)
Then,both sids of equation 8.54) will be integrated frordiffuser inlet to outleto get

(1) For the left hand side, the total variation of kinetic energy othe perturbations
obtained.

(2) For the righthand side the contribution ofradial velocity componenttangential
velocity componenandpressures obtained.

The integration of the term corresponding to pressure fluctuation in equatdi gives:

(3.57)

The boundary conditionia thepresentinear analysisre
whenr =1; whenr =R
Therefore, the equatior8.67) is equal to zerayhich meanghatthe pressurductuation

term has nocontribution to the occurrence of rotatingstability. Then, the growth rate of
rotating instabity in equation 8.54) can besimply written as follow,

(3.58)

where

Equation B.58) gives a simple expression t&how that the growth rate of rotating
instablity can beexpressed simply as the contribution of ti@oms linked respectively with
the radial andangential velocity componentan exampleof the two contributions obtained
for caseR = 2, n = 4, from stablecondition( V' ) : critical condition( V' ) : unskble
condition( IV ), areplottedin Figure3.15.
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Figure 315 Contributions of the two parts on the instabili®= 2,n=4

In anyflow condition for thewhole diffuser spaceat can be seen that the radial velocity
term always givea negative contributiorfthat is a stabilizing effect on the flowhile the
tangential velocityone provides always apositive contribution(that is a destabilizing effect
on the flow) With the decrease of flow angle, the stalnligeffect from radial omponents
becomingwealer and weaker, anthe destabilizng effect from tangential velocitis getting
stronger and strongerhich leads to the development of the instabiltyenthe destabilimg
effect stronger than the stabitig one Since the flonangle is directly linked with the radial
to tangential velocity componentatio, this analysis confirmed again the importance of the
flow angle to the stability of the diffuser flow

3.4.6 Characteristic times associated with the convection of a perttidma

Figure 316 New perturbation and the stall cell in the vaneless diffuser

The previous paragraph has clearly shown that the radial velocity component has clearly a
stabilizing effect whereas the tangential one has a destabilizing effect on the flow in the
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diffuser. A simple model based on the characteristic times associatetheitonvection of

the propagation is proposed below. The idea is to imagine that a perturbation associated with
the inception of the unstable modeis created in the diffuser, and then to compare the
characteristic time needed for this perturbation mwflout from the diffuser with the
characteristic time needed for this perturbation to interact with the perturbed flow.

The order of magnitude of the time needed for the perturbation to flow out of the vaneless
diffuser is:

t ~ (3.59)

Assuming that the perturbation is convected by the steady flow, in the circumferential
direction and that the mode is propagate in this direction with a veMgitlyen the order of
magnitudeof the time needed for the perturbation to catch the previous unstable cell is:

t) ~ (3.60)

If it is supposed that the propagation velocity of the mode is a fraction dftehey
tangential velocity:

(3.61)
we get:
o~
(3.62)
Therefore, if , the perturbation will catch the stall cell before itwk out of the
vaneless diffusethenthe moden will develop if the following condition is satisfied:
(3.63)

To check the validity of this analysis, critical condition given by equaf®ld) are
compared to the critical conditions coming from the linear stability analysis (F3gtixelo
do this, equation(3.63) is calculated withthe value ofk which can be obtained from Figure
3.4(b). The corresponding curves for= 1, 2 and 3 are compared to the linear stability critical
conditions inFigure3.17. Although the analysis is based only on some orders of inags,
it gives qualitatively good results, with an increase of the critical angle with the radius ratio
and with the number of cells. Moreover, it gives also qualitatively correct results, especially
for radius ratio lower than 2.
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Figure 317 Comparison of tanfandn(ra/rz-1)(1-k)/2 S

At last, ®veral conclusions can be drawn fridme analysis proposed in this section about
the arising of the rotating instability in the vaneless diffuser.

