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ABSTRACT

A high speed 1-1/2 axial compressor stage is simulated sghper using an Unsteady Reynolds-Averaged
Navier-Stokes (URANS) solver for a full-annulus configorato capture its hon-synchronous vibration (NSV)
flow excitation. The simulation presented in this paper assirigid blades. A 3rd order WENO scheme for
the inviscid flux and a 2nd order central differencing for thiscous terms are used to resolve nonlinear interac-
tion between blades and fluid flow. A fully conservative tstator sliding boundary condition is employed with
multiple-processor capability for rotor/stator interfagnformation exchange for parallel computing. The sliding
BC accurately captures unsteady wake propagation betweemotor and stator blades while conserving fluxes
across the rotor/stator interfaces. The predicted domirieaguencies using the blade tip response signals are not
harmonic to the engine order, which is the NSV excitatiore Simulation is based on a rotor blade with a 1.1%
tip-chord clearance. Comparison to previous 1/7th anngiasulations show previous time-shifted phase-lag BCs
are accurate. The NSV excitation frequency of the full amsigimulation is for the most part 3.3% lower than
experimental and matches with the 1/7th annulus simulaéithough some blades displayed slightly different NSV
excitation frequencies. The full annulus simulation condithat the instability of tornado vortices in the vicinity
of the rotor tip due to the strong interaction of incoming fldip vortex and tip leakage flow is the main cause
of the NSV excitation. This instability is present in alldés of the rotor annulus. While the time-shifted phase
lag BCs can accurately capture the frequency of NSV exgitaphenomena related to flow separation with lower
frequencies, including dual-vortex systems within blaggspges, are not captured by the 1/7th annulus simulation,
but are found in the full-annulus simulation.

Nomenclature

e total energy per unit mass

Lo blade chord at hub

Ng number of blade

Np number of nodal diameter

p static pressure

Ro Rossby numbefg=

r radius

T period for one nodal diameter
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u.,v velocities inx, y direction
U inlet axial velocity
Vy,Vg,V; absolute velocities in, 6, r direction

Wy relative velocity in@ direction

v working variable of the S-A model related to
turbulent eddy viscosity

Q rotor angular speed iradians/sec

® inter blade phase angle(IBPAJFL

o} fluid density

BC boundary condition

BPF blade passing frequency

IGV inlet guide vane

NSV non-synchronous vibration

RI rotating instability

URANS unsteady Reynolds-averaged Navier-Stokes
CUSP  Convective Upwind and Splitting Pressure
WENO Weighted Essentially Non-oscillatory

LE Leading Edge

TE Trailing Edge

1 Introduction

Turbomachinery aeromechanic problems are very challgngiince they involve both aerodynamics and structural vi-
bration. Blade vibration due to forced response and flutsetbeen studied for decades with the progress of improving
turbomachinery efficiency and reliability. Recently, a nembomachinery aeromechanic problem, namely non-symcu®
vibration (NSV), whose blade vibration frequency is awagnfrharmonics of rotor shaft frequency, has attracted a lot of
attention [1-8].

Rotating Instability (RI) is considered as one cause of NEM|. The experiment by Baumgartner et al. [1] shows that
for a certain operating condition high vibration levels ae first stage blades exist. The frequencies are not in rasena
with engine orders. A rotating flow instability revolvesate to the blade row similar to rotating stall cell. Theoaty
fluctuations measured by the Hot-film probe near the bladatyadge show the radial dependency of this rotating tnitta
ity. The frequencies of the rotating instability are visilalt 91% blade span with high coherence levels. The leveldyimg
away from the RI center, and eventually at 65% blade span ltigeri® more detectable.

Kielb et al. [2] conducted an experimental and numericaéstigation for a full size compressor rig where blade-
mounted strain gages and case-mounted unsteady presmsducers are devised to measure the NSV. The experimental
strain gage data show step change in frequency as the caopoggrating condition varies, which is another featurinef
NSV. The stage 1 rotor blades experience a significant NSyorese of 2661 Hz at 12700 rpm near first torsional mode (1T)
and exhibit the NSV frequency shift from 2661 to 2600 Hz atd®8m. While at the casing, the NSV frequencies of 3516
Hz and 3662 Hz are measured in the non-rotating referenoeefraheir numerical results for the 1/7th rotor annulusmroto
indicate a suction side vortex shedding and a tip flow initgliear 75% span as the excitation source of the NSV.

