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Non-Synchronous-Vibration (NSV) in high-speed turbomachinery compressors is an aeroe-
lastic phenomenon which can have devastating consequences, including loss of rotor
blades. Despite extensive research over the past two decades its underlying mechanisms
are not yet understood. This paper aims to explain the physical mechanisms causing NSV in
a modern transonic compressor rotor. Referring to previous experimental results and using
validated computational fluid dynamics (CFD), a parametric study is performed in order
to characterize the aerodynamic disturbance causing NSV, and to understand the lock-in
mechanism between the fluid and the structure seen during NSV. The results show that
the process is driven by aerodynamics in the tip region. Under highly throttled conditions,
the tip leakage flow blocks the passage and causes the disturbance, which is characterised
as a vorticity fluctuation, to propagate circumferentially in the leading edge plane. It is
found that the propagation speed of the disturbance is determined by the mean flow con-
ditions and only its phase is periodically modulated through interaction with oscillating
blades. This is the mechanism facilitating lock-in. Based on these findings a semi-analytic
model is developed and calibrated with the numerical results. The model is capable of sim-
ulating the lock-in process and correctly predicts unstable vibration modes. It can therefore
be used to identify critical operating conditions and develop mitigation measures early in
the design.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Non-synchronous vibrations in axial compressors were first reported in the 1980s [1] and have since received increas-
ing attention in literature [2-6]. The rise in interest is undoubtedly driven by trends in compressor design. Modern designs
utilize integrated bladed disks (blisks) with negligible mechanical damping and increased structural coupling through the
disk. In addition, highly loaded, low aspect-ratio blades with small profile thickness are sensitive to aerodynamic pertur-
bations, and narrow manufacturing tolerances lead to well-tuned symmetric designs with little aerodynamic damping. All
these factors promote coupling between the fluid and structure. It is thus not surprising that non-synchronous vibrations
in compressors have recently been reported by all engine manufacturers and are increasingly becoming a design constraint

[7-10].
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Nomenclature

c Chord length s[m]

f Physical force [N]

f Modal force [s72]

k Reduced frequency, k = 7

L Lift [N]

L Lift per unit span [N/m]

my Modal mass [kg m?]

m Normalised reduced mass flow rate
p Static pressure [Pa]

Pavg Time-averaged static pressure [Pa]
q Modal displacement [-]

t Time [s]

Vy Axial velocity [m/s]

Voo Relative inlet velocity [m/s]

r Circulation [m?/s]

| £ Reference circulation amplitude [m?/s]
r’ Circulation per unit length [m/s]
r, Vortex criterion

o Angular blade twist [°]

Is Damping ratio [-]

I1; Normalized stagnation pressure ratio [-]
0 circumferential coordinate [rad]

P Free stream density [kg/m3]

[0) Mode shape vector [m]

1) Phase between incoming disturbance and vibration [rad]
o Inter-blade phase angle [rad]

w Vorticity [s~1]

w Angular frequency [rad/s]

Q Angular velocity [rad/s]

v Dynamic viscosity [m?/s]

EO Engine order [2]

oP Operating point

Superscripts

R Rotating frame of reference

S Stationary frame of reference
Subscripts

a aerodynamic disturbance

bp blade passing

r rotor

rev revolution

\ vibration

The term ‘non-synchronous vibration’ is very general and in theory encompasses any vibration at frequencies not related
to the shaft frequency, for example buffeting as well as self-excited vibrations (flutter). However, in recent literature the
term has often been used to describe a subset of non-synchronous vibrations which refuses classification into well-defined
types. To align with current literature, the term ‘NSV’ will be used throughout this paper but a more specific terminology
will be proposed towards the end, after the physical mechanisms defining this specific type of NSV investigated have been

identified.

According to Kielb et al. [2], the source of NSV is an aerodynamic unsteadiness which locks in with the vibra-
tion’s natural frequency, with blade dynamics playing a secondary role. It is generally accepted that NSV involves a
non-linear aerodynamic behaviour, e.g. the fluid-structure lock-in only takes place once a critical vibration amplitude is

reached.

Perhaps due to the general nature of the term ‘NSV’, the exact cause of it remains unclear. However, there are a few

characteristics common to all reported incidences of NSV in axial compressors:
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- NSV occurs near the stall boundary but at a stable operating condition.

- Prior to NSV, frequency spectra of unsteady pressure contain broad-band frequencies, which result from multi-wave
number disturbances propagating at approximately 50% of the rotor speed in the direction opposing rotation (in the
rotor frame of reference).

- At the onset of NSV, the aerodynamic disturbance locks in with the structural vibration and the broadband spectrum
changes to a coherent aerodynamic disturbance with a distinct frequency peak.

These characteristics differentiate NSV from other unsteady aerodynamic and aeroelastic phenomena, such as flutter,
buffeting and rotating stall as briefly outlined in the following.

Flutter is a self-excited blade vibration whereby an initial small vibration amplitude is amplified through a positive feed-
back mechanism (negative aerodynamic damping). The flow unsteadiness is only due to blade vibration. This differentiates
it from buffeting or NSV, where an aerodynamic unsteadiness exists independent of blade vibration. Classical flutter is an
inherently linear phenomenon, where the aerodynamic response scales linearly with vibration amplitude. Non-linearities
can arise, for example due to non-linear aerodynamic effects at high vibration amplitudes or friction damping, and result in
limit-cycle oscillations. In bladed disks, the vibration occurs in one or more nodal diameter patterns resulting in a discrete
set of frequencies in the unsteady pressure spectrum. Its signature therefore also differentiates it from NSV.

Buffeting, on the other hand, is caused by an aerodynamic instability. Kielb et al. [11] refer to this as ‘separated flow
vibrations’ (SFV) and compare it to the buffeting of wings. In a manner similar to NSV, the aerodynamic frequency locks
in with the vibration mode. However, it does not necessarily require a circumferentially travelling disturbance. As a result,
it can therefore occur in a 0 nodal diameter (ND) pattern or change in severity over the circumference [12]. If driven by
Strouhal instabilities, the buffeting frequency can be estimated from the vortex shedding frequency.

