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Abstract

This study deals with unsteady numerical simulatdrtasing treatment in a stage of an axial congmes
The stall inception process is firstly investigatedhe compressor with smooth wall. At low massi] the
simulation shows the development of large revefked regions near the casing that leads to rotasitad.
Then a simulation of the compressor stage is peedrwith a casing treatment configuration. Despite
strong impact on the rotor casing flow, the opeatiange extension is low, meaning that other meeelike
rotor/stator interactions may play a role on ttsslof stability.

Nomenclature

C axial chord of the rotor T period of the rotor (@Qg)

h radial position U, skin friction velocity

H compressor span Vyer  components of relative velocity
Nrs  number of rotor (stator) blades X axial position

Py infinite pressure = 101 325 Pa y distance from the wall

Pi downstream total pressure y* non dimensional distance from the wall =
Pio upstream total pressure pyu/p

Ps static pressure AQ mass flow range (Gx Qstan)

Psc  static pressure for the boundary condition n isentropic efficiency

Q mass flow A throttle parameter

Qn nominal mass flow Qr rotational speed of the rotor
Qsch mass flow from the numerical scheme ) flow coefficient = Q/Q

r radius p density

Rpi total to total pressure ratio = PyPi 0 azimuth

1. Introduction

Aerodynamic instabilities are one of the key partmgefor the design of a compressor. These flownpmena
have been studied for 50 years but the basic méshanrinked to these unstable flows are not ydy fuhderstood.
Two kinds of instabilities can be observed: rogtstall and surge. These instabilities are resptmsif strong
vibrations that can damage the blades or lead ¢onaplete failure of the machine in the case of suipday,
motorists design compressors with a large surggimafn increase of the performances of the conginessystem
(pressure ratio or operability range) is necessangduce the weight of the system. A step to imerie design of
compressors is to provide reliable tools to pretliet stability limit, in order to reduce the sumgargin. Analytical
models can give valuable information about the qures rise and mass flow rate evolution during nogastall or
surge (Moore and Greitzer [1]). The model of Spazéty [2] provides precious data concerning the iktyglof
particular modes in the compressor and allowsrtgssirategies for the control of unstable flowsfddtunately,
these analytical models are not able to predicurately the position of the surge line. Today, #samo the
development of the computational power and the mizalemethods, Computational Fluid Dynamics becoraes
suitable tool to predict very complex flows. Martydies have recently shown that the numerical satiar is an
efficient tool to compute rotating stall (Schmidima[3], Gourdain [4]) or surge (Niazi [5], Tauver{8). During
the past few years, many studies were carried maishowed that different elements play a role enrtitating stall
(or surge) inception, as the tip leakage flow (Berg7]) and also the rotor/stator interaction (lad8], He [9]).

Today, it is well established that the tip leakéiges is responsible of the loss of stability in meaases. In order
to control the flow in the tip leakage region, passnethods are a promising way to explore. Fongxta, passive
methods can be axisymmetric (Shabbir [10]) or naayanmetric (Wilke [11], Lu [12]) casing treatment$athaway
[13] proposed a new method based on casing blegihgattion. This self recirculating casing treatrhkeads to an
important extension of the stable operating ranigleout penalty for the efficiency, in the case ahadern transonic
rotor (lyengar [14]). As a general rule, casingatneents allow a higher range of operability, a bigbressure rise



but often a decrease of the efficiency. Moreovirc@mpressors do not have the same behaviour eaifing slots
and some of them exhibit no increase of the stghjBrignole [15]). Most of the studies about casineatments
consider only one rotor passage and a finite nurobstots for each passage. It could be interestingssess the
capacity of casing treatment to extend operatingean the case of a compressor stage. The aihegdresent work
is thus to provide numerical data and discussiorofee configuration of casing slots tested withaaial stage of a
subsonic compressor.