The work of Marz et al. [3] also shows the rotating instabiis the main source for NSV. A low speed single stage fan
with outlet guide vanes is used for their experimental amdenical study on NSV. The rotor design speed is 3000 rpm and
has the blade passing frequency (BPF) of 560 Hz. They testadiffferent tip clearances of 0.7%, 1.4%, 2.8%, and 5.6%
tip axial chord at near the maximum fan loading conditione Tieasured wall pressure spectrum shows a NSV frequency at
roughly half of BPF. The time-lapse plots of casing wall gteg indicate that the flow intensity varies from blade talbla
with the presence of a high fluctuating flow instability in ttaéor entry plane for tip clearances of 2.8% and 5.6%. Itdurn
out that the blade sensor signal near the rotating instabiéis a strong periodic content. A vortex structure moviognf
the suction side to the pressure side is observed in the enafdhe blade passage by the full annulus simulation for 2.8%
tip model, which is the main causes of unsteadiness wheroth#ng instability develops. The numerical study shows no
tip spillage flow even with the rotating instability.

Mailach et al. [4] carried out an experimental study of a Igpeed research compressor to investigate influence of tip
clearance and operating point on rotating instability. ot instability have been found at a tip clearance of 3%afijal
chord. At a larger tip clearance of 4.3%, the rotating inditslis fully developed for all the rotor speeds includin@%,
80%, and 100% design speed. The formation of rotating iil#tals limited to a narrow operating range near the stall
boundary. The measurement at the casing wall shows a naawdibcrease of the amplitudes in the frequency spectrum
at about 30% of BPF. When the compressor approaches thédgtaidary, the rotating instability shifts to slightly lowe
frequencies while amplitude of the perturbation grows. 8ieaments on the rotor blades show that the rotating iniyaibi
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limited to the blade tip region. Maximum amplitudes appe&246 of the blade height and 20% to 30% of chord length. For
a large tip clearance a strong blade tip vortex is observétkimotor tip region. The fluctuating blade tip vortices mgpte
in rotor circumferential direction. Tip clearance sizeli®wn as the main influence parameter on the rotating ingabil

Thomassin et al. [5, 6] suggested a theory different fronrthating instability to explain the NSV based on the reso-
nance of a impinging jet vortex structure and the acoustidiieck of a vibrating plate. The jet core feedback theonpkas
proved by an experiment conducted in [5, 6]. It shows thatwthe acoustic reflection wave length equals to the jet-abepl
distance, the jet vortical structures lock-on to the adowsgave frequency and significant amplification of the presgluc-
tuation and vibration of the flexible plate are observed.ylhagest a simple model to predict the critical tip velobiged
on their impinging jet experiment, which is tested in thisdst to evaluate the effect of tip leakage jet acoustics on NEV
the compressor under investigation. Vo [8]'s simulationvss a tip clearance flow instability for an isolated subsaxial
compressor rotor. In the blade tip region the trailing edagekliow causes flow impingement on the pressure side that lead
to the flow unsteadiness associated with NSV.

A NSV phenomenon for a low aspect ratio fan stage stator witdrge amplitude is identified by the experiment of
Sanders [7]. The rotor blades ahead the stators experients,fhot NSV. Strain gage measurements on selected vanes a
various locations around the annulus show that the higlkepbnse occurs on the vicinity of low static pressure(higitiv
number) regions of the fan stator assembly. The high anga@ifrequencies observed along the nominal operating linaglu
the fan engine test is a narrow band and non-synchronoushwithst bending mode approximately 25% below. The URANS
simulation demonstrates that the NSV is driven by dynanailtisg of the fan stator due to unsteady shock-boundaryrlaye
interaction.