Rotating stall in the sense of Emmon’s [13] is a purely aerodynamic phenomenon where stalled operation of one passage
gradually triggers adjacent passages. This leads to the formation of full or part-span stall cells which move from passage to
passage. The velocity of the stall cell varies between 20% and 70% of rotor speed [14], with lower speeds being typical
for full span and higher speeds for part-span stall [15]. The speed changes as the cell pattern changes, and the velocity of
stall cells is therefore unrelated to the convective time scales of the flow. Its range, however, is comparable to that of the
aerodynamic disturbances typically measured during NSV.

Unlike NSV, rotating stall is associated with a significant shift in operating point, resulting from a flow separation on the
blade suction side. For the highly three-dimensional flow structure present in modern turbomachinery compressors, this
blade boundary layer separation is characterized by locally reversed flow and accordingly a convergence of streaklines. This
is not the case in the early stage of NSV. In experiments, radial vortices propagating from blade to blade were observed
without flow reversal and without a drop of the compressor performance [16]. The measurements only showed reversed
flow conditions after the emergence of a rotating stall cell. This was accompanied by a rapid decrease of blade lift and
hence rotor pressure ratio. A clear distinction therefore has to be made between a rotating stall cell and the propagating
vortical structures observed during NSV.

Finally, although rotating stall is known to cause blade vibrations [9], there are many examples where a coherent aero-
dynamic disturbance, i.e. one or multiple stall cells, exists independent of blade vibration. This further differentiates it from
the aerodynamic disturbance seen during NSV, which takes a coherent form only after the onset of blade vibrations.

Although not linked to rotating stall itself, NSV has been associated to short length-scale stall precursors, such as ‘spikes’
and the controversially termed ‘rotating instabilities’ [17]. These precursors have been an active area of research and are
known to originate from a variety of aerodynamic features, such as tip clearance vortex oscillations [18,19], leading edge
spillage and trailing edge backflow [3,20], leading edge separations [21], shear layer instabilities [22] as well as vortex shed-
ding instabilities [23]. An interaction with blade vibration has been reported in several cases [3,4,7] and recently, Brandstet-
ter et al. [16] provided experimental evidence for the lock-in between propagating radial vortices, which are known to be a
source of spike-type stall inception through the work of Inoue et al. [24] and Young and Pullan [21,25], and blisk vibration
patterns [16].

Despite the breadth of research on the topic, the physical mechanisms causing NSV and the lock-in of aerodynamic
disturbance and structural vibration pattern are not well understood. As a consequence, predicting NSV is extremely difficult.
Full-domain computational fluid dynamics (CFD) simulations are possible but unreliable and expensive, precluding use at the
design stage.

The main objectives of the current paper are to:

1. Increase the conceptual understanding of the lock-in mechanism leading to NSV
2. Build a reduced model to predict NSV at an early design stage.

These objectives are achieved using numerical simulations of a high speed compressor stage, for which extensive ex-
perimental measurements are available. The paper is structured as follows: First, a review of the experimental findings
motivating this work is given. The numerical approach is then validated by comparison against the experimental measure-
ments. In the main body of the paper, a parametric study is carried out to identify the factors driving NSV and identify the
physical mechanisms responsible. The insights gained from the numerical parameter study are then used to build a simple
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Fig. 1. experimental results of transient PIV measurements, a) raw image and relative velocity vectors of a radial vortex during NSV; b) location and size
of different radial vortices observed during one transient throttling maneuver; from [16].

model, which reflects the physical mechanism. After calibration and validation, it will be shown how the model can be used
to predict critical, i.e. unstable, vibration modes.

2. Review of experimental observations

In a recent paper, Brandstetter et al. [16] investigated the onset of NSV in a transonic compressor approaching stall using
transient wall-pressure, blade strain-gauge and phase-locked PIV measurements at transonic and subsonic conditions. They
showed that tip leakage flow creates a large region of low velocity fluid at a (stable) condition near stall, which blocks the
passage. In these conditions, small disturbances may lead to the development of unsteady vorticity along the shear layer
between the tip leakage and the main flow as shown in Fig. 1 a). These structures have previously been described as radial
vortices or tornado vortices because their axis is almost aligned with the radial direction. The vorticity is convected toward
the leading edge of the following blade. The trajectory as measured in the experiment is shown in Fig. 1b.

The measurements showed that this aerodynamic disturbance, i.e. the radial vortices, existed in random distribution but
with constant propagation velocity long before NSV arose. The propagation velocity differed between experiments at a tran-
sonic and a subsonic speedline. During transient throttling manoeuvres, the number and size of the RVs increased. Following
the excitation of multiple blade eigenmodes through shedding of radial vortices, a blisk vibration pattern in the first tor-
sional eigenmode developed as the vortex shedding became locked to large blade deflections and a coherent disturbance
established. The speed of this disturbance was slightly shifted from the velocity observed before strong vibrations occurred.
These measurements suggested that two key ingredients are necessary for NSV:

1. The mean aerodynamics must promote the shedding of radial vortices and their circumferential transport, i.e. the blade
must react to small changes in incidence by shedding vorticity while the passage must be blocked to allow the circum-
ferential transport.

2. The blade vibration must be able to modulate the propagation velocity of the aerodynamic disturbance to create a co-
herent disturbance in resonance with the vibration pattern.

The current paper will use numerical simulations to test these assumptions and increase the conceptual understanding
of the lock-in mechanism leading to NSV.

3. Test case and setup
3.1. Transonic compressor

The test case for this investigation is the Darmstadt transonic compressor, which was experimentally investigated in
Reference [16]. It is a modern one-and-a-half stage compressor representative of a high-pressure compressor front stage,
designed by Rolls-Royce Deutschland. The rotor has three-dimensional design features like forward-sweep and endwall con-
touring. Details about the rig operation, inlet guide vanes (IGV) settings, and instrumentation are provided in Ref. [26].
Important parameters are summarised in Table 1. This compressor repeatedly suffered NSV in the first torsional mode (1T)
near the stall boundary at both transonic and subsonic speed. The 1T mode shape and the corresponding twist deflection of
the blade section at 92% span are shown in Fig. 2. The reduced frequency based on relative inlet velocity, angular frequency
and semi-chord is k = % = 1.1, which is outside the range of typical values for flutter (k < 0.3).
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Table 1
Compressor parameters.