(1) The instability isdeveloping when the flow angle is below a critical value because
when flow angle is small, it will take more time for a perturbation to go out from the
diffuser and less time for it to interact with the previous unstable cell. This explains
also why the rdial velocity component is stabilizing the flow whereas the tangential
velocity component has a destabilizing effect on the .flow

(2) The instability is more likely to happen in high radius ratio diffuser because in this
case, the time needed for a perturbatmgoout from the diffuser is longer

(3) The instability is developing first for high number of modes because the more is the
number of mode, the less is the distance between two cells

3.5 Discussionsand conclusions

In this dhapter, a linear stability afysis is presented to study rotating stall in the wide
vaneless diffuserThe characteristics of rotating stall are cébed and compared ttne
results found in literatures, the abilities and limits of such a methoddlaggnthen been
discussed
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In section3.4.1, the propagation velocity and critical flow angle of noigtstall have been
calculated. Through the comparison, good agreemerdgobtained for the stall modes= 1,
2, and 3 the critical flow angle and propagation velocity for easgfdenseems only increase
or decrease function of the radius ratimwever, the stall mode = 4 calculated by present
model shows thathe critical flow angle angrropagation velocity are not simpiycrease or
decreasavith the radius ratiolt can be seen from FiguBe4a that the critical flow angle of
mode:R = 3,n = 4 is even smaller than modRs- 3,n =2 and 3, and also smaller than case
R=2.5,n=4.Similar resuls also can b@bservedrom Figure3.4b, the propagation velocity
for R=3,n =4 is smaller thafiR = 2.5,n = 4. These results can be verified by the results
presented by Ljevaf2007)in Figure3.5. Thereforejt seems there is no genetahdencies
can be drawn fronthe plots of critical flow angle or propagation velocity if stall modes with
n < 4 are taken into accounievertheless, this discussion has a limited practical interest as
stall modes witm <5 have never been observed experimentally.

In the experiment, wedve observed several stall modes at one flow condition, and one
dominant stall mode can be identified. Therefore, in se@idr2, we tried to estimate the
growth rate of each stall mode in order to determine the most unstab{evitmenaximum
growth rate) Although the theory failed to determine the dominant stall mode for the
configuration used in experimerR € 1.5), but the predictiafor R = 2 and 2.5hows that
the dominant stall mode varies with the flow anglkis motivates us performed an analysis
of the growth rate in sectid®4.5. It has been shown that the growth rate of stall motte is
results of three contributions associated respectively thi¢h radial velocity, tangential
velocity and pressurd@he pressureestm has no effect on the flow, the radial velocity term has
a stabilizing effect and the tangential one has a destabilizingTbeeanalysis presented in
section 3.4.6 physically explainedwhy the stall mode is developing in the experiment
(different stal modes exist intermittently), and also explainedly the radial velocity
component is stabilizing the flow whereas the tangential velocity component has a
destabilizing effect on the flo@in section3.4.5).

The misprediction of the experimental dominatall mode could be ascribed tbet
neglected nonlinear terms in the linear analysis. They may affect the final result of the growth
rate for each mode. THenitation of the linear stability model motivatesweakly nonlinear
stability analysisvhichwill be presented in the next chapter.
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Chapter 4 Weakly nonlinear stability analysis

4.1 Introduction

In the previous chapter it has been demonstrated thahéoflow angle in thevaneless
diffuser smaller than a critical valu® the basic state of our model, ia&two-dimensional
steady flow is unstable. The linear theory shows that in this,cadating instability with
exponentially growing amplitude will develop. However, the linear stability approach is only
valid in the nitial growth stage, where the wave amplitude is infinitely small. If we want to
describe the nonlinear dynantiehaviorand to determine thevolution of the rotating stala
nonlinear stability approach is needed. A detailed analysis is possibéfldw angle in the
vanelesdiffuseris only slightly smaller than theritical value 2. In that casd¢he weakly
nonlinear dynamics of the linearly unstable modes can be descrilzethbyplitude equation.

In this chapter, the control parameter used is instead of the anglé®

4.2 Governing equations for finite amplitude disturbances

Theperturbations of the basiwo-dimensional steady flowan be expressed as

(4.1)

We insertabove terms intdhe system3.17a) £(3.17e)and obtainthe nonlinear set of
equations for the perturbations ,

(4.2a)
(4.2b)
(4.2¢)
The system4.23 ¢) must be solved with specific boundary conditions as proposed
in linear analysis,
atr=1and atr=R (4.2d)
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In the following, we use the same strategy as in the linear stability analysis by adopting the
velocity/vorticity formulation. Once the components of the velocity perturbation are

determined, the pressure perturbation is deducedslng either the equatiod.gb) or the
equation 4.2c).

