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ABSTRACT
A high speed 1-1/2 axial compressor stage is simulated in this paper using an Unsteady Reynolds-Averaged

Navier-Stokes (URANS) solver for a full-annulus configuration to capture its non-synchronous vibration (NSV)
flow excitation. The simulation presented in this paper assumes rigid blades. A 3rd order WENO scheme for
the inviscid flux and a 2nd order central differencing for theviscous terms are used to resolve nonlinear interac-
tion between blades and fluid flow. A fully conservative rotor/stator sliding boundary condition is employed with
multiple-processor capability for rotor/stator interface information exchange for parallel computing. The sliding
BC accurately captures unsteady wake propagation between the rotor and stator blades while conserving fluxes
across the rotor/stator interfaces. The predicted dominant frequencies using the blade tip response signals are not
harmonic to the engine order, which is the NSV excitation. The simulation is based on a rotor blade with a 1.1%
tip-chord clearance. Comparison to previous 1/7th annulussimulations show previous time-shifted phase-lag BCs
are accurate. The NSV excitation frequency of the full annulus simulation is for the most part 3.3% lower than
experimental and matches with the 1/7th annulus simulation, although some blades displayed slightly different NSV
excitation frequencies. The full annulus simulation confirms that the instability of tornado vortices in the vicinity
of the rotor tip due to the strong interaction of incoming flow, tip vortex and tip leakage flow is the main cause
of the NSV excitation. This instability is present in all blades of the rotor annulus. While the time-shifted phase
lag BCs can accurately capture the frequency of NSV excitation, phenomena related to flow separation with lower
frequencies, including dual-vortex systems within blade passages, are not captured by the 1/7th annulus simulation,
but are found in the full-annulus simulation.

Nomenclature
e total energy per unit mass
L∞ blade chord at hub
NB number of blade
ND number of nodal diameter
p static pressure
Ro Rossby number,ΩL∞

U∞
r radius
T period for one nodal diameter
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U,V velocities inx,y direction
U∞ inlet axial velocity
Vx,Vθ ,Vr absolute velocities inx, θ , r direction
Wθ relative velocity inθ direction
ν̃ working variable of the S-A model related to

turbulent eddy viscosity
Ω rotor angular speed inradians/sec
φ inter blade phase angle(IBPA),2π ·ND

NB

ρ 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 challenging since they involve both aerodynamics and structural vi-

bration. Blade vibration due to forced response and flutter have been studied for decades with the progress of improving
turbomachinery efficiency and reliability. Recently, a newturbomachinery aeromechanic problem, namely non-synchronous
vibration (NSV), whose blade vibration frequency is away from harmonics of rotor shaft frequency, has attracted a lot of
attention [1–8].

Rotating Instability (RI) is considered as one cause of NSV [1–4]. The experiment by Baumgartner et al. [1] shows that
for a certain operating condition high vibration levels on the first stage blades exist. The frequencies are not in resonance
with engine orders. A rotating flow instability revolves relative to the blade row similar to rotating stall cell. The velocity
fluctuations measured by the Hot-film probe near the blade trailing edge show the radial dependency of this rotating instabil-
ity. The frequencies of the rotating instability are visible at 91% blade span with high coherence levels. The levels aredying
away from the RI center, and eventually at 65% blade span the RI is no more detectable.

Kielb et al. [2] conducted an experimental and numerical investigation for a full size compressor rig where blade-
mounted strain gages and case-mounted unsteady pressure transducers are devised to measure the NSV. The experimental
strain gage data show step change in frequency as the compressor operating condition varies, which is another feature ofthe
NSV. The stage 1 rotor blades experience a significant NSV response of 2661 Hz at 12700 rpm near first torsional mode (1T)
and exhibit the NSV frequency shift from 2661 to 2600 Hz at 12800 rpm. While at the casing, the NSV frequencies of 3516
Hz and 3662 Hz are measured in the non-rotating reference frame. Their numerical results for the 1/7th rotor annulus rotor
indicate a suction side vortex shedding and a tip flow instability near 75% span as the excitation source of the NSV.