Design pressure ratio 1.55
Axial inlet Mach number 0.5
Relative tip Mach number 1.2
Max shaft speed (rpm) 20,000

Fig. 2. Displacement in first torsional mode shape (1T) ; a) isocontours of modal deformation; b) deformation of blade section at 92% span.
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3.2. Flow solver and model setup

The flow solver used is AU3D, an unsteady Reynolds-averaged Navier-Stokes solver for aeroelastic analysis developed at
Imperial College with the support of Rolls-Royce. The Spalart-Allmaras turbulence model is used for the present study. The
solver has been extensively validated for compressor flows near stall [9,27] and has also been validated for the current test
case [6] using 1.5 stage full circumference simulations. The grid used in this study is comparable to that used by Moeller
et al. [6]. It is structured in the radial direction, unstructured in the tangential plane and has approximately 1 million points
per rotor passage.

Two sets of steady state simulations are run in preparation for the unsteady analysis. The first one uses the full
1.5 stage domain (see Fig. 3) with choked exit nozzle. At the IGV inlet, the measured radial distribution of stagnation
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Fig. 4. Measured and calculated compressor characteristics; unsteady calculations rotor only; for OP2 (steady) start condition, values normalized with
aerodynamic design point.

pressure, stagnation temperature and flow angles are prescribed as boundary conditions. The second set only contains the
rotor and is used as a starting point for the unsteady computations. In this case, the rotor inlet and exit boundary conditions
are obtained from the 1.5 stage steady state mixing plane computations. The domain reduction is necessary to facilitate a
parameter variation in the unsteady analysis.

For the aeroelastic analysis, the vibration mode shapes are first computed by an in-house finite element solver. In the
mode of interest (1T) there is negligible variation with nodal diameter. The mechanical model is therefore reduced to a
single mode and weakly coupled aeroelastic analyses are performed, where one blade (Blade 0) is undergoing harmonic
motion in the 1T mode and modal forces on neighbouring blades are recorded. The numerical approach resembles that used
to compute aerodynamic influence coefficients (AIC). This will be elaborated on later. Initially, full circumference simulations
are carried out. To reduce computational efforts, the domain is then circumferentially truncated to 5 rotor passages with
periodic boundary conditions as illustrated in Fig. 3. Results from the truncated domain are compared to the full annulus
and it will be seen later that this approach is suitable for the purposes of analysing NSV mechanisms.

The simulations are time-accurate with 200 physical time steps per vibration cycle.

4. Description and validation of numerical approach
4.1. Steady results and determination of unsteady operating point

The measured and computational constant-speed characteristics, showing total pressure rise across the complete stage,
are compared in Fig. 4. The pressure rise across the complete stage matches that of the experiment to within 1%. Fig. 4 also
shows the pressure rise across the rotor as predicted in the 1.5 stage simulation and in the rotor-only simulation which was
throttled further by incrementally increasing the back-pressure. The rotor-only simulation achieves a stall mass flow similar
to the experiment.

Two operating points, labelled OP1 and OP2, were selected for the unsteady analysis. OP1 is at the point of maximum
total pressure ratio. OP2 is the last point for which a steady state solution could be obtained. The time-averaged operating
point shifts slightly in an unsteady simulation, as seen in Fig. 4 but does not yet show the pressure drop associated with
rotating stall.

Fig. 5 compares the flow field at 92% span for the two operating points to the experimentally measured flow field near
stall, where the first traces of propagating disturbances and NSV were observed. The corresponding operating point is indi-
cated in Fig. 4. The tip flow field of the simulations at OP2 closely resembles the experimental results. The regions of low
axial Mach number (blockage regions) created by the tip leakage flow have a similar extent and magnitude. At OP1, on the
other hand, the region is noticeably less pronounced and allows a higher velocity near the pressure side close to the leading
edge. OP2 was therefore selected as the baseline operating point for the NSV condition. For a full validation of the unsteady
simulations, the reader is referred to Reference [6].

Note that, unless otherwise stated, the measurement plane at 92% span is used throughout the following analysis as this
corresponds to the PIV measurement plane [16].

4.2. Description of aerodynamic disturbance

In the next step, an unsteady simulation was performed at OP2 in order to recreate the experimental conditions and
characterise the aerodynamic disturbance during NSV. During the rig test, aerodynamic disturbances were detected prior
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Fig. 6. Development of propagating disturbance during one blade oscillation cycle; unsteady velocity vectors and contour map of vortex criterion I', after
Graftieaux et al. [29].

to the onset of blade vibration. Reproducing such an initial disturbance numerically requires full circumference simulation
over tens of revolutions to allow a build-up of asymmetries. This approach is clearly not suitable for a parametric study.
Thankfully, the original trigger is inconsequential for the investigation of the lock-in mechanism. We therefore chose to
create the aerodynamic disturbance by harmonically oscillating Blade 0 in the 1T mode. The amplitude of vibration was set
to 1° at the blade tip, which was the average value during NSV in the experiments.

The oscillation of Blade O creates a periodic aerodynamic disturbance. Fig. 6 shows the unsteady velocity field at 92%
span during the first vibration cycle (cycle duration t,). At this blade height, the vibration mode can be considered as a
simple twist of the aerofoil section around mid-chord (see Fig. 2). As the blade accelerates during the oscillation cycle,
vorticity is being generated at the solid surface and diffused into the flow, changing the circulation around the blade. The
newly generated vorticity is subsequently convected away from the blade. The aerodynamic disturbance can therefore also
be described as a flux of vorticity from the blade surface into the flow [28]. Fig. 6 shows how vorticity, which is counter-
clockwise, is generated during the first part of the vibration cycle. This vorticity travels in the circumferential direction
towards the trailing blade as seen in Fig. 6. The sign of the vorticity will alternate during the vibration cycle as the lift of
the blade increases and decreases.

The local drop in static pressure associated with the disturbance is approximately 100% of the inlet dynamic head. Fig. 7a-
b show a snapshot of unsteady velocity and unsteady pressure, measured as the difference between the instantaneous static
value and the mean of the previous five oscillation cycles. Location and size of these pressured drops compare well to
the experimental measurements shown in (Fig. 7c), confirming the aerodynamic similarity of the disturbances and further
validating the unsteady simulations.

In order to emphasize the difference between operating condition OP2 and a rotating stall condition which was reached
through further throttling, Fig. 8 presents a comparison based on axial velocity contours. At OP2 the surface streaklines do
not converge on the suction surface and reversed flow conditions are only observed very close to the casing in the upstream
part due to tip leakage flow. The flow field remains symmetric in the downstream part of the blade. For the stalled case,
individual cells are observed which cover more than one blade passage and travel around the circumference. During the
passage of a stall cell, the affected blade shows convergent streamlines near the casing with significant backflow in the
downstream part.
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4.3. Domain reduction

To reduce the computational effort, the unsteady simulations are repeated on a sector with only five rotor blades and
periodic boundary conditions are applied.