This study focuses on two aspects: prediction efdtability limit with a full 3D flow solver and derstanding
of the flow mechanisms that are responsible ofltiss of stability with and without casing treatmenhhe first
section deals with the test case, the casing sloingtry and the numerical method. Description$iefdompressor
facility and the casing treatment are provided hdéige numerical code used for this study and thmerical
parameters are then described (schemes, boundaditions). In a second section, an unsteady 3D Isitiom on a
part of the whole geometry with smooth wall is pmed. Results from this calculation are analyzeth &
particular interest for the flow evolution from tim@minal point toward the stall inception point.i§ipart shows
some mechanisms about the role of the tip leakagedt conditions near stall. In a third sectidme simulation of a
casing treatment solution is performed in ordeintwease the stable operating range of the compresspacts on
the performances with this configuration are estaand modification of the tip leakage flow struet is
highlighted. A spectral representation explains esahthe basic mechanisms linked to the casingntreat in the
present case. Then, a last section concludes owalltity of this method with respect to the objees and some
ways to explore are proposed.

2. Compressor model

2.1 Experimental facility

The test case used for this study is the Cme2 aesspr. This axial subsonic compressor designedNEBCBIA
is located at the LEMFI laboratory (Orsay, Frandels composed of a single stage with one rotoB@blades and
one stator of 40 blades. The nominal rotationakdpe 6330 rpm which corresponds to a relativévigch number
of 0.534, so the flow is perfectly subsonic in #mire compressor. This kind of low power compressavell suited
to study instabilities because the risk of mecharfiailure is low. The compressor has been chosere previous
studies have shown that the tip leakage flow pkysajor role in the development of a particulardkof rotating
stall (Gourdain [16]). A schematic view of this akcompressor is shown on Fig. 1 and the experiahéatility is
presented on Fig. 2. Measurements with probes wairé Laser Doppler Velocimetry are available forbka
operating points and during rotating stall.

Experimental studies were achieved in order to atiarize the behaviour of the compressor during sta
inception and during rotating stall (Michon [17]Jable 1 gives some information about the aerodyoami
performances and Table 2 gives the main geomédiecacteristics. The tip clearance of this compnessabout 1%
of the rotor span. At the nominal operating poihg characteristics of the flow are 10.5 Kgfsr the mass flow and
1.152 for the pressure ratio. The nominal mass fpws used to compute the flow coefficieht(=Q/Q,).

ROTOR STATOR

Fig. 1 Cross section of the compressor test case g. 2RView of the experimental facility

2.2 Design of the casing treatment

The geometry of the casing treatment used forghidy is largely based on the results from theistudf Lu
[12] and Wilke [11]. The present treatment is cosgm of 110 slots that are built equally spaced ratothne



circumference of the rotor. Thus, the number ofssfor each rotor passage is not an integer (119/367). A view

of the compressor with the casing treatment is shiomFig. 3(a) and the main geometric parametetb@flots are
indicated on the Fig. 3(b). Each slot consists semi circular bend skewed cavity of 24 mm witheptth of 6 mm
and a thickness of 4mm. The cavity is split in tvegments: the first one is designed to align withabsolute flow
angle at the entrance, and the second one is éacth45 with respect to the axial direction. The secorghsent is
also inclined of 25with respect to the radial direction in order égluce the angle when the flow enters in the slot.
Each slot extends from upstream the rotor to 25%h@frotor axial chord. The expected effect isriwedflow from

the second segment of the slot that follows therrstagger angle to the leading edge of the rdtbe. angle of the
first segment leads to an injection upstream with game angle than the inflow and thus minimizesfltw angle

on the leading edge of the rotor.

Table 1. Aerodynamic performances Table 2. Geometric characteristics
Nominal pressure ratio 1.152 Tip radius 0.275m
Nominal mass flow 10.5 kg.8' Number of rotor blades 30
Measured efficiency 0.92 Number of stator bladeg 40
Nominal rot. speed 6330 rpm Rotor blade chord 84 mm
Rotor speed at tip 182 m.§ Stator blade chord 77 mm
Shaft power 180 kW Tip clearance 0.5 mm
Hub to tip ratio 0.78
3a - Compressor with the casing treatment 3b - Geometric parameters of the slots
v
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Fig. 3 Configuration of the casing treatment
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2.3 Meshing strategy