The work of Marz et al. [3] also shows the rotating instability as the main source for NSV. A low speed single stage fan
with outlet guide vanes is used for their experimental and numerical study on NSV. The rotor design speed is 3000 rpm and
has the blade passing frequency (BPF) of 560 Hz. They tested four different tip clearances of 0.7%, 1.4%, 2.8%, and 5.6%
tip axial chord at near the maximum fan loading condition. The measured wall pressure spectrum shows a NSV frequency at
roughly half of BPF. The time-lapse plots of casing wall pressure indicate that the flow intensity varies from blade to blade
with the presence of a high fluctuating flow instability in therotor entry plane for tip clearances of 2.8% and 5.6%. It turns
out that the blade sensor signal near the rotating instability has a strong periodic content. A vortex structure moving from
the suction side to the pressure side is observed in the middle of the blade passage by the full annulus simulation for 2.8%
tip model, which is the main causes of unsteadiness when the rotating 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 low speed research compressor to investigate influence of tip
clearance and operating point on rotating instability. Rotating instability have been found at a tip clearance of 3% tipaxial
chord. At a larger tip clearance of 4.3%, the rotating instability is fully developed for all the rotor speeds including 50%,
80%, and 100% design speed. The formation of rotating instability is limited to a narrow operating range near the stall
boundary. The measurement at the casing wall shows a narrow band increase of the amplitudes in the frequency spectrum
at about 30% of BPF. When the compressor approaches the stallboundary, the rotating instability shifts to slightly lower
frequencies while amplitude of the perturbation grows. Measurements on the rotor blades show that the rotating instability is
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limited to the blade tip region. Maximum amplitudes appear at 92% of the blade height and 20% to 30% of chord length. For
a large tip clearance a strong blade tip vortex is observed inthe rotor tip region. The fluctuating blade tip vortices propagate
in rotor circumferential direction. Tip clearance size is shown as the main influence parameter on the rotating instability.

Thomassin et al. [5, 6] suggested a theory different from therotating instability to explain the NSV based on the reso-
nance of a impinging jet vortex structure and the acoustic feedback of a vibrating plate. The jet core feedback theory hasbeen
proved by an experiment conducted in [5,6]. It shows that when the acoustic reflection wave length equals to the jet-to-plate
distance, the jet vortical structures lock-on to the acoustic wave frequency and significant amplification of the pressure fluc-
tuation and vibration of the flexible plate are observed. They suggest a simple model to predict the critical tip velocitybased
on their impinging jet experiment, which is tested in this study to evaluate the effect of tip leakage jet acoustics on NSVof
the compressor under investigation. Vo [8]’s simulation shows a tip clearance flow instability for an isolated subsonicaxial
compressor rotor. In the blade tip region the trailing edge backflow causes flow impingement on the pressure side that leads
to the flow unsteadiness associated with NSV.

A NSV phenomenon for a low aspect ratio fan stage stator with alarge amplitude is identified by the experiment of
Sanders [7]. The rotor blades ahead the stators experience flutter, not NSV. Strain gage measurements on selected vanes at
various locations around the annulus show that the highest response occurs on the vicinity of low static pressure(high Mach
number) regions of the fan stator assembly. The high amplitude frequencies observed along the nominal operating line during
the fan engine test is a narrow band and non-synchronous withthe 1st bending mode approximately 25% below. The URANS
simulation demonstrates that the NSV is driven by dynamic stalling of the fan stator due to unsteady shock-boundary layer
interaction.

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

Previous efforts by Im et al. [10] have adopted a 1/7th sectorof the full-annulus configuration to simulate the first 1-
1/2 stages of this compressor due to geometric periodicity.Since NSV is primarily an unsteady phenomenon, to enforce
flux conservation across rotor/stator interfaces, a fully conservative sliding boundary condition (BC) was adopted. Because
the circumferential boundaries are only geometrically periodic, the flow was treated at these boundaries with a time-shifted
phase-lag BC to capture more accurately the physical phenomena inside the compressor. Even though the accuracy of phase-
lag BCs is still in question and require more validation, there has not been any full-annulus simulations thus far aimed at
predicting NSV.