Although the sector size determines the effective number of disturbances in the full 360° domain, the physical pa-
rameters such as propagation speed and amplitude of the disturbance are not affected by the domain truncation. This is
confirmed in Fig. 9 which compares the circulation in two passages and snapshots of the unsteady pressure between the
five-passage and full annulus domains. The propagation speed was also unaffected by the domain truncation, which can also
be deduced from Fig. 9 where the time histories of the two models are in phase.

5. Analysis at NSV condition: Quantification of disturbance and link to forcing

The aerodynamic disturbance in the measurement plane can be quantified by integrating the vorticity, i.e. computing the
circulation, over a fixed two-dimensional control volume located mid-passage.

The rationale for this approach is that the vorticity generated at the moving surface is subsequently convected across
the control volume contour. While the total amount of circulation will obviously depend on the circumferential extent of
the control volume, the change in circulation is therefore a measure of the aerodynamic disturbance generated by the blade
oscillation. Examining circulation is useful for relating the disturbance to the aerodynamic forcing of the blades.

As explained before, the vibration mode shape can be viewed as a twist motion around approximately mid-chord for the
blade section at 92% span. The modal force at this section is therefore directly proportional to the section’s lift (assuming
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that the changes are small enough to neglect changes in the location of the centre of pressure). Since both twisting motion
and vorticity fluctuations in the flow induce changes in lift, the total forcing can be considered a superposition of the twist-
induced forcing, which is zero for non-oscillating blades, and the forcing generated by the vorticity disturbance which is

propagating circumferentially.

To test this assumption, Fig. 10 compares the time histories of forcing in the torsional mode f; at OP2 with the circulation
measured in the mid-passage control volumes I';_; ;. All values are normalised by a reference amplitude fre 7, taken as the
amplitude generated by the oscillating blade during its second vibration cycle. It takes approximately five vibration cycles,
or 12 blade passing periods (t = 12ty,), for the disturbance originating from Blade 0 to traverse the domain and return to
Blade 0. A separate variation of the oscillation frequency, which is not described here, has shown that the propagation speed

depends only on the rotor aerodynamics and not on the frequency.
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For the entire time history, there is a very clear correlation between convected circulation and forcing for all non-
oscillating blades. The circulation has been normalised to the initial value measured between Blade 0 and Blade 1, herein
after referred to as “Passage 0,1, but the match in shape between the two curves is remarkable, given that the plots com-
pares circulation at a fixed section of span against total modal force along the complete span. For Blade 0, the dominant
forcing in the first 12 blade passing periods results from its own twisting motion. After the disturbance reaches the oscillat-
ing blade, the modal force increases in the same manner as for the non-oscillating blades.

Differences between modal force and measured free circulation due to the acoustic/pressure waves are visible in the
time histories of Blade 1 and Blade -1 before the convected disturbance reaches the blades. This shows that the acoustic
contribution is an order of magnitude smaller than the vorticity component.

The results of this section suggest that: Firstly, the forcing at 92% span is representative of the three-dimensional case.
Secondly, the forcing on non-oscillating blades is predominantly caused by, and can be quantified through, the vorticity
disturbance. The acoustic disturbances inevitably created by the blade vibration contribute to the forcing but do not appear
to be driving NSV.

6. Parametric study

To further test the conclusions drawn from the analysis at the NSV condition, the following study investigates the path
and strength of the disturbance, the resulting modal forces and their dependency on three parameters: compressor operating
point, amplitude of blade vibration and phase between the aerodynamic disturbance and the blade vibration.

6.1. Effect of operating point

To test the influence of the operating point on disturbance generation, propagation and blade forcing, the unsteady sim-
ulation is carried out at the two operating points labelled in Fig. 4 as OP1 and OP2. As previously shown, OP2 is close to the
experimental measurement point while OP1 has a slightly higher mass flow rate and smaller tip blockage (Fig. 5). Vibration
amplitude and frequency are kept constant.

Fig. 11 compares the disturbance between the two operating points by showing snapshots of the vortex criterion I';
proposed by Graftieaux et al. [29] inside the domain at two time steps. The disturbance generated in the region between
Blade 0 and Blade 1 is slightly stronger at OP2 than at OP1. Furthermore, it travels predominantly into the circumferential
direction towards the trailing blade at OP2. At OP1, on the other hand, the vorticity is convected partly axially. The distur-
bance appearing in Passage 1,2, following interaction with Blade 1, is therefore significantly weaker than that inPassage 0,1.
At OP2, the disturbance strength remains approximately constant in the circumferential direction.

As was shown in Section 5, the convected disturbance can be quantified by integrating vorticity over a fixed mid-passage
control volume. Fig. 12 shows the resulting circulation in each passage over time, and their amplitudes are plotted in Fig. 13.
Comparing the results for OP1 and OP2 the observations made above become even clearer. The disturbance measured in
Passage 0,1 has a similar amplitude at both operating points, which indicates that there is no significant difference in aero-
dynamic response to the blade oscillation itself. In the other passages, however, differences become very visible. For OP2,
the amplitude does not vary much from blade to blade and at t/t;, ~ 12 the initial disturbance arrives in Passage 1,0. For
OP1, however, the amplitude decays rapidly and only a weak fluctuation is observed after one domain traversal.
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Fig. 12. Convected Circulation, Comparison OP1 and OP2 for modal deflection amplitude & = 1° at blade tip.
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6.2. Effect of blade vibration amplitude

To test the relationship between blade vibration amplitude and the resulting disturbance, the amplitude is varied be-
tween 0.5° and 3° at both operating points. The analysis concentrates on the disturbance during the time period of one
domain traversal of the disturbance, i.e. the time between the generation of the first vorticity fluctuation and its arrival at
the oscillating blade, in order to avoid ambiguity caused by the superposition of incoming and newly generated vorticity
fluctuations.