The 3D mesh of the compressor is designed with li-black strategy. A wall law approach is usedawoid
refinement problem near walls and to obtain a bet@vergence with higher time steps. The distd&teveen the
wall and the first mesh point is set to gt. The node distribution for the different partstieé mesh is indicated
Table 3. A view of the compressor mesh is showirign4 and a radial plane of the mesh with thergpsieatment
is shown on Fig. 5. The mesh takes into accountiphleakage with 11 points in the radial directidnstandard non
matching boundary condition is used between thamiggsh and the rotor passage mesh. For the simuladith a
casing treatment, an unsteady boundary conditidh mdn matching point has been developed. The otatimg
grids of the casing slots are linked to a very thase (10% of the tip clearance) that is connetiiethe rotor
passages with a sliding interface. The advantagiisfmethod is that the CPU requirement is notitoportant
since the interpolation coefficients are computedy dor 2D windows. Moreover, this boundary conalitiis
conservative in the case of a plane interface bmtwaocks, which is roughly the case here. In otdeavoid
numerical instabilities on the boundary conditiotiege model extends up to 0.6 radius of the compraggstream
and 0.5 radius downstream. Unsteady simulationsidenone tenth of the whole compressor geometrgt(d and
4 stator passages). Thus the total number of meisitsgfor the smooth wall case is 3.57 millionsnofles and 3.92
millions with the eleven slots of the casing treain
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Fig. 4 View of the 3D mesh with smooth wall (1 poin Fig. 5 Blade to blade view of the mesh with casing
over 2) treatment
Table 3. Computational grid dimensions

Rotor Stator
(one channel) (one channel)
O-blade 297x1K67 171x1K57
H-upstream 33x5X%67 9x47x57
H-channel 59x21x67 67%25¢<57
H-downstream 15x51x67 39x41x57
H-tip clearance 131x&11 -
Total 648 463 395 922
Casing treatment
H-ring 121x35%3
O-slot 57x17%13 (x11 slots)
H-slot 33x1713 (x11 slots)
Total 346 929

2.3 Numerical Method

The governing equations are the Reynolds AveragedieitStokes equations (RANS) that described the
conservation of mass, momentum and energy of thd. fFor the RANS system, the turbulent fluxes mcdelled
with classical eddy viscosity turbulent assumptiohBe code used to solve this system of equatiotihaésel SA
software developed by ONERA and CERFACS (Cambi&])[1The governing equations are integrated with a
compressible finite volume formulation method amdthe reference frame of each row. The time magchin
algorithm is a backward Euler scheme based on adketbmposition and the SSOR resolution. For unsteady
computations a second order Dual Time Stepping ogeithused in order to define greater time stegs thith a full
explicit integration. For this study, all unsteasbmputations are done with 51 physical time stepsfie rotor blade
passage. This number of time steps is assumed soiffieient to capture correctly physical structuresar the tip
with a reasonable number of sub iterations (Lu)i1®he convective fluxes are discretized with"adder centred
Jameson scheme [20]. Th& and 4" order viscosity coefficients are applied to siabilthe numerical scheme.
Boundary conditions, which are a key parametettfersimulation of instabilities in compressor, haeen validated
by a previous study (Gourdain [16]). A condition sifatial periodicity is applied for the lateral Indaries and a
sliding interface condition is used between thereind the stator. A condition of purely axial ifjen at the inlet
(P, = 101325 Pa, = 288 K) and a throttle condition with a radiauéiprium at the outlet (Eq. (1) and Eq. (2)) are
both applied. To describe the characteristic ofompressor, the throttle parameteris set to different values,
generally from the choked point toward the stadlejption point. One advantage of this boundary dandis the
possibility to simulate the peak of pressure ratid operating points with lower mass flow.

Psyc = R, +/"Qsch.2 @)
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The turbulence model to close the system is chadem a comparison between numerical simulatiorss an
experimental data. No model for transition has besed, so the flow is assumed to be fully turbul&ngure 6
shows a comparison of the performance map for timimal rotational speed computed with two differemidels
(the one-equation model of Spalart-Allmaras [21d #me two-equation model of Wilcox based on @ fermulation
[22]). Simulations presented in this paragraphséeady calculations with a mixing plane approadivéen the rotor
and the stator rows. The computed which is an important parameter for the wall lapproach, is found to be
around 20. A better description of the adiabatidl \leawv used here can be found in Ref. 23. The slop¢he
characteristic is well predicted by both calculatioHowever, the position of the pressure peakisvell estimated
by simulations. One explanation is the use of tlidng plane that does not capture correctly potdraifects. For
this application, the ko turbulence model gives more precise results fer description of the compressor
characteristic. The main reason is that the caliculavith the Spalart-Allmaras model exhibits aremstimated stall
in the stator blade row, which is responsible odrgg losses and thus of a less good predictioheperformances.
Finally the ke turbulence model of Wilcox is chosen for this stud
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Fig. 6 Influence of the turbulence model (averagieady calculations)