Full-annulus simulations have been used to explain the flow mechanisms of stall inception since the flow has no circum-
ferential periodicity [11–15]. Due to the unsteadiness of complex flow phenomena in turbomachines, the limitations brought
by periodicity assumptions must be overcome in order to resolve more realistically flow structures. Since the knowledge
on NSV excitation is very limited, there are some questions that need to be answered: 1) is NSV excitation a full annulus
phenomenon or a local phenomenon? 2) What are the NSV excitation characteristics along the circumference, periodic or
aperiodic? Only a full annulus simulation can answer these questions. The answer is also very important to guide the reduced
model using a sector of the annulus. In [10] a tornado vortex structure near the rotor blade tip region was found to be the main
flow structure to drive the NSV for the present compressor. The vortex structure observed from the 1/7 sector simulation for
this compressor stage suggests that the tornado vortex structure is present in all the rotor passages of the annulus, effectively
creating a vortex tube that may span the full circumference of the rotor blade-row. Therefore, a 1/7th annulus model is not
sufficient to test the order of length scale this vortex structure requires and a full-annulus model is warranted.

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

2 The High-Speed Axial Compressor
The high-speed axial compressor exhibits NSV at the first stage rotor blades [2]. The first 1-1/2 stage with 56 IGVs,

35 rotor blades and 70 stator blades of the full compressor isused for current simulations. The rotor tip clearance of the
compressor rig is 1.1% of tip chord. The measured blade NSV isa phase-locked response and close to 1st torsional blade
natural frequency. The strain gage on the blade surface shows the NSV frequency of 2600 Hz at around 12880 rpm and 2661
Hz as the rotor speed slightly decreases to 12700 rpm as shownin Fig. 1 (left). The measured NSV frequency of the blade
surface can be used for comparison since the rotating frame of reference is adopted in this study. Also at the right of Fig.1 is
shown the casing unsteady pressure measurement frequencies in absolute frame, which are doppler shifted. In these pressure
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measurements the presence of SFV frequencies is stronger inthe rpm range where NSV is present than SFV frequencies in
the strain gage measurements.

FIGURE 1: Strain gage response (left) and casing unsteady pressure measurements (right) of the first-stage rotor blades of
the high-speed compressor showing SFV(separated flow vibration) and NSV(non-synchronous vibration)

3 Numerical Methods
The unsteady Reynolds-averaged Navier-Stokes (URANS) equations are solved in a rotating frame [13] with the Spalart-

Allmaras (S-A) turbulence model [16]. Shock capturing scheme is necessary to simulate high-speed axial compressors since
most rotor blades experience shock/boundary layer interaction. In this study the Low Diffusion E-CUSP (LDE) Scheme
[17] as an accurate shock capturing Riemann solver is used with a 3rd order WENO reconstruction for inviscid flux and
a 2nd order central differencing for viscous terms [18]. An implicit 2nd order dual time stepping method [19] is solved
using an unfactored Gauss-Seidel line iteration to achievehigh convergence rate. The high-scalability parallel computing is
implemented to save wall clock time [20].

The interaction between rotating and stationary blades introduces inherent unsteadiness to the flow of multistage turbo-
machinery. For instance, the shock wave interaction between the inter blade rows as well as rotating instabilities as a main
driver of NSV can be predicted not by the steady approach, butonly by the conservative unsteady approach. Numerous stud-
ies on the unsteady rotor/stator interaction has been developed [21–24] based on interpolation on the rotor-stator interface.
Rai [21] used the patched and overlaid grid system based on interpolation to solve an axial turbine with a rotor-stator config-
uration. Chen et al. [25] pointed out that lack of flux conservation can significantly affect the solution accuracy where shock
interaction exists between the blade rows. In fact, the methods of rotor/stator interaction using any type of interpolation
methods can not satisfy the conservation of the flux across the interface.

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

4 Boundary Conditions
At the IGV inlet, the radial distributions of total pressure, total temperature, swirl angle and pitch angle are specified and

velocity is extrapolated from the computational domain in order to determine the rest of the variables. On the blade surface
and casing wall a non-slip boundary condition is applied, while on the hub surface the law of the wall is used to avoid an
excessive fine mesh in the boundary layer [13]. At the stator outlet, the static pressure is specified in the spanwise direction.
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The velocity components are extrapolated from the computational domain and an isentropic relation is used to determine
density. If the wall surface is rotating, the wall static pressure for the inviscid momentum equation is determined by solving
the radial equilibrium equation. If the wall surface is stationary, the static pressure gradient across the wall boundary is set
to zero. In addition, the adiabatic condition is used to impose zero heat flux through the wall.