A high-speed axial compressor is adopted in this study, lvhidibits a strong non-engine order vibration of the 1st
stage rotor blades close to the blade 1T (1st torsional) rdodeg engine tests [2], see Fig. 1. The NSV frequency cedap
between 2600 Hz and 2661 Hz with a large amplitude, which isiciered as a lock-in phenomenon [9]. Under NSV, no
resonance appears but failure of the blade structure sutdgtasycle fatigue (HCF) can occur. The NSV frequency istehif
from 2600 Hz to 2661 Hz as the rotor speed slightly decreaseghty from 12800 RPM to 12700 RPM. The experiment [2]
confirms the NSV occurrence before stall. The rotor tip @eae of the full compressor rig is about 1.1% of tip chord.

Previous efforts by Im et al. [10] have adopted a 1/7th seafdhe full-annulus configuration to simulate the first 1-
1/2 stages of this compressor due to geometric periodi§itgce NSV is primarily an unsteady phenomenon, to enforce
flux conservation across rotor/stator interfaces, a fullgservative sliding boundary condition (BC) was adoptegcdise
the circumferential boundaries are only geometricallyquiic, the flow was treated at these boundaries with a tiniféesh
phase-lag BC to capture more accurately the physical phenaimside the compressor. Even though the accuracy of phase
lag BCs is still in question and require more validation réhbas not been any full-annulus simulations thus far aimed a
predicting NSV.

Full-annulus simulations have been used to explain the fleshranisms of stall inception since the flow has no circum-
ferential periodicity [11-15]. Due to the unsteadinessarfiplex flow phenomena in turbomachines, the limitationsighd
by periodicity assumptions must be overcome in order tolvesmore realistically flow structures. Since the knowledge
on NSV excitation is very limited, there are some questitvas heed to be answered: 1) is NSV excitation a full annulus
phenomenon or a local phenomenon? 2) What are the NSV eanitetiaracteristics along the circumference, periodic or
aperiodic? Only a full annulus simulation can answer thesstions. The answer is also very important to guide thecesdiu
model using a sector of the annulus. In [10] a tornado votttexciire near the rotor blade tip region was found to be thie ma
flow structure to drive the NSV for the present compressoe Mdrtex structure observed from the 1/7 sector simulation f
this compressor stage suggests that the tornado vortestigtelis present in all the rotor passages of the annules;tafély
creating a vortex tube that may span the full circumfereri¢berotor blade-row. Therefore, a 1/7th annulus model is no
sufficient to test the order of length scale this vortex dtirecrequires and a full-annulus model is warranted.

The purpose of this study is to present a high-fidelity simioitaof the NSV aerodynamic excitation in the first 1-1/2
stages of the high-speed axial compressor using a fulllaamonfiguration to capture flow structures with length esain
the order of the rotor circumference and to prevent errataded due to circumferential BCs. Also, the current studi wi
aid in the validation of the time-shifted phase-lag BC addgiy Im et al. [10] by comparing the results of the 1/7th ansaul
simulations to the full-annulus results.

2 The High-Speed Axial Compressor

The high-speed axial compressor exhibits NSV at the firgfestator blades [2]. The first 1-1/2 stage with 56 IGVs,
35 rotor blades and 70 stator blades of the full compressoseasl for current simulations. The rotor tip clearance of the
compressor rig is 1.1% of tip chord. The measured blade NS\plase-locked response and close to 1st torsional blade
natural frequency. The strain gage on the blade surfacesti@NSV frequency of 2600 Hz at around 12880 rpm and 2661
Hz as the rotor speed slightly decreases to 12700 rpm as shdwg. 1 (left). The measured NSV frequency of the blade
surface can be used for comparison since the rotating frdnedezence is adopted in this study. Also at the right of Eigs
shown the casing unsteady pressure measurement fregsienakesolute frame, which are doppler shifted. In thesesprres
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measurements the presence of SFV frequencies is strontler ipm range where NSV is present than SFV frequencies in
the strain gage measurements.
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FIGURE 1: Strain gage response (left) and casing unsteady pressasurements (right) of the first-stage rotor blades of
the high-speed compressor showing SFV(separated flowtiihyand NSV (hon-synchronous vibration)

3 Numerical Methods

The unsteady Reynolds-averaged Navier-Stokes (URAN3tems are solved in arotating frame [13] with the Spalart-
Allmaras (S-A) turbulence model [16]. Shock capturing snkés necessary to simulate high-speed axial compressaes si
most rotor blades experience shock/boundary layer intieracin this study the Low Diffusion E-CUSP (LDE) Scheme
[17] as an accurate shock capturing Riemann solver is ustdan8rd order WENO reconstruction for inviscid flux and
a 2nd order central differencing for viscous terms [18]. Awplicit 2nd order dual time stepping method [19] is solved
using an unfactored Gauss-Seidel line iteration to achHi@ye convergence rate. The high-scalability parallel cotimg is
implemented to save wall clock time [20].

