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INTERPRETATION OF STALL PRECURSOR SIGNATURES

Unsteady aerodynamic phenomena appearing close to the stall boundary in axial fans and compressors have been the subject of extensive investigations. A particular phenomenon, known as 'rotating instabilities' typically occurs in the tip region at highly loaded conditions and is often linked to blade vibrations. During rig and engine testing, it is usually identified by the characteristic shape of its pressure spectra. In the 1990s, this shape has been explained as the result of a circumferentially propagating disturbance which is unsteady in a frame of reference rotating with the disturbance. In this analysis, conclusions regarding its propagation speed and frequency have been made based on analysis of spectral peaks, and this method is still often used to classify unsteady aerodynamic phenomena. However, in high subsonic and transonic machines, where aeroacoustic and aeroelastic phenomena interact with aerodynamic disturbances, the interpretation of measurements using spectra alone is challenging. The present papers aims to demonstrate the difficulties and subtleties associated with the analysis of measurement signals which need to be overcome to correctly interpret stall precursor signatures. At the example of a recent investigation on a composite fan, the consequences of sensor placement and post-processing techniques are discussed with a focus on spectral averaging, isolation of non-synchronous phenomena and multisensor cross-correlation methods. It is seen that the interpretation of phenomena based solely on spectral peaks and their spacing can be misleading, and that the characteristic features of a rotating instability spectrum do not require an unstable pulsating disturbance.

INTRODUCTION

The onset of rotating stall in turbomachinery compressors has been extensively studied and shows various forms of precursors. Typical for modern high-speed axial compressors and fans is the occurrence of short-length scale unsteady aerodynamic disturbances appearing close to the casing and propagating around the circumference before the establishment of a classical rotating stall cell. This type of disturbance is often referred to as a 'spike', a small vortex with radial rotation axis travelling around the circumference at a fraction of the rotor speed, which is close to the angular velocity of a rotating stall cell. Some compressors exhibit a phenomenon referred to as 'rotating instabilities' (RI) before stall. These flow disturbances occur at stable operating points between peak pressure rise and the stall boundary, e.g. [START_REF] Mathioudakis | Development of Small Rotating Stall in a Single Stage Axial Compressor[END_REF][START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF]. Unlike spike-type precursors, they comprise a number of wave lengths and vary in frequency. In a review paper, Day [START_REF] Day | Stall, Surge, and 75 Years of Research[END_REF], defined them as "small in circumferential extent (one or two blade pitches wide), rotate at about half rotor speed, in the same direction, have a high circumferential count (up to half the number of blades) and are always changing in intensity, wave number and frequency". Measured from the stationary frame of reference, these phenomena appear as a range of frequency peaks at a fraction of the blade passing frequency, often referred to as a 'broadband hump' in the pressure spectrum, as shown in Fig. 1 from [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF]. The spectrum shows not only a broadband disturbance (hump) around 30% of the BPF but also individual peaks with a narrow spacing. Modulations with the blade passing frequency and its harmonics are also present. The physical origin of these broadband disturbances has been explained as boundary layer separations [START_REF] Mathioudakis | Development of Small Rotating Stall in a Single Stage Axial Compressor[END_REF][START_REF] Inoue | Propagation of Multiple Short-Length-Scale Stall Cells in an Axial Compressor Rotor[END_REF], tip vortex fluctuations [START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF][START_REF] Vo | Role of Tip Clearance Flow in Rotating Instabilities and Nonsynchronous Vibrations[END_REF][START_REF] Wang | Investigations of Rotating Instability and Fluctuating Tip Clearance Flow in a Low-speed Axial Compressor[END_REF], a vortex formed by interaction of axially reversed flow, the tip leakage flow and incoming flow [START_REF] März | An Experimental and Numerical Investigation into the Mechanisms of Rotating Instability[END_REF], as well as shear layer instabilities [START_REF] Pardowitz | Rotating Instability in an Annular Cascade: Detailed Analysis of the Instationary Flow Phenomena[END_REF]. Liter-FIGURE 1: PRESSURE SPECTRUM FROM BAUMGART-NER ET AL. 1995 [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF], FIGURE 15 FROM https://hal. archives-ouvertes.fr/hal-01353829, cc-lic4.0 ature does not only report different physical origins for RI, the discussion of which is outside the scope of this paper, but also uses different descriptions.