4.1 Sliding BC Between a Rotor and a Stator
A fully conservative sliding BC without interpolation is used to solve the moving rotor in the rotating frame and the

stator blades in the fixed frame [26]. The following relations between the moving frame and the fixed frame are used for
variable exchange.

















ρ
ρU
ρVr

ρVθ
ρe+ρVθrRo

ρν̃

















Fixed

⇀↽

















ρ
ρU
ρVr

ρWθ (=Vθ − rRo)
ρe
ρν̃

















Moving

(1)

The conservative variables in cylindrical rotating coordinatesρ ,ρU,ρVr,ρWθ , ρe, andρν̃ are exchanged dynamically
when the moving domains slide and are updated in every pseudotime step. Since the sliding BC with the ghost cell approach
can ensure the boundary cells to be solved in the same manner as the inner domain, it hence can capture the interactive effects
between the rotor and the stator.

The condition for this sliding BC to avoid interpolation across the sliding BC is to use a one-to-one matched grid at
the interface [26]. Two domains at the interface have to havethe same mesh size and also the grid points should be evenly
distributed circumferentially. This condition can be always satisfied for full annulus calculations. When the rotating blades
are moving, the mesh of the rotor blades moves with the blades. The one-to-one connection of the two grid points from the
stationary blade to the moving blade at the sliding interface will remain on the same grid points when the circumferential
distance of the two grid points is small. When the circumferential distance of the two grid points is greater than half of the
grid interval due to the moving blades, the connection will switch to the next grid point so that all the grid points remain
one-to-one connected without high mesh skewness. This process keeps being repeated in the rotor-stator sliding interface
during the calculation.

For a full-annulus computation, the rotor and stator interface domains may be prohibitively large in terms of mesh size
compared to blocks in other regions of the mesh (i.e. blocks around the rotor blade). This requires for interface domains
to be split into smaller regions circumferentially to speedup parallel computing across the interface. Fig. 2 illustrates the
algorithm of the conservative sliding BC for multiple processes at the interfaces. If the interface is defined by a single
block on each side of the interface, then the send and receivecommands for the mpi parallel computing procedures will
have only one destination (“d1”) and the BC would follow the same procedure found in [26]. Once the interface is divided
further into more blocks the logics behind the destinationsof the send and receive commands for mpi become increasingly
more complex. The top sketches in Fig. 2 illustrate the case of having the interface divided into three congruent blocks.At
time t = 0 all blocks are one to one where 1,2, ... connect directly with 1′,2′, ... respectively. After some timet = τ the
configuration in the top to the left of the dashed line is present. The arrows show the direction of the mpi command send
across the interface for the block with the corresponding color. The labels ‘d1’ and ‘d2’ represent destination 1 (the block
connected one-to-one at t=0) and destination 2 (the block that follows due to rotation direction) respectively; these labels are
assigned for each block based on its neighboring blocks. Theblocks defined as d1 and d2 will depend on whether the current
block is on the rotor side of the interface or the stator/IGV side and whether it is downstream or upstream of the interface.
Assuming that∆τ = 1/(3Ω), then att = ∆τ the blocks are again one-to-one but with block indices shifted once following the
rotation direction; and att = τ +∆τ the top configuration to the right of the dashed line applies.At this moment the blocks
d1 and d2 have switched since neighboring blocks have different indices. To account for this change in destination blocks
for mpi send and receive, arrays with the indices of the blocks upstream and downstream of the interfaces are built such that
every∆τ time interval the array with the downstream (red) blocks changes according to rotation convention.

The algorithm for each individual cell is shown at the bottomof Fig.2. Let the rotor domain be rotated by two cells from
the initial position. Then, the cell 3 to 11 on the rotor side and the 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 and 11 of the stator domain have no cells to exchange. Therefore,
we define the exchange array of those cells to the corresponding neighboring block (i.e. ‘d2’). For instance, the rotor cell 1
and 2 are rotated by the angle(φ ) and are exchanged with the stator cell 10 and 11 of block ‘d2’. We employ the conservative
cell exchange technique to reduce the computational efforts and to fully conserve data exchange. The rotated mesh is located
to the closest cell of the counterpart domain. When∆t is large such that the rotor mesh sliding distance is greaterthan one
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circumferential grid cell spacing, more pseudo time steps are usually needed to reduce the residual due to the large rotor
moving distance.