Fig. 14 compares the magnitude of the aerodynamic disturbance in Passage 0,1 and Passage 1,2 for different vibration
amplitudes, &. At OP1, the relationship between disturbance and amplitude is linear. At OP2 the linear relationship holds
until approximately 1° but for larger amplitudes, the disturbance is saturated because the blade is operating close to stall.
At this condition, there is a drop in vorticity diffused from the moving blade surface. Similarly, the vorticity generated from
the trailing blade in response to an incoming vorticity disturbance is limited. The maximum modal forcing resulting from
the convected vorticity is therefore limited by the rotor’s aerodynamic characteristics. This non-linear behaviour at high
amplitudes leads to the development of limit-cycle oscillations in the experiment.
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Fig. 14. Amplitude of the aerodynamic disturbance for different vibration amplitudes at operating point OP1 and OP2, measured in Passage 0,1 and 1,2;
normalized with amplitude of OP1 for & = 1°.
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Fig. 15. Effect of interaction phase on amplitude and propagation speed.

The results discussed above apply to the time period before the propagating disturbance interacts with the oscillating
blade. From Fig. 12, it is clear that the amplitude of the disturbance remains constant during an interaction with a fixed
blade at OP2, while it is gradually reduced at OP1. Obviously, the development of the disturbance upon interaction with an
oscillating blade will depend on the phase difference between the vibration and the vorticity disturbance.

6.3. Effect of interaction phase

To characterize this dependency the interaction of a vorticity disturbance with an oscillating blade was studied for dif-
ferent relative phases between the disturbance and the blade vibration. This was achieved with the same setup by changing
the vibration frequency. Since the propagation velocity and amplitude remain unchanged ( < 0.5%), this changes the distance
travelled by the disturbance in one vibration cycle and therefore the vibration phase at the time of interaction. This phase,
also referred to as interaction phase in the following, is given by:

Y _ wvt _ Nb,domain Wy
5 =5 ltrav = — &R
2 2 Nb Qa

where tyqy is the time taken for one domain traversal of the disturbance, wy is the vibration frequency, Njgomqin is the
number of blades in the domain and QR is the angular velocity of the disturbance in the rotor frame of reference.

Fig. 15a shows the disturbance amplification after interaction with an oscillating blade for various interaction phases.
As to be expected, the trend is sinusoidal. The maximum amplification occurs when the disturbance is leading the blade
by approximately 1/5th of a cycle, i.e. when the blade is opening as positive circulation arrives at the blade location. The
minimum amplification occurs when the blade is starting to close.

(1)
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Fig. 16. Schematic of Semi-analytical Model.

In addition to amplifying the disturbance, the interaction also modulates the phase of the disturbance. When the incom-
ing vorticity disturbance is out of phase with the blade motion, it results in a delay of vorticity being convected from the
surface. This can be explained as follows: In undisturbed inflow, the blade oscillation results in the periodic generation of
vorticity at the blade surface and its subsequent convection into the passage. This periodic process is altered if the con-
vected vorticity disturbance reaches the oscillating blade and changes its inflow conditions. In response to the change in
conditions, the rate of diffusion of vorticity from the solid surface and consequently the circulation measured mid-passage
adjusts.

The interaction therefore effectively alters the local wave length and frequency. It can be thought of as a local phase
modulation, or change in phase velocity, of the disturbance by the vibration. Fig. 15b shows how this modulation varies
with interaction phase. Again, the trend is sinusoidal as expected, and it correlates well with the amplitude variation shown
in Fig. 15a.

Although the free convective velocity of the flow has not changed, the shift appears to cause a change in the velocity
when measured globally by tracking disturbance troughs. In the following sections, these two velocities will be referred to
as “free” and “global” propagation velocity respectively.

The amplitude range of Fig. 15a furthermore confirms that the disturbance generated by the interaction of an incoming
disturbance with an oscillating blade can effectively be considered a superposition of the incoming disturbance, and the
disturbance generated by the blade oscillation.

6.4. Conclusions from the parametric study

The results presented in this parametric study clearly demonstrate that the forcing causing NSV is generated by a circum-
ferentially convected aerodynamic disturbance, which is quantifiable in terms of circulation within the blade passages. The
path of the disturbance is determined by the mean flow conditions and a partially blocked passage is necessary to enable
the disturbance to propagate circumferentially.

The forcing on a vibrating blade was found to be a superposition of the force induced by the vibration itself and that
caused by the incoming disturbance and was shown to be proportional to the resulting changes in circulation. Whether
or not the superposition of the forces leads to an increase or decrease in amplitude depends on the relative phase of the
vibration and the incoming disturbance.

The interaction of the vorticity disturbance and the oscillating blade was shown to locally alter the phase of the dis-
turbance, which leads to an effective change in propagation velocity. This modulation and amplification of the disturbance
creates the lock-in effect seen in the experimental measurements, where onset of NSV was linked to the transition from
broadband to coherent disturbances and associated small changes in propagation speed.

7. Semi-analytical model

Using the knowledge gained from the parametric study, we developed a semi-analytical model for NSV. Semi-analytical
models have in the past proved useful for delivering insights and preliminary design predictions into rotor vibrations,
e.g. [30] and [31]. The present model serves three purposes: Firstly, it will test the conclusions drawn from the CFD model
regarding the nature of NSV. Secondly, it will allow a fast parameter sweep to further investigate the relationship and lock-
in between aerodynamic disturbance and vibration mode. Lastly, it will serve as a tool to predict critical vibration modes at
an early stage during design.

7.1. Model derivation

The model uses single-degree of freedom mass oscillators to represent blades on a rigid disk, as illustrated in Fig. 16. The
equation of motion for the system is given by:

Q(t) +Da(t) + Kq(t) = f(t) (2)



14 S. Stapelfeldt and C. Brandstetter /Journal of Sound and Vibration 488 (2020) 115649

where q(t) is the modal displacement vector and f is the mass-normalized modal force vector.

If the blades are mechanically uncoupled, D = diag[2{ w, ;] is the diagonal damping matrix and K = diag[(w,;)?] is the
diagonal stiffness matrix.

Since the CFD results have shown that a quasi-2D analysis of the aerodynamic disturbance in the measurement plane is
appropriate, we will consider a 2D blade section undergoing pure twist motion around the blade torsional axis to find an
expression for the forcing term in Eq. (2). This aids understanding but with appropriate tuning the model can be applied to
general cases and other mode shapes.