The perturbation of vertical component of the vortictgdefinedasin the previous chapter

(4.2e)

and deys to the nonlinear evolution equation,
(4.2f)

4.3 Derivation of the amplitude equation

In orderto derive the amplitude equation, we maiseof the perturbationexpansion near the
critical threshold . In solving weakly nonlinear hydrodynammroblems with this method

for a nonself-adjoint linear operator, wenust also use the correspondingoadj operator.
Then we performinner product using both, the stains of the homogeneous linegperator
and of the adjoint dmogeneous linear operator. Therresponding amplitude equation is
then obtained from a solvabilitgondition, known as the Fredholm alternative, which states
the fact that thenhomogerity must be athogonal to the solution of theljoint problem.

We firstintroduce a small paramet&vhich measures the distance to criticality by setting

(4.3)

where ; is of order unity, and is thethreshold at critical condition.

The nonlinear theory described below has been applied to various classical hydrodynamic
stability problems (see fanstance Newéland Whitehead (1969), Stewartson and Stuart
(1971) and has been tested experimentally (see for instance Drazin and Reid (1981) for an
overview). In these experimenis has been found that the predictions based on the weakly
nonlinear theny might be valid far from the critical condition, i.e. the theory seems to be
valid for of an order 1 magnitude.

The temporal scaling may be obtained by expanding the complex frequ&imcg Taylor
series near :

where

100



Substitution of the Taylor series of near in the linear solutions3(19) yields

This descibes the modulationf the amplitude of the critical wave with frequency

As , the modulation is at slow temporal scale,

(4.9
The temporal derivative is then replaced by

(4.5)

Theevolution equations are obtained by expanding the perturbations in power sedies of

(4.6)
The perturbation fields depend on the slow variabte. By substituting
expressions43) 4.6) in thesystem 4.2a) f), and collecting coefficients of a set of
equations is obtained. Ferample(4.2f) becomes

4.7

4.3.1First order solutions

To thefirst order in Qthe set of linear homogeneous equations are the same as the linear
analysis, which has been solved in chaptekt this orderthe solutiongor the components of
the velocity field and the vertical vorticigre given by

with the solutions which have also been giugechapter3,
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4.3.2 Adjoint problem

Proceeding with the higher orders of the expansion requires the determination of the eigen
functions of the adjoint problenwe consider the vector (hereT is
the transpogecontainingeigenfunctionsfor the components of the velocity field and the
vertical vorticity obtained previouslyWe definethe eigenfunctionsof the adjoint problem
by the vector

(4.8
andwe note the linear operator defined by
Continuity equation:
(4.9
Vorticity equations
(4.10)
(4.11)
and we give the definition of adjoint problem as follow
(4.12)
with the appropriate scalar product is
(4.13)

Then the left side o#(12) is
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(4.14)

meanwhile, the right side ofi(12) is

(4.15)

We look for a link between the left and right side, therefore, all the terrdsli) (vill be
classified as follow:

Collecting the above terms, we then have

(4.16)

(4.17)

(4.19)

provided that,

(4.19)
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whenr = R, the relation(4.19) gives,

and for r = 1, theboundarycondition , together withrelation(4.19) yield

in which is not zeraaccordingo the linear solutionThereforeve obtain:

Now we proceed to determine the solutions
The solutions and  are obtained by resolving equatiqdsl6) and @.17) and read,
(4.20)
(4.21)
whereC; andC; are twononvanishingconstants.