3’

1’

2’

3

5

6

4

R
otation

R
otation

IGV RotorRotor Stator

2’

1

2

3

4

6’

4’

5’

5’

R
otation

R
otation

IGV RotorRotor StatorStatorRotor StatorRotor

1’

2’

3’

1’

2

3

4’

5’

6’

6’

R
otation

R
otation

IGV Rotor

1

3

4

5

6

4

R
otation

R
otation

IGV Rotor

τ τ+∆τ

d1

d2

d1

d2

d1

d2

d1

d2

d1

d2

d1

d2

d1

d2

d2

d1

d2

d2

Stator

Rotor

Rotor cells
to exchange with
Stator domain

S+2S-1 S S+1

R+1 R-1RR+2

Stator cells
to exchange with
Rotor domain

Ω

P
er

io
di

c
ce

ll

φ

1

2

3

4

5

6

7

8

9

10

11

1

2

10

11

1

2

3

4

5

6

7

8

9

10

11

FIGURE 2: Rotor/Stator interface exchange algorithm between blocks (left) and between cells (right)

5 Computational Mesh
The full-annulus mesh for 1-1/2 stage of the compressor is presented in Fig. 3. The rotor tip clearance is modeled

with 21 grid points using an O-mesh block. The mesh of IGV/rotor/stator is partitioned to total 1246 blocks for par-
allel computation. The grid around the blade was constructed as an 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(around blade)×101(blade-to-
blade)×71(blade span). An H-mesh layer is used for the matched one-to-one grid point connection at the sliding BC in-
terface of IGV/rotor/stator that enables variable exchange in a fully conservative manner. Each H-mesh layer has 7 blocks
with a mesh size of 201(tangential)×6(axial)×71(blade span). The total mesh size for this full-annulus simulation of 1-1/2
compressor stages is 97,317,920.

6 Numerical Probes
The numerical probes to acquire the static pressure responses at the tip clearance are shown in Fig. 4. Total 60 points on

a blade surface, 5 points in the middle of tip clearance and 5 points at the casing surface are mounted. The first numeral of the
probe number means location around blade surface and the second numeral indicates location of blade span. For example,
the probe 64 means the 6th probe from the trailing edge and the4th probe 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 clearance [2] is shown to have the NSV frequency range of 2600

Hz to 2661 Hz, which is located between 12EOL(engine order line) to 13EOL as shown in the Campbell diagram in Fig. 5.
The measured compressor NSV is at 2600 Hz at the present simulation operating condition of 12880 RPM. The residual is
reduced by three orders of magnitude within each physical time step, which is usually achieved within 15 to 20 pseudo time
step iterations. A non-dimensional time step of about 0.005is used. Note the Campbell diagram can be used to evaluate
whether a blade frequency including natural frequency is synchronous or not with engine shaft. EOL in Campbell diagram
is obtained by integer multiples of rotor shaft frequency with respect to RPM. The full-annulus NSV predicted is 2513 Hz
with some blades of the annulus showing a NSV of 2365 Hz and 2660 Hz. 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 in stable operation [1–4], steady flow simulations are conducted
using a single passage of the compressor at different back pressure conditions to capture the speedline. The compressor
speedline is captured to corroborate the full-annulus simulation is performed at the stable operation region far from stall
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FIGURE 3: Full Annulus mesh for NSV simulation and close-up views of blade surface mesh, interface H-mesh blocks and
rotor tip gap O-mesh.

region. Fig. 6 shows the predicted speedline of the 1-1/2 stage axial compressor. Note that the full-annulus speedline data in
Fig. 6 are obtained by averaging the final 2 rotor revolutionsto avoid the transitional period since the unsteady computations
are started from the steady solutions obtained by a mixing plane approach [26].

7.1 Flow Structure and Instabilities
To ensure that the conservative sliding BC is working properly the wake propagation patterns of the 1-1/2 stage com-

pressor is observed for 3.25 and 3.5 rotor revolutions. Fig.7 shows the instantaneous change in entropy contours at a constant
radius at 50% of the span for the aforementioned times. The IGV wakes propagate to the rotor blade row and further down-
stream both IGV and rotor wakes combine and propagate to the stator blade row causing the entropy increase through the
stator to be much larger.