The interaction between rotating and stationary bladesduotces inherent unsteadiness to the flow of multistag®turb
machinery. For instance, the shock wave interaction betwhee inter blade rows as well as rotating instabilities asagnm
driver of NSV can be predicted not by the steady approachytiytby the conservative unsteady approach. Numerous stud-
ies on the unsteady rotor/stator interaction has been ajgedl[21-24] based on interpolation on the rotor-stat@rfate.
Rai [21] used the patched and overlaid grid system basederpiation to solve an axial turbine with a rotor-statonfg-
uration. Chen et al. [25] pointed out that lack of flux consgion can significantly affect the solution accuracy whéreck
interaction exists between the blade rows. In fact, the odstof rotor/stator interaction using any type of interfiola
methods can not satisfy the conservation of the flux acrassthrface.

In this study a fully conservative sliding boundary cormit{BC) for multiple processors at the blade row interface is
developed in order to rigorously resolve wake propagashock interactions and rotating instabilities while maining an
even computational load for the full-annulus simulation.

4 Boundary Conditions

Atthe IGV inlet, the radial distributions of total pressut@tal temperature, swirl angle and pitch angle are spelcifiel
velocity is extrapolated from the computational domainiides to determine the rest of the variables. On the bladasarf
and casing wall a non-slip boundary condition is appliedilevbn the hub surface the law of the wall is used to avoid an
excessive fine mesh in the boundary layer [13]. At the staiteq the static pressure is specified in the spanwisetibrec
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The velocity components are extrapolated from the comjautalt domain and an isentropic relation is used to determine
density. If the wall surface is rotating, the wall static gsere for the inviscid momentum equation is determined byirep

the radial equilibrium equation. If the wall surface is gtaary, the static pressure gradient across the wall bayrislaet

to zero. In addition, the adiabatic condition is used to isgpero heat flux through the wall.

4.1 Sliding BC Between a Rotor and a Stator

A fully conservative sliding BC without interpolation is e to solve the moving rotor in the rotating frame and the
stator blades in the fixed frame [26]. The following relasdretween the moving frame and the fixed frame are used for
variable exchange.

P P
pyU pyU
PVe PWeg(= Vg —IRo)

pe+ pVerRo pe
pv Fixed pv Moving

The conservative variables in cylindrical rotating coaatesp, pU, pV;, pWg, pe, andp¥ are exchanged dynamically
when the moving domains slide and are updated in every pdeudatep. Since the sliding BC with the ghost cell approach
can ensure the boundary cells to be solved in the same masitherimner domain, it hence can capture the interactivetsffe
between the rotor and the stator.

The condition for this sliding BC to avoid interpolation ass the sliding BC is to use a one-to-one matched grid at
the interface [26]. Two domains at the interface have to hlhgesame mesh size and also the grid points should be evenly
distributed circumferentially. This condition can be aywaatisfied for full annulus calculations. When the rogtitades
are moving, the mesh of the rotor blades moves with the blaites one-to-one connection of the two grid points from the
stationary blade to the moving blade at the sliding intexfaill remain on the same grid points when the circumferéntia
distance of the two grid points is small. When the circumifiéieg distance of the two grid points is greater than halfief t
grid interval due to the moving blades, the connection wilitsh to the next grid point so that all the grid points remain
one-to-one connected without high mesh skewness. Thigpsdeeps being repeated in the rotor-stator sliding aderf
during the calculation.