For a pure twist mode, the modal force on the right hand side can be replaced by the moment induced by the unsteady
lift and the modal displacement can be replaced with twist of the blade oq. If the changes in the location of the centre of
pressure are negligible, Eq. (2) becomes:

& (t) + Dae(t) + Kee(t) = 1L/ (3)

where ¢; is a constant of proportionality between the 2D unsteady lift, L/, and 3D mass-normalised modal force. Note that
in this particular case, the modal force is a moment but to align with convention, we shall refer to it as modal force. The
results of the previous section are now used to derive an expression for the unsteady lift, L’.

The unsteady simulations have shown that the integral modal force, and therefore lift, L; on Blade i can be considered
a superposition of the force induced directly by the blade oscillation, L;;, and that caused by the incoming vorticity distur-
bance, L; r;:

Ui=Lii+Lir, (4)

We begin by deriving an expression for the forcing caused by the blade motion. Following Theodorsen [32] and assuming
that apparent mass effects are negligible, that the centre of torsion is located at half-chord and that the twist velocity is
negligible compared to the relative inlet velocity, ¢ << v, the span-specific unsteady lift of Blade i for a given operating
point can be written as:

Li;(k,t) =Ly (0 2%, (0) (5)
where c is the blade chord and k the reduced frequency. The complex function Ly (k) is Theodorsen’s function and models
the unsteady aerodynamic response of the blade. It will also depend on the operating point. In the following, we will assume
a constant operating point and tuned system to drop dependency on k. We also drop the subscript i for brevity.

The CFD simulations have shown that the forcing generated by the aerodynamic disturbance is proportional to the cir-
culation convected from blade to blade in the 2D plane. It is therefore appropriate to use the Kutta-Joukowski theorem to
approximate the force induced by a travelling disturbance I'(0, t) as:

L1 (6) = Lr pus T (6;. 1) o

where 6; is the circumferential position of Blade i and, as above, L is a complex constant modelling the change in amplitude
and phase relative to the quasi-steady force induced by the convected circulation.
The total unsteady lift for the 2D section can therefore be written as:

i(t) _Lacp % 0n(t) + Ir pua T (61, ) 7)

To complete the model, we now need an expression for the circulation I'(@, t). This requires a model for the generation
and convection of the disturbance around the circumference.

To model the circumferential transport we consider the rate of change of circulation in an arbitrary fixed control volume
A in the x-y measurement plane at constant R where y = RA. By integrating the two-dimensional vorticity transport equation
for viscous, incompressible flow over this control volume we obtain:

dFA - f[(v V)w]dA+/vV2wdA+I‘5 (8)

where w=[0 0 w,] considers only the vorticity in the measurement plane, vV2w is the viscous diffusion across the
control volume contour and I's is a source term used to model the generation of vorticity at the oscillating blades, the exact
form of which will be described shortly. The transport is modelled in the relative frame, with the relative velocity given
by v. The 2D assumption neglects any radial convection, radial variation and vortex stretching. It is therefore a radically
simplified model of the disturbance propagation and not intended to model the true evolution of vorticity in a blade row.

Since only the circumferential transport is of interest to NSV, we choose a rectangular control volume spanning the
length of the passage with its sides Ly and Ly aligned with the axial and circumferential direction respectively. This allows
the convection and diffusion across the circumferential sides to be grouped together in a sink term, such that after applying
Stokes’ theorem Eq. (8) simpliﬁes to

2 dyd
G [

smk (9)
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Table 2
Parameters and their purpose in the semi-analytical model.

Parameter Description

QR Propagation speed of disturbance

Lo Transfer from modal oscillation to lift on oscillating blade

Lp Transfer from convected circulation to modal force

Csink Loss of circulation due to axial convection and diffusion, generally a non-linear function but can be modeled for low amplitudes as

[yink = GT, for higher amplitudes (tested up to 3°) modeling as Iy, = T + G I'2 allows the consideration of a saturation of
circulation and leads to a limit cycle behavior of the system.

[gink is the sink term which accounts for the loss of vorticity axially out of the rotor domain. It depends on the operating
point and can be calibrated from the CFD simulations. This term is generally a non-linear function, but for low disturbance
amplitudes the linear approximation Iy, = Gs[" was found to be appropriate for a preliminary assessment. For modelling
the saturation of disturbance seen in the simulation and limit-cycle oscillations, the non-linearity would have to be included.

The source term I's is zero everywhere but at the blade locations (6;), where it models the vorticity generated by the
blade movement. It can be approximated by considering that the rate of change of total vorticity flux from the blade is
equal to its rate of change of circulation (see Eq. (5)):

: Ly% 9 for 6 =6,
Fs(9»0l(f))={0 P foro 26, (10)

where 6; is the location of Blade i. Similar to the sink term, the vorticity generation behaves non-linearly at high vibration
amplitudes as seen in Fig. 14. This is neglected in the current formulation but will be incorporated in the model in future
work.
By assuming a constant angular velocity of the disturbance, QR, Eq. (9) simplifies to the following one-dimensional
equation, describing the rate of change of circulation in fixed control volumes placed around the circumference:
dr or v ar
= _Qgi 4+ ——
dt d0 R 062
In a first step, assuming no source of unsteady circulation but the term proportional to the blade oscillation, we define
I'" = 2I'/(LyVoC) to simplify the equation of motion, such that substituting Eq. (7) into 3 results in:

+ 150, () + Cain (11)

& (t) + Da(t) + Kae(t) = %qpvﬁocza [a(t) +LrT'(1)] (12)

which, together with Eq. (11), forms a coupled system. The bi-directional interaction between the disturbance and an os-
cillating rotor blade arises from the source-term in Eq. (11) and the second forcing term in Eq. (12). The convection of the
circulation couples the different rotor blades aerodynamically.

In its current form Eq. 12 describes an aerodynamically tuned system. To correctly model a system with frequency vari-
ations, the complex constants must be replaced by frequency-dependent functions.

This system is discretised in one dimension around the circumference and numerically integrated in time using an im-
plicit time-marching scheme.

Before the model is tested, the constants, summarized in Table 2 are calibrated using the CFD simulations.

The magnitude of the proportionality term c; can be deduced from the modal forcing amplitude f;, on the oscillat-
ing blade prior to interaction with a convected disturbance (see Fig. 10). The phase of L, can be directly derived through
comparison of fio(t) and «q(t). The propagation velocity of the disturbance QR is obtained through tracking of the initial
disturbance (Fig. 6). The two constants L and the circulation loss function Iy, are fitted using a least square regression
to match the modal forcing on non-oscillating blades observed in the simulations over two domain traversals of the distur-
bance (Fig. 10 and Fig. 13).