Previous unsteady simulations of the present high-speed compressor [2,10,27] have shown that a rotating instability (RI)
above 78% of the span causes NSV. This near-blade-tip RI has been shown to occur in all rotor blades of the 1/7th annulus
simulations [10,27], and the present simulation shows thatthis instability is also present in all the blades of the full-annulus
simulation as shown in Fig. 8.

The tornado-like vortex structure is shown in Fig. 9. It can be seen that the reverse flow occurs at the outer span region
of the vortices. The axis of the tornado vortex, shown by the vortex core line, is perpendicular to the suction surface of the
blade. When observed for the full-annulus in Fig. 10, the vortex core line of the RI for T=3.5 revolutions has a clear presence
in every rotor-blade passage near and in front of the leadingedge of the blades which indicates that the tornado-vortex tube
is closed around the annulus. Vortex cores are almost perpendicular to the suction surface of rotor blades as shown in more
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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 propagation direction is parallel and opposite to the rotation directionin the
relative frame. This can be further confirmed in Fig. 12 wherethe instantaneous tornado vortex movement over 2 rotor blades
is captured. The full-annulus URANS simulates how the tornado vortex causes the NSV. The tornado vortex on the blade A
suction surface at170 Rev moves to the blade B at670 Rev in the opposite direction to the rotor rotation. The tornado vortex
travels fast on the suction surface of the blade and stays relatively longer at the passage outlet crossing to the next blade
leading edge. Such a tornado vortex motion trajectory generates two low pressure regions due to the vortex core positions,
one at the leading edge and one at the trailing edge, both are oscillating due to the vortex coming and leaving. These two low
pressure regions create a pair of coupling forces that generates a torsion moment causing NSV. This is consistent with the
experimental and numerical observations in [2,27] that theNSV of this rotor is dominant at its first torsion mode(2nd mode).
The frequency of this tornado vortex propagation captured is roughly equal to the NSV frequency of the blade pressure
signals. Other experiments [1, 4] for axial fan/compressoralso show that the flow instabilities in the vicinity of rotortip
rotates circumferentially and cause NSV.

7.2 Full-Annulus NSV Frequencies
The full-annulus NSV frequency was measured and compared toa previous 1/7th annulus simulation [10] for a rotor

blade geometry with a tip-to-casing gap of 1.1% of tip-chord. Fig. 13 shows the predicted frequencies for the normalized
pressure signals on the blade suction surface and compares them to the frequencies predicted by the 1/7th simulation. This
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Im et al.
Present Simulation

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

T = 3.25 rev T = 3.5 rev

FIGURE 7: 1-1/2 Stage wake patterns shown by entropy increase contours at 50% span at 3.25 and 3.5 revolutions.

demonstrates that the circumferentially time-shifted phase-lag BC used in [10] can capture an NSV frequency of 2513 Hz,
which is the same as the full-annulus NSV frequency. A samplestatic pressure reading of one of the 35 rotor blades is
presented for the numerical probe at 78% of span at the LE (probe 63) in Fig. 14. The small zoom-in view of a pressure
signal period is used to estimate its frequency, which is approximately 2525 Hz and near the computed NSV of 2513 Hz and
the experimentally measured frequency of 2600 Hz, and validates the frequency analysis performed.

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

1. The dominant NSV frequency was not 2513 Hz for all blades, albeit the majority of blades did exhibit this behavior.
Some blades presented different NSV frequencies of 2365 Hz and 2660 Hz.

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

The high response of frequencies well below 2500 Hz show a high incidence of separated flow through out the annulus.
Comparing to experimental results in Fig. 1, measurements by the strain gages on the blades do not show this behavior,
but the pressure measurements on the casing wall do show thatwhile NSV phenomena has dominance, flow frequencies
related to SFV are still significant in amplitude compared toNSV-related frequencies. The difference in these two behaviors
can be explained by the nature of the measurement. Strain gage measurements follow blade deformation and therefore the
dominant frequencies captured will be modal, whereas the pressure transducer will capture all frequencies found in theflow
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FIGURE 8: Vortex structure predicted in rotor stage above 78% span with all blades showing flow instability. Red shows
flow moving downstream, blue shows backflow (inflow is into thepage).