The eigerfunction  is composed by a homogasussolution and a particular solution

(4.22
Introducing thehomogeneousolution into 4.18) lead to,
(4.23)
The solutiorto the equation423)is
(4.29)
with
anda particular solutiorns found as
(4.25)
According to the boundary , we haveCz = 0, andtherefore
(4.26)
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4.3.3 Second order solutions

At order 6, the equation 4.7) leads to thexonhomogeneougroblem for the vorticity field

(4.27)

Without loss of generality and in order to avoid a new amplitude different from the
amplitudeA of the most unstable mode, the homogeneous solutionof (4.27) is chosen to

be orthogonal to the solution of the first order . In the present case, the appropriate scalar
product is

(4.28)
here, in the nonlinear analysis, the overbarmeansthe complex cojugate The condition
of the orthogodlity leads to

The right side of equatio.27) suggestso searcha particulainhomogeoussolution in
the following form:

(4.29)
By introdudng this form of a particulassolution into equation4(27), and are
respectively thedutions of equations:
(4.30)
(4.31)
Thesolutionsof (4.30) and @.31) are
4.32
4.33)
once is known, we canow proceed taletermine
At order 6, equationg4.2a) and 4.2e) become,
(4.39)
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(4.35)

with boundaryconditions:

atr=1 (4.36)

In the same manner, we look for solutions of equatid:3l) - (4.36) in the form:

(4.37)
After some tedious calculationthe solutionsnay be written as,
(4.38)
(4.39)
(4.40
(4.41)
whereF, andG; are defined by
4.3.4Third order solvability condition
At order 8, the followingsystemfor is obtained
(4.42)

We useRHSto represent all terms on the right hand sidéhe last expressiorand the
above equation has a solution if and only if a solvability condition, knowhea&edholm
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alternative, is sadfied. This condition states that the right hand side of the above egsation
must be orthogonal to the linear solution of the adjoint prololetained in sectiod.3.2

Applying the solvability condition leads to the followy amplitude equation,

(4.43)

the aboveamplitude equatiodescribeshe behavior of the amplitudit,) at the time scale.

The coefficients appearing in equatid@) are given by,

(4.44)

(4.45

and

(4.46)

One can get rid of the smalhrameter Aby re-introducing the originalariablest, = H,
and # P R H andsubstituting A by A. This yields an equation fahe amplitudeA in
terms of the originaiime variable of thelandau typevith complex coefficients

(4.47)
with
and

Writing the complex amplitud@ in the normphase form,

(4.48)

and substituting it irquation 4.47), we get the following equations,

(4.49

The physical maning of these coefficients is: is the linear growth rate of the

instability above its threshold, and represents respectivethe linearand
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the nonlinearcorrection of the frequency in the supercritical regimed the sign of
determins the naturefdahe bifurcation.

We determined numerically the coefficientsand for fixed values ofthe radius ratidr

and the numben of rotating stalls. This allows us to determihe linear growth ratef the
instability and the linear correction of its frequency in the unstable regime. Unfortunately and
up to now, we did not succeed to determine numerically the coefficieated which

involvecomplicaed integrals4.46). This task will be accomplished in a future work.

Depending on the sign of , two response diagrams to geal perturbations are possible

If , the bifurcation is supercritical antherefore the steady solutions to equation
(4.49) are:

(4.50)

In this case, thbifurcation diagram éscribing the nonlinear behaviof theamplitude of
the instabilityas a function othe distancedo criticality 2 Ris plotted in kgure4.1. This
illustrative figure shows that for a supercritical instability, the critical vaidat which
instability sets in does not depend on the magnitude of the initial perturbati

Figure 41 Supercritical bifurcation diagram in the case of positive coefficifhe solid line
represents stable solution while the dashed line represents unstable solution)

If , the bifurcation is subcritical and the qualitative diagram of bifurcation is

illustrated inFigure 4.2. From this figurepne can notice thdhe instability may be initiated
by finite perturbations forP £ Physicallyit mears thatthe diffuser flow ca be disturbed
by rotating stallevenat an angle larger than tloeitical one obtained by linear theory. We
emphasize here that in tleaseof a subcritical bifurcationwe need talevelop the solutions
until thefifth orderin the small paramete@o obtain the amplitude equation
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Figure 42 Subcritical bifurcation diagram in the case of negative coefficitite solid line
represents stable solution while the dashed line represents unstable solution)