For a full-annulus computation, the rotor and stator isteefdomains may be prohibitively large in terms of mesh size
compared to blocks in other regions of the mesh (i.e. blockaral the rotor blade). This requires for interface domains
to be split into smaller regions circumferentially to spegdparallel computing across the interface. Fig. 2 illussahe
algorithm of the conservative sliding BC for multiple prgses at the interfaces. If the interface is defined by a single
block on each side of the interface, then the send and receivenands for the mpi parallel computing procedures will
have only one destination (“d1”) and the BC would follow tlzere procedure found in [26]. Once the interface is divided
further into more blocks the logics behind the destinatiointhe send and receive commands for mpi become increasingly
more complex. The top sketches in Fig. 2 illustrate the cabawing the interface divided into three congruent blooks.
timet = 0 all blocks are one to one where2l... connect directly with 12', ... respectively. After some time= 71 the
configuration in the top to the left of the dashed line is pnésd@he arrows show the direction of the mpi command send
across the interface for the block with the correspondirigrcd he labels ‘d1’ and ‘d2’ represent destination 1 (thedsl
connected one-to-one at t=0) and destination 2 (the bladikftfiows due to rotation direction) respectively; thesledls are
assigned for each block based on its neighboring blocksbiduks defined as d1 and d2 will depend on whether the current
block is on the rotor side of the interface or the stator/IGde&sand whether it is downstream or upstream of the interface
Assuming thafAT = 1/(3Q), then at = At the blocks are again one-to-one but with block indices etliftince following the
rotation direction; and dt= 1 + At the top configuration to the right of the dashed line applaghis moment the blocks
d1 and d2 have switched since neighboring blocks have difténdices. To account for this change in destination dock
for mpi send and receive, arrays with the indices of the dagistream and downstream of the interfaces are built sath th
everyAT time interval the array with the downstream (red) blockswjes according to rotation convention.

The algorithm for each individual cell is shown at the bottofnfrig.2. Let the rotor domain be rotated by two cells from
the initial position. Then, the cell 3 to 11 on the rotor sidel ghe cell 1 to 9 on the stator side are matched and exchanged,
while the cell 1 and 2 of the rotor domain and the cell 10 andflthestator domain have no cells to exchange. Therefore,
we define the exchange array of those cells to the correspgnéighboring block (i.e. ‘d2’). For instance, the rotoll de
and 2 are rotated by the angi@@nd are exchanged with the stator cell 10 and 11 of block ‘@& employ the conservative
cell exchange technique to reduce the computational eféordl to fully conserve data exchange. The rotated meshatelbc
to the closest cell of the counterpart domain. WiAeis large such that the rotor mesh sliding distance is grelaser one
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circumferential grid cell spacing, more pseudo time stepsuaually needed to reduce the residual due to the large roto
moving distance.
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FIGURE 2: Rotor/Stator interface exchange algorithm between lddlekt) and between cells (right)

5 Computational Mesh

The full-annulus mesh for 1-1/2 stage of the compressoraseunted in Fig. 3. The rotor tip clearance is modeled
with 21 grid points using an O-mesh block. The mesh of IG\értstator is partitioned to total 1246 blocks for par-
allel computation. The grid around the blade was constduagean O-mesh. The mesh size for the IGV and stator is
121(around blade)101(blade-to-blade)71(blade span); for the rotor the mesh size is 201 (aroundelptd 01 (blade-to-
blade)x 71(blade span). An H-mesh layer is used for the matched @oee¢ grid point connection at the sliding BC in-
terface of IGV/rotor/stator that enables variable excleainga fully conservative manner. Each H-mesh layer has kbloc
with a mesh size of 201(tangential§(axial)x 71(blade span). The total mesh size for this full-annulosusation of 1-1/2
compressor stages is 97,317,920.

6 Numerical Probes

The numerical probes to acquire the static pressure respatshe tip clearance are shown in Fig. 4. Total 60 points on
a blade surface, 5 points in the middle of tip clearance armrf@pat the casing surface are mounted. The first numeraéof t
probe number means location around blade surface and tbedsaameral indicates location of blade span. For example,
the probe 64 means the 6th probe from the trailing edge andtthprobe from the hub, which is on the suction surface of
92% blade span near leading edge.