Some papers describe these disturbances, comprising multiple wave numbers and frequencies, as simply rotating disturbances in the rotor frame of reference [START_REF] Mathioudakis | Development of Small Rotating Stall in a Single Stage Axial Compressor[END_REF][START_REF] Inoue | Propagation of Multiple Short-Length-Scale Stall Cells in an Axial Compressor Rotor[END_REF][START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF][START_REF] Schrapp | Breakdown of the Tip Clearance Vortex in a Rotor Equivalent Cascade and in a Single-Stage Low-Speed Compressor[END_REF][START_REF] Eck | Prestall Instability in Axial Flow Compressors[END_REF], where the different modes propagate at a common speed around the circumference. Mailach et al. [START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF], for example, show that the circumferential mode order (wave number) of RI rises with frequency, which is indicative of a multi-cell disturbance propagating with constant speed, and concluded that "fluctuating blade tip vortices propagate in circumferential direction along the rotor blade row and yield a rotating structure with high mode orders, which is the investigated rotating instability". Mathioudakis and Breugelmans [START_REF] Mathioudakis | Development of Small Rotating Stall in a Single Stage Axial Compressor[END_REF] as well as Eck et al. [START_REF] Eck | Prestall Instability in Axial Flow Compressors[END_REF] showed that the propagation speed of these disturbances varies linearly with flow coefficient. Baumgartner et al. [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF], on the other hand, described rotating instabilities as "unsteady in a frame rotating with the instability pattern". This image was reinforced by the work of Kameier and Neise [START_REF] Kameier | Rotating Blade Flow Instability as a Source of Noise in Axial Turbomachines[END_REF], who used theoretical analysis and an experiment with a rotating loudspeaker to explain experimental spectra measured in a fan test rig. In both cases, the rotating instabilities comprising multiple wave numbers were rotating in the rotor frame of reference with a common velocity. This was determined from the spacing between spectral peaks, and in [START_REF] Kameier | Rotating Blade Flow Instability as a Source of Noise in Axial Turbomachines[END_REF] from distributed sensors which showed a "linear variation of the phase angle with frequency". Through analysis of the frequency spectrum, Baumgartner et al. arrived at the explanation of an aerodynamic disturbance with multiple wave lengths and source frequencies, i.e. frequencies in the source's frame of reference, which excite a common structural vibration mode. This is clearly seen in Table 1 in [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF].

From the authors point of view, there are two problematic assumptions at the basis of the explanation of rotating instabilities and non-synchronous vibrations (NSV) offered in [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF]: It assumes that the spacing of the peaks in the spectrum corresponds to consecutive integer wave numbers of an aerodynamic disturbance, and it assumes that all of the wave numbers have the same frequency in the rotor frame of reference. These assumptions are not justified and a pulsating source mechanism is not necessary to explain the spectra associated with rotating instabilities, as we will explain in this paper. The aim of this paper is to demonstrate that the investigation of stall precursors based solely on pressure and strain gauge spectra poses difficulties, particularly for high speed machines where aeroelastic and aeroacoustic interactions are strong, and to offer recommendations for more robust analysis methods. Using measurements of a transonic fan operating near stall, it will be shown that pressure spectra are extremely sensitive to measurement methods and signal processing parameters. By crosscorrelating signals from circumferentially distributed wall pressure sensors, the propagation speed of aerodynamic disturbances will be determined and its value compared to that calculated from the spectral peak spacings. In addition, a novel method to determine the attenuation of disturbances over the circumference will be described. Using these measurements and considering interactions between vibrations, propagating acoustic modes and aerodynamic disturbances, the spectra measured in the fan rig will be explained, showing that the broadband hump associated with rotating instabilities can have another origin.