4.4 Comparison with experimental results

Although the coefficients and which give nonlinear corrections have not been
numerically solved yet, howevehe solvedlinear coefficients and are used to compare

with the experimental results to have a first evaluation on this weakly nonlinear stability
analysis.t should be noticed thalhe experimental growth rate of rotating stalhot defined
which means the comparisa the instability growth rate camot be madeOn the other

hand the eperimental angular frequenciesrotating stallhave been measuréud chapter2,
and becauseéhe weakly nonlinear analysis rasts the flow condition very close to the
critical stall condition, in order to ensure the distance as smalbssible we take the first
two points to determine the experimental slope of the angular frequenshown in Figure
4.3. Then, he experimetal and theoretical results are compared in Talle

Figure 43 Slopes of the experimental angular velocity of rotating stall
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Table 41 Comparison of the slope of angular frequency

Stall mode R=1.5) Experiment Theory(Q
n=2 0.98 1.12
n=3 1.51 1.79
n=4 1.64 2.08

It can be seen good agreengeate obtainedin the comparison: the experimental and
theoretical results are very close each other, and the slope of the angular frequency is larger
for mode with more number of cells.

Although the theoretical redslare slightly higher than thexperimental resultdqyut this
may becalibrated by the nonlinear contribution not taken gtoount in this comparisoi
completely comparison is able to be made when the nonlinear coefficient are numerically
solved.
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Chapter 5 Conclusions and future works

This study wasfocused on the rotating stall in a wide vaneless diffuser. An experimental
studywasfirst performed to measure the impeller and diffuser performance, and to analyze
the characteristics of rotating stalhe effect of rotating stall on the diffuser pemisancewas
discussed based on the experimental resAltinear stability analysisvas introduced to
predict the characteristics of rotating stallhe limits and abilities of this linear modekre
discussed. A nonlinear stability analys¥ss thenintroduced The main conclusionsf this

study are summarized in this chapter, and future works are suggested.

5.1 Conclusions

Rotating stall in a wide vaneless diffuser has been experimentally studied, 22 flovy&lges (
=1.5: 0.26) were tested.he spetrum analysis showed that rotating stall exists at 5 partial
flow rates(Q/Qq = 0.26, 0.36, 0.47, 0.56, 0.58). It is characterized by low frequency peaks in
the spectra, these peaks are related to different stall modes, impeller frequency or harmonics.
A dedicated spectrum analysis is then applied to identify the stall frequencies, and the
characteristics of rotating stall are summarized as follows

(1) Three stall modes are identified at the five partial flow raies2, 3 and 4andthese
different stall modes catpexistat one given operating condition

(2) The propagatiowelocity increases with the decreasetlof flow rate, and the modes
with fewercells propagate faster than modes with more cells.

(3) The amplitude analysis showed that the dominant stall mode varies with the flow rate
fromn=4(Q/Qy4=0.58,0.5%,0.47) : n=2(Q/Qq4=0.36): n=3(Q/Qy=0.26)

The diffuser performance is clearly affected by the occurrence of rotatingistalhalysis
associdhg the effect of rotating stall to the losses in the vaneless diffuser is presented. The
isentropicpressureecovery curve from diffuser inlet to outlet and the experimental pressure
recovery curve are plotted, and then the definitibrthe dosses is proposed to be the
difference between the two curves at the diffuser outlet. In general, the losses in the vaneless
diffuser at stable conditionare divided into three partsifidision lossesmixing losses and
friction losses In the pesent case, the diffusion losses and mixing losses are neglaetéal
the conclusions presented Byingier (1993) and Dou (1991)and the friction losses are
assumed to be the main losses in the vaneless diffuser. The diffuser loss coefficient is then
defined. The theoretical analysis showed that the loss coefficient is a linear function of the
length ofthe streamline in the vaneless diffuser, wétklope equal todDy. This is confirmed
by the experimental results whidihow thatthe loss increasdinearly with the length of
streamline with a slope nearly equal to the theoreficadiiction. This agreement proved that
the friction losgsarethe mainsource oflossesin the vaneless diffuser, and it is then defined
as the normalized loss and usetb evaluatehe diffuser losssat stable conditions.