7 Results and Discussion

The rig testing of the axial compressor with 1.1% tip cleasf?] is shown to have the NSV frequency range of 2600
Hz to 2661 Hz, which is located between 12EOL(engine orahe) lio 13EOL as shown in the Campbell diagram in Fig. 5.
The measured compressor NSV is at 2600 Hz at the presentasiorubperating condition of 12880 RPM. The residual is
reduced by three orders of magnitude within each physiced Step, which is usually achieved within 15 to 20 pseudo time
step iterations. A non-dimensional time step of about 0i80&sed. Note the Campbell diagram can be used to evaluate
whether a blade frequency including natural frequency icByonous or not with engine shaft. EOL in Campbell diagram
is obtained by integer multiples of rotor shaft frequencthwespect to RPM. The full-annulus NSV predicted is 2513 Hz
with some blades of the annulus showing a NSV of 2365 Hz an@ 26 The full-annulus NSV is underpredicted by about
3.3% compared to the experiment as shown in Fig. 5.

Since NSV of axial compressors is typically observed inlstalperation [1-4], steady flow simulations are conducted
using a single passage of the compressor at different badsyre conditions to capture the speedline. The compressor
speedline is captured to corroborate the full-annulus kitimn is performed at the stable operation region far fraéati s
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FIGURE 3: Full Annulus mesh for NSV simulation and close-up views laide surface mesh, interface H-mesh blocks and
rotor tip gap O-mesh.

region. Fig. 6 shows the predicted speedline of the 1-1{fesdaial compressor. Note that the full-annulus speediate ith
Fig. 6 are obtained by averaging the final 2 rotor revoluttorevoid the transitional period since the unsteady contjouts
are started from the steady solutions obtained by a mixiaggapproach [26].

7.1 Flow Structure and Instabilities

To ensure that the conservative sliding BC is working priypiie wake propagation patterns of the 1-1/2 stage com-
pressor is observed for 3.25 and 3.5 rotor revolutions. Fows the instantaneous change in entropy contours astaobn
radius at 50% of the span for the aforementioned times. Thew&kes propagate to the rotor blade row and further down-
stream both IGV and rotor wakes combine and propagate taiar dlade row causing the entropy increase through the
stator to be much larger.

Previous unsteady simulations of the present high-spemagassor [2,10,27] have shown that a rotating instabiitly (
above 78% of the span causes NSV. This near-blade-tip Rld&s $hown to occur in all rotor blades of the 1/7th annulus
simulations [10, 27], and the present simulation showstthiainstability is also present in all the blades of the-arinulus
simulation as shown in Fig. 8.

The tornado-like vortex structure is shown in Fig. 9. It camsken that the reverse flow occurs at the outer span region
of the vortices. The axis of the tornado vortex, shown by tex core line, is perpendicular to the suction surfacédef t
blade. When observed for the full-annulus in Fig. 10, theesocore line of the RI for T=3.5 revolutions has a clear pnese
in every rotor-blade passage near and in front of the leaglifug of the blades which indicates that the tornado-vouties t
is closed around the annulus. Vortex cores are almost peiqdar to the suction surface of rotor blades as shown iremor
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FIGURE 4: Numerical probes of the rotor blade
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FIGURE 5: Campbell diagram

detail in Fig. 11. Also Fig. 11 shows that the RI propagatioacation is parallel and opposite to the rotation direciiothe
relative frame. This can be further confirmed in Fig. 12 whbednstantaneous tornado vortex movement over 2 rotoeblad
is captured. The full-annulus URANS simulates how the tdowortex causes the NSV. The tornado vortex on the blade A
suction surface a;% Rev moves to the blade B % Rev in the opposite direction to the rotor rotation. The &mlm vortex
travels fast on the suction surface of the blade and stagtively longer at the passage outlet crossing to the nexfebla
leading edge. Such a tornado vortex motion trajectory gaesitwo low pressure regions due to the vortex core position
one at the leading edge and one at the trailing edge, bottsailating due to the vortex coming and leaving. These two lo
pressure regions create a pair of coupling forces that geggea torsion moment causing NSV. This is consistent wih th
experimental and numerical observations in [2,27] thalNB¥ of this rotor is dominant at its first torsion mode(2nd repd
The frequency of this tornado vortex propagation captusesbiighly equal to the NSV frequency of the blade pressure
signals. Other experiments [1, 4] for axial fan/compresdso show that the flow instabilities in the vicinity of rottip
rotates circumferentially and cause NSV.