3. Simulation of the smooth wall case

Unsteady calculations are achieved with the nurakerethod presented in the previous section. Ttatiooal
speed is set at the nominal speed (6330 rpm). ithésato describe the compressor characteristib wihooth wall
at nominal rotational speed and to obtain data &g the flow near stall. The configuration siated represents
a tenth of the compressor circumference, i.e. 8rrpassages and 4 stator passages. Ten sub-iwerétiothe DTS
scheme are enough to loose 2 orders of magnitudidadonormalized residuals. Computations are dbaaks to a
Cray xd1 server with 8 AMD Opteron processors. Tdtal CPU time for one operating point (i.e. onéuesof the
throttle parameter) is 140 hours for a memory cd€.7 Go. Mass flow evolution at the outlet of tempressor is
shown on Fig. 7 for a near stall point. The coroesling flow coefficient isb=0.827. For a signal registered at the
exit of the stator, a periodic state is reachedrdtt revolutions of the rotor, i.e. 60 rotor blguessages. Figure 8
shows a comparison between the computed chardicteaisd the experimental data. The pressure ratglightly
underestimated, probably due to the numerical pi$gin used with the Jameson scheme. However thiciggoof
the total-to-total pressure ratio peak is wellrasted.

The experimental stall inception point is founddet0.816. Experimentally, rotating stall is the finsstability
which develops at low mass flow rate. After a shoahsient, a large cell of rotating blocked floppaars in the
rotor blade row, near the casing. This cell evobeegards a full span stall cell which extends dahied of the whole
circumference and moves at a constant speed of gfOf#te rotor rotational speed (Michon [19]). Themrerical
model is not able to reproduce this behaviour. en reason is that spatial wavelengths lower thdO are
filtered by the periodic boundary conditions, se gimulation is not able to represent correctly ¢kperimental
rotating stall cell. Nevertheless, the simulati@m compute the aerodynamic stability limit withemsonably good
accuracy (Gourdain [4]). The physical time neededHtain instabilities can be very important (mthven hundreds



revolutions of the rotor). For CPU time reasornsihot possible to simulate such a time. Thushéegresent paper,
the stability of a point is estimated after a tim@responding to more than 2 revolutions of themotvhich
corresponds to a balance between a reasonable tatiopal time and a sufficient time to observe abdfties. The
operating point is considered to be stable if thisr@o sign of instabilities at the end of the dimtion (low
frequencies or long spatial wavelength modes). Witk assumption, the numerical stall inception point is found
betweend=0.813 (last converged point) afke-0.80 (first unstable one). The grey region on Bigndicates the part
of the characteristic for which the compressor afer with rotating stall conditions.

The head of the compressor is considered to beritieal zone for the development of instabilitidhus the
analysis focuses on the flow evolution near thengad-igures 9(a) and 9(b) show the time averad¢md bf axial
velocity for a point near the nominal poir®=£1.02) and for a near stall poir@£0.827). Slices are built at 98% of
the rotor span and the flow comes from the leftaais the right. At the nominal point, there is egion of blocked
flow for this span. At partial mass flow, Fig. 9(@hows that two phenomena develop in the rotorgugssnear the
casing. A first large low momentum zone near tlaglileg edge of the rotor is visible. This flow stwe is probably
the result of the tip vortex transport by the mélaw. The flow blockage leads to an increase offthes angle on
the leading edge of the rotor and thus to a sto@wgation of the flow in the rotor passage. A setrane of blocked
flow exists for the last 50% of the rotor chordtip leakage vortex interacts with the boundary taym the suction
side of the rotor and induces a large deviatiothefflow. The flow angle at the leading edge of stetor is then
increased and leads to a separation of the bouhalgey on the suction side of the stator blades.
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Fig. 9 Axial velocity flow field - Time averagedIstion (h/H=98%)

This phenomenon is responsible of a strong deviatibthe flow near the casing in the rotor/statap.gA
similar flow structure has been highlighted by lad@8] for an axial subsonic compressor. When thasrfiow



dropped down undeb=0.813, large reversed zones grow and finally kead complete blockage of a large part of
the rotor span. Then, structures that move at cidra of the rotor speed develop in the compregs@bout one
revolution and lead to rotating stall.