The comparison shows that, in unstable conditiimrsnormalized lossesemuch higher
than the actual losses measured in the experiment. It is then concluded that the occurrence of
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rotating stall dereased the diffuser lossemnd thediffuser performance is increasebwo
reasons are proposed to explain sucbsalt

(1) First, the topology of stall cells obtained from previous PIV results shows that each
stall cell generated a blockage arednich leads to an increase of thadial velocity
component in the vaneless diffuser. Consequently, the increased flow angle shortens
the length of the streamline, and thtre friction losses aralecreased due to the
shorter flow pathThe new estimation for théiffuser loses based on the calibrated
length of streamline, has been compared to the experimental results, and a good
agreement is obtained.

(2) Second, rotating stall is characterized by inward flows which come frordithuser
downstream. It convectsuild with a pressure which is higher than the one in the
diffuser,and high pressure flomixed with the diffuser flow at the stall regionsA&
consequencehe measured time averaged pressure could be increased.

A linear stability analysis ishen proposeé to predict the characteristics of rotating stall.
According to the experiment setupis assumed that the flow is two dimensional, the fluid is
incompressible and inviscid, aride static pressurés uniform at diffuser outletThe linear
model is constructed @sed onthe continuity, momentum and vorticity equatioridy
specifying the diffuser radius ratio and the number of stall cells, the model is able to calculate
the critical flow angle and the propagation velocity of the specified stall madeerity the
model, the results have been compared to the results presented by Tsujimoto et al (1996), and
good agreementn terms of order of magnitudare obtained in terms of critical flow angle,
propagation velocity, velocity and pressure fluctuatidistributions. The linear stability
analysis has been extended to unstable conditions to study if the most unstable mode is able to
predict the dominant stall mode in experimethbwever, the theoretical prediction gives the
moden = 4 asthe most unstdé onewhatever the operating condition which contrasts with
dominant stall modeobserved in experimelfh = 4 : n=2: n=3when the flow rate is
decreased)lt is concluded that the present linear stabitydy well predicted the stall
inception,the calculated critical flow angle, propagation velocity of stall cells, velocity and
pressure fluctuation are well verified by the results found in the literatures, but it fails to
predict the dominant stall modprobablydue to the nonlineanodecombnationswhich are
neglected.

An analysis of the kinetic energy of the perturbed flow showed that the growth rate of the
rotating instability can be decomposed in two terms associated with the radial and tangential
velocity components of the steady flown@her term associated with the pressure is faand
have nocontribution to the instability). The radial velocity component databilizing effect
on the flow and thegangentialvelocity one has a destabilizing effect on the flow. This
confirmed the imprtance of the flow angle on the occurrence of rotating #alladditional
discussionbasedon the characteristics timesf a perturbation convectiom radial and
tangential directions well explained why the stall mode is developing, the relation between the
two time scales determines the possibility of developing of stall mode. It also explained why
the radial and tangential velocity components pakey role in the determination of the
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occurrence of rotating stall. This analysis showed thaintability is more likely to happen

in largeradius ratio diffuser because in this case, the time needed for a perturbatioruto go o
from the diffuser isdnger and he instability is developing first for high number of modes
because the more is the number of mode, the less is the distance between two cells.

Since the linear stability analysis is limited to predict the dominant stall mode, a nonlinear
analysis is developed to take the nonlinear combinations into account. The analysis has been
extended to the third order: the first order is the same problem as the linear stability analysis,
the second order has been solved, and the third order equationspmsed.

5.2 Future works

1. The linear stability analysis fails to predict the dominant stall mode in experiment, but the
predictions folR =2 and 2.5 indicated & thedominantmodevaries with the flow ratethis is

a motivation to perform new expermts to validate the prediction and to get more
comprehensive conclusions the growth rate.

2. The boundary conditions are supposed to be axisymmetric in the present analysis. An
extension of the presestudytaking into account a velocity profile atlén and a pressure
distribution at outlet more representative of the experimental conditions could give some
interesting results.

3. The third order equations of the nonlinstability analysis have been proposed, but the
integrationshave notbeen donein the present work. Dedicated mathematicahamnerical
solutions will be needed to get the numerical resuit finish this nodinear analysis.