7.2 Full-Annulus NSV Frequencies

The full-annulus NSV frequency was measured and comparadtevious 1/7th annulus simulation [10] for a rotor
blade geometry with a tip-to-casing gap of 1.1% of tip-chdfdy. 13 shows the predicted frequencies for the normalized
pressure signals on the blade suction surface and comparags the frequencies predicted by the 1/7th simulatioris Th

8



Downloaded by Gecheng Zha on June 6, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2014-0790

----@---—- Imetal.

> A Present Simulation

]

I

w

L

g .-

14 /

5 y *, Peak NSV

[] s \

= / A

5 ]

I} AN

I3 “

g N

= h

3

= [ ]
®

Mass flow rate

FIGURE 6: Total pressure ratio of IGV-to-Stator versus mass flow aathe rotor exit.

T=3.25rev SR T=35rev dS/iR

FIGURE 7: 1-1/2 Stage wake patterns shown by entropy increase caabd80% span at 3.25 and 3.5 revolutions.

demonstrates that the circumferentially time-shiftedsghkag BC used in [10] can capture an NSV frequency of 2513 Hz,
which is the same as the full-annulus NSV frequency. A sarmsfaédc pressure reading of one of the 35 rotor blades is
presented for the numerical probe at 78% of span at the LEbéo8) in Fig. 14. The small zoom-in view of a pressure
signal period is used to estimate its frequency, which is@pmately 2525 Hz and near the computed NSV of 2513 Hz and
the experimentally measured frequency of 2600 Hz, andatglthe frequency analysis performed.

Fig. 15 summarizes the frequency maps of all 35 rotor bladiesehdings from probes at the LE of rotor blades. Upon
further review of these frequencies there were two impaiftadings that were not captured by the 1/7th simulation:

1. The dominant NSV frequency was not 2513 Hz for all bladéseiathe majority of blades did exhibit this behavior.
Some blades presented different NSV frequencies of 23651 H2660 Hz.

2. The NSV frequencies were for the most part the highest pethile frequency map, but some blades showed phenomena
of lower frequency taking precedence to the NSV phenomesaeen in Fig. 15.

The high response of frequencies well below 2500 Hz show h imgidence of separated flow through out the annulus.
Comparing to experimental results in Fig. 1, measurementhd strain gages on the blades do not show this behavior,
but the pressure measurements on the casing wall do showlllatNSV phenomena has dominance, flow frequencies
related to SFV are still significant in amplitude comparetl&V-related frequencies. The difference in these two biengav
can be explained by the nature of the measurement. Stragrgagsurements follow blade deformation and therefore the
dominant frequencies captured will be modal, whereas thespire transducer will capture all frequencies found irldve
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FIGURE 8: Vortex structure predicted in rotor stage above 78% spémali blades showing flow instability. Red shows
flow moving downstream, blue shows backflow (inflow is into plage).

Vorticity

FIGURE 9: Zoom-in view of the tornado-like vortices near the tip @gof rotor blades shown by streamlines colored by
reverse axial velocity with vortex core shown in red.

without being influenced by blade modal frequencies. Sineetimerical probes used in this simulation act more asymess
transducers and the blades are assumed to be rigid, theefreigs captured should and do behave like those capturéeby t
pressure transducers in the experiment.

The key issue with these lower frequencies is that they hititeapresence of secondary flow features other than NSV
that relate to flow separation. In Fig. 16 a tip clearanceevottavelling in a streamwise direction is present alondiwit
the tornado vortex travelling in a circumferential directi The streamwise vortex clearly originates at the rotadéltip
whereas the circumferential vortex generates at a spanooft 80%. This phenomenon also explains why SFV frequencies
are more dominant at locations on the suction surface of ldebdownstream of LE as shown in Fig. 17, where probe
measurements are at a location 30% of tip chord downstredsa,aind in Fig. 18 with probes located at TE.