7.2. Comparison between NSV model and linear flutter models

In the model shown above, the aerodynamic forcing results only from the blade vibration and is linearly dependent on
the blade vibration amplitude. It is possible to transfer it into the frequency domain and predict stability using eigenvalue
analysis, as for classical flutter models. Moreover, the numerical approach used for calibration is also similar to aerodynamic
influence coefficient (AIC) methods and in the case of OP1, where the disturbance decays over the circumference, it is
possible to use the AIC method for stability prediction. However, in the case of OP2, where the aerodynamic disturbance
does not decay significantly over the circumference and therefore returns to Blade 0, the fundamental assumption at the
origin of the AIC method, namely that far away blades have no influence on the vibrating blade itself, is invalidated. A
frequency-representation of the model to further illustrate the differences between a NSV and flutter model is out of scope
of this paper but the time-marching method formulated here has the advantage that it allows a transient analysis of the
system behaviour. With some modifications, it is also possible to include non-linearities in the sink and source term and
to manipulate the disturbance in time and space. The latter can be used to model geometric asymmetries in the rotor or
additional modulations of the forcing term, for example due to intake distortions or casing treatments.
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Fig. 17. Comparison of blade forcing between CFD and semi-analytical model at OP2 for two interaction phases, a) ¢ = —7/2, b) ¢ = +7/2.

8. Result from semi-analytical model
8.1. Validation

In the first step, the model is validated against the reduced-domain CFD simulations. It is set up with five blades, or five
lumped mass oscillators, and the first blade is harmonically oscillated, while all other blades remained fixed.

The modal stiffness is set to that of the 1T mode, which normalized by the shaft frequency of this rotor is w, = 5.82QF.
Damping was set to { = 0.0001. The model is then calibrated for operating point OP2 with an interaction phase of ¢ = —m /2
and a blade vibration amplitude of & = 1°.

Fig. 17 compares the resulting blade forcing to the CFD simulations. As expected, they match well for the calibrated
vibration frequency and the associated interaction phase (Fig. 17a). When the oscillation frequency and hence interaction
phase are varied but parameters remain the same, the model still adequately reproduces the CFD results. This is shown
in Fig. 17b for the most extreme change in interaction phase ¢ = +m /2, where the disturbance histories match well on
all blades, even at the time of impact of the disturbance on the oscillating Blade 0 at t/t, = 18. Other phases across the
complete range matched similarly well. There is a small difference at Blade -1 before the arrival of the convected disturbance
at Blade -1. This is caused by acoustic forcing which is present in the CFD but neglected in the current model. The fact that
the modal force is nevertheless well approximated confirms that the contribution from the convected part is dominant. It
therefore further justifies the neglect of acoustic forcing in the model and in the description of the NSV mechanism in the
previous section and the almost linear system behavior for low vibration amplitudes.

8.2. Application to flexible full annulus rotor

After this validation against the CFD results, the model is applied to the same test case but the blade movement is
not prescribed and all 21 blades are included. The unsteadiness is triggered with an initial disturbance at Blade 16 and
the resulting blade displacements and disturbance locations are tracked. Fig. 18 presents the time history of the solution,
with the blade oscillations shown as blue lines and the track of the propagating disturbances in grey. It is clear that the
disturbance from Blade 16 propagates in circumferential direction and excites the trailing blades. After approximately two
revolutions the initial disturbance has travelled around the circumference.

Every time the disturbance interacts with an oscillating blade, its path is slightly shifted. A zoomed view of this inter-
action is shown in Fig. 19a. Here the shift of the disturbance at each interaction is clearly visible. This leads to a change of
the global propagation speed, which is recorded in Fig. 19b. It clearly shows the acceleration after the first domain traversal.
After approximately 6 revolutions, the propagation speed stabilizes to a value approximately 2.5% higher than the free prop-
agation speed. At this point the system is considered locked in. The frequency and inter-blade phase angle (o4 = 277 Nq/N;,)
of the aerodynamic disturbance match those of the structural vibration:
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Fig. 18. Disturbance evolution over 8 revolutions as predicted by semi-analytical model for 21-bladed rotor. Initial disturbance at Blade 16: 1°, Q3 = 0.5%5.
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Fig. 19. Change in propagation speed as predicted by semi-analytical model for 21-bladed rotor.

Wy Jock = Wa,lock = NaQﬁ.lock (13)
0y = 04 - ND=ND, (mod N,) (14)

In other words, a coherent aerodynamic disturbance and structural nodal diameter pattern are established. The model has
shown that this lock-in is achieved by adjustment of the global propagation speed, QF, and selection of a matching nodal
diameter pattern and aerodynamic wave number. The vibration mode and shift in propagation speed match those of the
experiment.

8.3. Sensitivity analysis and prediction of critical vibration modes

The previous model application provided a prediction of the critical vibration mode for a known propagation speed, QF.
This can be approximated from steady state computations but it will differ from different rotational speeds and guide vane
settings.

Therefore, this section repeats the analysis for a range of propagation speeds, covering those measured in experiments
and assuming that the tuned parameters (Ly, Ly, Cs etc.) remain constant which is of course not strictly true. The graphs
presented in Fig. 20 summarize the results of this variation in cprp. Fig. 20a shows how the locked-in aerodynamic wave
number varies with propagation speed, while Fig. 20b shows the resonant structural nodal diameter, i.e. the aerodynamic
wave number aliased on the 21-bladed rotor. The size of the markers indicate the average vibration amplitude after periodic
convergence.

As expected, the system always locks in to the nearest possible structural nodal diameter, which is either equal to the
aerodynamic wave number or aliases if the aerodynamic wave number exceeds 0.5N,. The points where the lines of w,/QR
crosses integer wave numbers present a resonance condition where the free propagation speed, aerodynamic wave number

and vibration frequency match without velocity adjustment (QF = Qg lock)- I between these, an adjustment of the global
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velocity as seen above and Section 6.3 is necessary. If the global propagation speed is below the resonant speed (to the left
of the line) the oscillation amplitude is higher than when it is above the resonant speed.