4. The present study is focused on the wide vaneless diffuser rotating stall which is associated
with a two dimensional core flow instability. This condition is especiafhportantfor the

present studypecause this is the base of the hypothesis needed to build the stability model
However,in the literaturethere is no consistent conclusion to classify ¥m@row” or wide”
vaneless diffuserexcept that this classification is linked with the thickness of the boundary
layers Concerning the development of the boundary layers, it will be interesting to perform
extensive experimentatudiesin various vaneles diffusers for various operating poitd
definewhich are the key parameters which will lead to one type of rotating stall or another.
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Appendix A Diffuser leakages
A.1 Diffuser upper side leakage

The diffuser uppeside leakage is defined as follow

(A.1)
Here,Sis thecross sectional ared the gap at upper side,
(A.2)
and is the z axis velocitgomponenat theupper side clearance,
(A.3)

The sign depends adiffuser upper side pressure is higher or lower than the atmosphere
pressureln which is the pressure difference between the diffuser upper sidéhend
atmospherepressurel is the axial length of the clearance on the upper dide:6 mm.
According to Cherdieu (2013, = 0.5 andK; = 1.

A.2 Diffuser lower side leakage

In the same manner with the diffuser upper side leakage, the lower side leakage is defined by

(A.9)
where , and is the z axis velocitgomponentt thelower side clearance,

(A.5)
where is the pressure difference between the diffuseser side andthe atmosphere

pressure andK; = 1.13.

The final results are given TableAl.
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Table Al Leakage flow in the vaneless diffuser

Q/Qq Quau Qua Qe Qo/Qq
0.26 0.0058 0.0066 0.0124 0.32
0.36 0.0066 0.0070 0.0136 0.4
0.47 0.00a8 0.0068 0.0136 0.53
0.5% 0.00& 0.067 0.0119 0.61
0.58 0.00&3 0.09 0.0122 0.63
0.61 0.00&3 0.08 0.0121 0.66
0.63 0.0062 0.0B7 0.0120 0.68
0.68 0.002 0.060 0.0102 0.73
0.71 0.0063 0.066 0.0119 0.76
0.71 0.00& 0.07 0.0119 0.76
0.75 0.0057 0.061 0.0108 0.79
0.74 0.0048 0.047 0.0095 0.78
0.82 0.0064 0.0®5 0.019 0.87
0.86 0.006 0.066 0.0122 0.91
0.4 0.060 0.0(B3 0.0113 0.99
0.95 0.0065 0.0B5 0.0120 1.00
0.98 0.0060 0.0b1 0.0111 1.03
1.07 0.0064 0.064 0.0118 n
1.04 0.0066 0.064 0.0120 1.09
1.15 0.00® 0.047 0.0106 12

1.3 0.0056 0.0046 0.0102 1.42
1.53 0.0058 0.0047 0.0106 1.57
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Appendix B Frequency spectra
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Figure BL Crosspower spectra at all tested flow rates
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Appendix C Spectrum analysis

Table  Spectrum analysis &/Qq = 0.26

Q/Qy4=0.26
Amplitude (P4) | Frequency (Hz) Phase difference’) Classification Number of stall cellg
410 16.5 222 Rotating stall 3
87.2 13 150 Rotating stall 2
82.6 20 62.6 Impeller frequency
82.1 29.5 9 Nonlinear interactior|
69.8 33 83.7 Harmonic

Table @ Spectrum analysis &/Qq = 0.36

Q/Qys=0.36
Amplitude (P4) | Frequency (Hz) Phase difference’) Classification Number of stall cellg
221 115 149 Rotating stall 2
84.3 15.5 223 Rotating stall 3
47.6 27 14 Nonlinear interactior| /
43.5 23 59 Harmonic /

Table G Spectrum analysis &/Qq = 0.47

Q/Qq4=0.47
Amplitude (P4) | Frequency (Hz) Phase difference Classification Number of stall cells
34.2 16 298 Rotating stall 4
20 10 152 Rotating stalll 2
16 12.5 223 Rotating stall 3
11.9 23 13 Harmonic /
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Table G Spectrum analysis &/Qq = 0.56

Q/Qs=0.56
Amplitude (P4) | Frequency (Hz) Phase difference’( | Classification| Number of stall cells
13.89 14 300 Rotating stall 4