The dual-vortex system may provide some answers as to whiothado vortex can be closed. Fig. 19 shows two
instantaneous vector fields near the two vortices sepabgtAti= 1/70 revolutions. The rotation direction of both vortices
is opposite to each other, which means that when they irtteiit each other this will energize both structures. Alsis th
interaction will cause high pressure gradients on the bdadice that will change location as the vortices propaigatesir
corresponding directions. This means that not just blabletion excited by the tornado vortex will cause the NSV tstgim
throughout operation, but also flow separation near thestjppn will have an influence. Since this simulation assungd r
blades, a closer look at the blade vibration with flow sepamashould be performed to determine the influence of flow
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FIGURE 10: Instantaneous vortex core structure predicted at T=%.5i¢h all blades showing presence of vortical flow
showing that the vortex tube is closed.

-
zZ 7 7

Tornado
Vortex Core

FIGURE 11: Side and top view of a tornado vortex with vortex core alnp&sipendicular to suction surface and
propagation direction parallel but opposite to rotatiorediion.

separation with circumferentially propagating vortices.
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FIGURE 12: Instantaneous vortex trajectories in tip region evenpiti®f a revolution colored by the normalized static
pressure.
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FIGURE 13: Predicted NSV frequencies for full annulus and 1/7th anssimulations at probe 64 for a sample blade.

8 Conclusion

A 1-1/2 stage high-speed compressor was simulated usinisanfoulus configuration to minimize BC effect on solu-
tion. A URANS solver was used to capture the NSV flow excitafi@quency of 2513 Hz which is 3.3% underpredicted
compared to experimental data. The phenomena observethasdimr the most part to that observed for 1/7th annulus
URANS simulation using a circumferential time-shifted pedag BC. It is shown that the tornado vortex formed in the
vicinity of the rotor tip propagates at the speed of a nonsemgrder frequency and causes the NSV. The tornado vortex
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FIGURE 14: Pressure signal for sample blade of full-annulus (bladzt yobe 63 with zoom-in of a signal period with an
approximate frequency of 2525 Hz.
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FIGURE 15: Frequency maps for all 35 rotor blades for LE probes showirmng frequency response for NSV frequency
of 2513 Hz.

travels fast on the suction surface of the blade and stagtively longer at the passage outlet crossing to the nexiebla
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leading edge. Such a tornado vortex motion trajectory gaesitwo low pressure regions due to the vortex core position
one at the leading edge and one at the trailing edge, bothsaiating due to the vortex coming and leaving. These two
low pressure regions create a pair of coupling forces thagigeges a torsion moment causing NSV.

The full-annulus simulation shows that the tornado vortexcsure is consistent throughout the whole annulus, kit th
NSV frequency varies for some blades to 2365 Hz and 2660 Hgo,Atequencies below the NSV excitation frequency
of 2513 Hz with large amplitudes in response point at flowasation related phenomena being present. This behavior is
consistent with experimental measurements but was noradsas prominently in the 1/7th simulation. Further stuély o
the flow showed that the blade passages have a dual-vortexsygiere both streamwise-propagating tip clearancecesti
and circumferentially-propagating tornado vorticesrate, and their interaction may also be a mechanism thaigttiens
the tornado vortex causing NSV.

The influence of flow separation as an important mechanistrstisains NSV in compressor blades must be checked
with interaction of structure vibration. It appears thalyoiull-annulus simulations can take into account this efffeSince
the present full-annulus simulation assumes rigid blaiésre work should include a full-annulus simulation witlrating
blades to determine the influence of blade modal frequemciepling with flow frequencies and how this fluid-structure
interaction affects NSV.
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FIGURE 16: Instantaneous flow and vortex tracking showing streamiveeelling tip vortex interacting with
circumferentially-travelling tornado vortex.
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FIGURE 17: Frequency maps for rotor blade probes downstream of LE cticsusurface by 30% of tip chord showing
frequency response for NSV and SFV.
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FIGURE 18: Frequency maps for rotor blade probes at TE showing stne@tgéncy response for SFV with some NSV.
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FIGURE 19: Velocity vectors showing dual-vortex system interactidmere vortices rotate in opposite directions
amplifying each other.
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