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

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

The key issue with these lower frequencies is that they hint at the presence of secondary flow features other than NSV
that relate to flow separation. In Fig. 16 a tip clearance vortex travelling in a streamwise direction is present along with
the tornado vortex travelling in a circumferential direction. The streamwise vortex clearly originates at the rotor blade tip
whereas the circumferential vortex generates at a span of about 80%. This phenomenon also explains why SFV frequencies
are more dominant at locations on the suction surface of the blade downstream of LE as shown in Fig. 17, where probe
measurements are at a location 30% of tip chord downstream ofLE, and in Fig. 18 with probes located at TE.

The dual-vortex system may provide some answers as to why thetornado vortex can be closed. Fig. 19 shows two
instantaneous vector fields near the two vortices separatedby ∆t = 1/70 revolutions. The rotation direction of both vortices
is opposite to each other, which means that when they interact with each other this will energize both structures. Also this
interaction will cause high pressure gradients on the bladesurface that will change location as the vortices propagatein their
corresponding directions. This means that not just blade vibration excited by the tornado vortex will cause the NSV to sustain
throughout operation, but also flow separation near the tip region will have an influence. Since this simulation assumed rigid
blades, a closer look at the blade vibration with flow separation should be performed to determine the influence of flow
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FIGURE 10: Instantaneous vortex core structure predicted at T=3.5 rev. with all blades showing presence of vortical flow
showing that the vortex tube is closed.

FIGURE 11: Side and top view of a tornado vortex with vortex core almostperpendicular to suction surface and
propagation direction parallel but opposite to rotation direction.

separation with circumferentially propagating vortices.
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FIGURE 12: Instantaneous vortex trajectories in tip region every 1/35th of a revolution colored by the normalized static
pressure.

frequency (Hz)
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FIGURE 13: Predicted NSV frequencies for full annulus and 1/7th annulus simulations at probe 64 for a sample blade.

8 Conclusion
A 1-1/2 stage high-speed compressor was simulated using a full-annulus configuration to minimize BC effect on solu-

tion. A URANS solver was used to capture the NSV flow excitation frequency of 2513 Hz which is 3.3% underpredicted
compared to experimental data. The phenomena observed matches for the most part to that observed for 1/7th annulus
URANS simulation using a circumferential time-shifted phase-lag BC. It is shown that the tornado vortex formed in the
vicinity of the rotor tip propagates at the speed of a non-engine order frequency and causes the NSV. The tornado vortex
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FIGURE 14: Pressure signal for sample blade of full-annulus (blade 3)at probe 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 showingstrong frequency response for NSV frequency
of 2513 Hz.

travels fast on the suction surface of the blade and stays relatively longer at the passage outlet crossing to the next blade
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leading edge. Such a tornado vortex motion trajectory generates two low pressure regions due to the vortex core positions,
one at the leading edge and one at the trailing edge, both are oscillating due to the vortex coming and leaving. These two
low pressure regions create a pair of coupling forces that generates a torsion moment causing NSV.

The full-annulus simulation shows that the tornado vortex structure is consistent throughout the whole annulus, but the
NSV frequency varies for some blades to 2365 Hz and 2660 Hz. Also, frequencies below the NSV excitation frequency
of 2513 Hz with large amplitudes in response point at flow-separation related phenomena being present. This behavior is
consistent with experimental measurements but was not observed as prominently in the 1/7th simulation. Further study of
the flow showed that the blade passages have a dual-vortex system where both streamwise-propagating tip clearance vortices
and circumferentially-propagating tornado vortices interact, and their interaction may also be a mechanism that strengthens
the tornado vortex causing NSV.

The influence of flow separation as an important mechanism that sustains NSV in compressor blades must be checked
with interaction of structure vibration. It appears that only full-annulus simulations can take into account this effect. Since
the present full-annulus simulation assumes rigid blades,future work should include a full-annulus simulation with vibrating
blades to determine the influence of blade modal frequenciescoupling with flow frequencies and how this fluid-structure
interaction affects NSV.
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FIGURE 16: Instantaneous flow and vortex tracking showing streamwise-travelling tip vortex interacting with
circumferentially-travelling tornado vortex.
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FIGURE 17: Frequency maps for rotor blade probes downstream of LE on suction surface 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 strong frequency response for SFV with some NSV.
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FIGURE 19: Velocity vectors showing dual-vortex system interactionwhere vortices rotate in opposite directions
amplifying each other.
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