Table G Spectrum analysis &/Qq = 0.58

Q/Qy=0.58
Amplitude (P4) | Frequency (Hz) Phase difference’) | Classification| Number of stall cells
3.63 13.5 305 Rotating stall 4
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Appendix D Pressure recovery
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Figure DL Theoretical and experimental pressure recovery in the vaneless diffuser

Table DOl Loss coefficients at diffuser outlet

Q/Qq L H Q/Qq L H
0.26 3.00 0.38 0.74 0.87 0.29
0.36 2.14 0.33 0.82 0.76 0.26
0.47 1.56 0.30 0.86 0.72 0.23
0.56 1.26 0.26 0.94 0.63 0.21
0.58 1.20 0.26 0.95 0.62 0.20
0.61 1.14 0.28 0.98 0.59 0.20
0.63 1.08 0.30 1.04 0.54 0.20
0.68 0.97 0.29 1.06 0.52 0.16
0.71 0.93 0.29 1.15 0.46 0.17
0.71 0.92 0.28 1.38 0.34 0.15
0.74 0.88 0.28 1.53 0.29 0.12
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Décrochage tournant dans un diffuseur lisse radial: Etude de stabilité et effet sur
la performance

RESUME: Le comportement des turbomachirggnératricegonctionnanthors adaptatignet
particulierement a débit partjedst sujet a des phénonas d'instaitité qui peuventaffecter leur
performance etguvent étre dramatigues pour les machines-gi&mesou leur environnement

Cette étude se concentre sudéxrochage tournant dans un diffuseur lisse ratiabjectif est

de proposer un modéle théoriqueapable deprédire rapidement les caractéristiques d
décrochage tournantne étude expérimentale est effectuée en pre@ierH X dbtdniQle& |
caractéristigues de décrogeatournant dans udiffuseur lissed fine roue radiale. L'effet du
décrochageaurnant sur la performance du diffuseur est disentéebasantsurles mesures de

la récupération de pression statigues résultas montrent que décrochage tournant améliore

celleci, et un modéle simple, basé sur les longueurs de ligne de courarie dhffisseur est

proposé Une étudede stabilité linéaireest proposéepour pédire les caractéristiques du
décrochage tournant/ H WDX[ GYDFFURLVVHPHQW GHV PRGHV HVW XWL
conditonV FULWLTXHV G1DSSD é&t leWwhdedpmibaht GrsudiRdraat dnddes

coexistent Les champs deitesse etle pressiorfluctuantessont tracées pour décri@ {DOOXUH GH
OTpFRXOHPHQW H Q L¥d capAdidy etRe® limi@y/dette Et@ddontdiscutéespar
comparaisorentre s Bsultats théoriques et expérimentalrsuie, une analyse faiblement

non linéaire estntroduite avec pour objectif de prendre en compte les interactions entre les
modes qui sont négligées dans les approches linéaires.

Mots clés Décrochage tournandtabilité, turbomachinedinearitéet non-linearité

Rotating instability in a radial vaneless diffuser stability analysis and effect on the
performance

ABSTRACT: The behavior of worabsorbing turbomachines operating at off design
conditions, and especiallt partial flow rates, is subject to instability phenomena that
could affect their performance and can be dramatic for the machines or their
environment. This study is focused on the rotating stall in the vaneless diffuser or a
centrifugal machine: thebpective is to propose a theoretical model able to predict the
characteristics of such instability. An experimental study is performed to obtain the
characteristics of rotating stall in a vaneless diffuser. The effect of rotating stall on the
diffuser perbrmance is discussed based on the static pressure recovery measurements.
The results show that rotating stall is improving the diffuser pressure recovery, and a
model based on the length of the diffuser streamlines is proposed to explain it. A linear
stablity analysis isproposedo predictthe characteristics of rotating stall. The growth
rate is used to determine the critical stall condition and the dominant stall mode when
different stall modes are coexisting. The theoretical velocity and pressungaflons

are also plotted to show the diffuser unstable flow. The abilities and limits of the linear
stability analysis are discussed through the comparisons between theoretical and
experimental results. Based on the linear model, a nonlinear stabilitysianel the
proposed to consider the nonlinear combinations which are neglected in the linear
model.

Keywords: Rotating stall gability analysis turbomachinerylinear andhonlinear