For the rotor under investigation, propagation speeds between 3 = 0.5Q7 and 0.8Q% were recorded depending on the
operating point and VIGV setting. At these speeds, only forward travelling structural waves (FTW), turning against the di-
rection of the aerodynamic disturbance, are susceptible to resonance with the aerodynamic disturbance. In the published
experiment N, = 8, Ny = 13 and Q35 = 0.5582; were measured [16]. The model predicts this vibration mode. The range of 3
for Nodal Diameter N, = 8 extends from approximately 0.53 to 0.57X25. The experiments were also repeated at part-speed
conditions with closed VIGVs, and the propagation speed was found to be 0.52Q2; with Nodal Diameter N, = 6. This mode
was also successfully predicted by the model without further tuning (plots omitted for brevity).

For higher propagation speeds, the adjustment range of propagation speed narrows for each nodal diameter. This means
that a natural fluctuation of Q3 leads to the simultaneous excitation of multiple structural waveforms and hence prevents
the development of a singular dominant mode.

The results show that the highest amplitudes are achieved if the locked-in propagation speed is higher than the free
propagation speed, which is coherent with experimental measurements [16].

Although the presented parameter variation of Q23 exceeds the technically relevant range and the assumption of constant
parameters is bold, such analysis aids understanding of the NSV mechanism and was shown to successfully identify critical
modes and operating points.

9. Description of NSV mechanism and comparison to other aeroelastic phenomena

Following the insights gained from the CFD and the semi-analytical model, the cause and evolution of near-stall NSV
in axial compressors can be explained as follows: When a blade is subjected to a small change in conditions it creates a
vorticity disturbance, which either originates from boundary layer separation or, as in the present case, from a fluctuation
of the shear layer between the tip leakage and main passage flow. When operating very close to stall, the vorticity is not
convected through the blade passage and out of the rotor domain but circumferentially towards the adjacent blade. The free
propagation speed of the disturbance is determined by the mean flow. When the vorticity disturbance arrives at a trailing
blade it induces changes in the vorticity generation on the blade surface, which in turn produces a subsequent disturbance.!

Once the aerodynamic disturbance interacts with a vibrating blade, the interaction modulates the phase of the distur-
bance. This effect depends on the phase of the vibration at time of arrival: the blade can either ‘hold’ the incoming vorticity
for a certain time or shed it immediately. In the (numerical and experimental) measurements, this manifests itself in an
apparent change in global propagation velocity. This shift of propagation speed is the mechanism through which lock-in
occurs. Through an adjustment of the global velocity, the disturbance becomes phase-locked with the vibration and a coher-
ent aerodynamic pattern with a fixed aerodynamic wave number is formed. This can be regarded as a lock-in of structural

1 Note that, due to the use of a fixed control volume to quantify the disturbance, the terms circulation and vorticity are interchangeable in the context
of this description.
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and aerodynamic nodal diameter patterns. The range, within which the local velocity can adjust, is bound. Beyond this
limit, a different nodal diameter pattern is selected which leads to the ‘stair case’ plots seen in Fig. 20 and in accelera-
tion/deceleration manoeuvres in test rigs [9].

The CFD results have shown that NSV can occur in a regime where the relationship between forcing and oscillation
amplitude is still linear, and that flow separation is not strictly necessary. Multiple trigger mechanisms are therefore possi-
ble. An aerodynamic unsteadiness independent of blade vibration normally exists. This was seen in experiments as well as
equivalent full domain CFD simulations [16,33]. Such an aerodynamic unsteadiness may cause local vortex shedding which
will lead to NSV if the amplitude is large enough to cause blade deflection and/or induce further shedding on the trailing
blade.

The propagation of the disturbance is very sensitive to operation point. At a point very close to stall, when the passage
is blocked, the disturbance propagates circumferentially with little attenuation. At a slightly higher mass flow, on the other
hand, the forcing of remote blades decreases with distance from the oscillating blade.

The excitation seen by the blades during this process depends on the amplitude of the disturbance, the modal force’s
sensitivity to a change in lift and the modal stiffness of the blade. In Eq. (12) we saw that the forcing amplitude scales
linearly with the term %clpugocfe where ¢; is inversely proportional to modal mass m, = ®M®. This explains why NSV is
significantly more common in modern high-speed and light-weight compressors. The lack of mechanical damping in blisks
further aggravates the problem.

The NSV mechanisms described above bear some resemblance to other aeroelastic phenomena. Since an aerodynamic
unsteadiness exists before blade vibration, the problem could initially be considered an non-synchronous forced response
problem. However, with blade vibration the forcing function is modified such that a decoupled forced response analysis
is not valid. The fact that the instability relies on blade vibration then points towards a flutter phenomenon. However, the
mechanism is distinctly different from classical, linear flutter because the aerodynamic disturbance (whether generated with
or without blade vibration) does not decay sufficiently circumferentially. Before lock-in two frequencies, one governed by
blade vibration and the other by the circumferential propagation velocity, exist. In this sense, the NSV mechanisms resembles
buffeting where an aerodynamic instability locks in with blade vibration.

Although a rigorous classification is difficult at this stage, the results have clearly demonstrated that this type of NSV is
a convective phenomenon and that acoustic effects are negligible. The authors therefore propose the term ‘convective NSV’
to differentiate it from acoustically driven aeroelastic instabilities in the future. The term ‘stall’ should be avoided in this
context because the blade boundary layer does not separate and the operating point does not drop significantly.

10. Conclusion

This study presented an explanation for the previously poorly understood phenomenon of non-synchronous vibrations
in axial compressors. Evidence for the lock-in between convected aerodynamic disturbances and a structural vibration pat-
tern during NSV was obtained from validated CFD computations. The physical mechanisms driving NSV and the lock-in
process were identified through a parametric study. The study proved that this type of NSV is dominated by a convective
phenomenon.

Using these findings, a semi-analytical model based on single degree of freedom oscillators was developed. The model
not only correctly reproduced the results from the reduced-domain computations, but also predicted the experimental vi-
bration modes at two different speeds. It can therefore serve to assess the sensitivity of NSV to driving parameters, and to
identify critical interaction modes for any geometry. When calibrated with reduced-domain simulations, it is also capable
of quantitative predictions. To the authors knowledge, this is the first time this has been achieved with a computationally
inexpensive, semi-analytical model.

In addition to the identification of critical operating conditions and modes, the model also allows the assessment of NSV
mitigation measures, such as structural mistuning, which is well known to reduce vibration amplitudes [34,35], at an early
stage in the design.
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