4. Simulation with the casing treatment

In order to increase the stability of the systehe tompressor is now coupled with the casing treatm
presented in sec. 2.2. Due to a higher memory(e@§%), the computations of the casing treatmes¢ @ae done
thanks to a NEC-SX8++ computer. 270 CPU hours egeired to simulate one operating point. As for shwoth
wall case, 72 rotor blade passages are simulatestitbate the stability of a point (i.e more thare@olutions of the
rotor). Results are presented on Fig. 10 which shawomparison of the performances between the thnveall
case and the casing treatment case. The last gtaioliewith casing slots is computeddst0.789 (=0.813 for the
smooth wall). The operability range of the compoess defined aaQ=QaxQstar AN increase of 6% iAQ is thus
achieved with a slight decrease of the efficierMgreover, the pressure rise is increased at pamides flow with
nearly no penalty for the nominal operating poistifortunately, the extension of the stable rangefcompressor
is less important than found in the literature [L8], Yang [24]).

Figure 11 is a view of the time averaged axial e#joflow field at 98% of the rotor span. The capending
mass flow of the showed operating poin®s0.830. As expected, the casing treatment has eteiplremoved the
flow blockage near the leading edge of the rotdrgwcomparing with Fig. 9(b)). The main mechanisxoived is
the circulating flow inside the slot (Fig. 12) whidrives fluid from the rear part of the slot t@ tleading edge of
the rotor. This flow leads to an increase of thermantum near the casing and thus stabilizes the ifioiive casing
treatment region. However, the second zone of fitoekage on the last 50% of the rotor chord isaftécted by
the presence of slots (black circle on Fig. 11)older to better understand the physical mechanisrksd to the
casing treatment, a Fourier transform is perforfinech an axial velocity signal near the casing. Fégi3(a) shows
a 2D representation of the existing spatial modehe flow and figure 13(b) is a representatiothef spatial modes
at the rotor stator interface. Thanks to the Twglled Sofrin relation (Eg. (3)), it is possible tnkia spatial mode m
with the corresponding flow structure. For examplee mode m=30 is linked to the effects of the rodModes
m=10 and m=20 are the results of the rotor/statteractions. Figure 13(a) highlights the fact ttia# casing
treatment (mode m=110) has only a localized infb@grust in front of the rotor. At the rotor/stafaterface, no
influence from the slots is visible. This fact eaipls why the second zone of flow blockage has aehlyemoved by
the casing treatment. Moreover, Fig. 13(b) showes &t interface, the most important mode for thialaxelocity
comes from the potential effects of the stator (enaw=40). The strong influence of the stator onrthter plays
probably a role on the development of the secome zf blocked flow. A pulsation of this flow is al®bserved
and is linked directly to the stator frequencyttie relative frame of the rotor). That means tla¢ostinfluences the
stability limit though the development of a masddeeindary layer separation on the suction sidb@efotor.
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5. Conclusion

This study has investigated the development of #tnwctures in a subsonic compressor at conditieas stall.
Results show that two zones of reversed flow dgv@iahe rotor when the mass flow is reduced, learcasing.
One of these zones is located near the leading @dtpe rotor, and the other one is located neausticttion side on
the last 50% of the rotor chord. The resulting floleckage leads to the development of large boyntarer
separation and to particular flow structures thavenat a fraction of the rotor speed. These strastgrow when
the mass flow is reduced and finally lead to rogastall.

A 3D numerical study has been performed to assesgdpacity of casing treatment to extend the oipgra
range of the compressor. The tested configuratas duccessfully removed a part of the flow blockagar the
leading edge of the rotor. Unfortunately, the lamd action of the casing slots has no effect endiévelopment of
the flow blockage near the trailing edge of therdilades. The extension of the stable range ottmepressor is
thus only slightly increased (+6%) even if the nmaxim of pressure rise has also been positively itegadt is
assumed that the development of boundary layeratma is also strongly influenced by the statotepdial effects,
especially near the trailing edge of the rotor.

Further investigations are needed in order to peetlie role of the rotor/stator interactions on stability of
this system. A simulation of the isolated rotor tena first step to explore the role of the statothe development
of the casing flow blockage. A second step wiltle design of a new kind of casing treatment teebatabilize the
flow.
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