Fundamentals

Before the methods for analysing periodic phenomena in turbomachinery are discussed, the decomposition of the unsteady disturbances into modes with different frequencies and circumferential wave numbers is reviewed to introduce the terminology used in this paper, and the mathematical description of different physical phenomena is given.

Flow field decomposition

The flow field can be described as a superposition of spatialtemporal modes [START_REF] Tyler | Axial Flow Compressor Noise Studies[END_REF]. At a fixed axial and radial position, the variation in static pressure (or any flow variable) in circumferential direction θ and time t can therefore be expressed as:

p S (θ ,t) = ∞ ∑ N A e i(N a θ -N a Ω S a t) (1)
where N a is the mode's circumferential wave number and Ω a is the rotational speed. The angular frequency of the mode is therefore ω S a = N a Ω S a . The superscript S indicates that the frequency and velocities are relative to the stationary frame of reference. The same relationship holds for the rotating frame of reference, which will be denoted by superscript R. For the purposes of analysis of unsteady phenomena, such as flutter or stall/stall precursors, we are normally concerned with the unsteady variation around a time-average or steady state, which we also refer to as unsteady disturbances. A stator flow field, for example, would be considered steady (ω = 0) in its own frame of reference while a rotating stall cell or the wake of an upstream rotor propagating through the passage would be considered unsteady (ω = 0). When the frame of reference is changed to the upstream rotor row, however, the rotor flow field becomes steady and the stator potential influence is seen as an unsteady disturbance, comprising multiple modes or harmonics as per Eq. 1. In the general form, this transformation between frequencies in two reference frames, F1 and F2, for mode N a is as follows:

ω F1 N a = ω F2 N A + N a (Ω F1 N a -Ω F2 N a ) (2) 
The frequencies and wave numbers will be reflected in measured signals and spectra and appropriate attribution of different modes to physical phenomena is crucial for the physical interpretation. Therefore, the decomposition in Eq. 1 will now be applied to different types of unsteady disturbances and their origin and relevance for stall precursors will be discussed: vortical disturbance and acoustic disturbance. The analogous equations for vibration modes and their interaction with aerodynamic disturbances will also be introduced.

Vortical disturbances

Experimental observations have shown that the propagation speed of stall precursors and aerodynamic disturbances such as rotating instabilities in the rotor tip region is approximately constant and independent of their spatial extension (wave number). In other words, their frequency scales linearly with wave number [START_REF] Mathioudakis | Development of Small Rotating Stall in a Single Stage Axial Compressor[END_REF][START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF][START_REF] Brandstetter | Measurements of Radial Vortices, Spill Forward, and Vortex Breakdown in a Transonic Compressor[END_REF]. If the vorticity was freely convecting, its circumferential velocity would be dictated by the mean flow, but through the interaction of disturbances with solid surfaces the measured mean propagation speed can vary from the free convective velocity.

The most general case represents a freely convected disturbance with a non-uniform spatial pattern, which can be modelled as a superposition of circumferential modes. The resulting pressure field in the stationary frame of reference is:

p S (θ ,t) = ∞ ∑ N a =-∞ A N a e i(N a θ -N a Ω S a t) (3)
where A N a is the modes' amplitude and Ω S a is the propagation velocity of the disturbance. In compressors, the convection is in the direction opposing rotor rotation and therefore the velocity in the stationary frame is smaller than the rotor velocity, 0 < Ω S a < Ω S r . The frequency in the stationary frame of reference for two consecutive modes N a,1 and N a,2 is given as:

ω S 1 = N a,1 Ω S a ; ω S 2 = (N a,1 + 1) Ω S a (4) 
Hence the propagation speed can be determined as:

Ω S a = ω S 2 -ω S 1 (5) 
An aerodynamic disturbance comprising a number of circumferential modes N a therefore produces a spectrum with distinct peaks, spaced by Ω S a . The difference in phase measured with two sensors at positions θ 1 and θ 2 will be: ϕ 12 = N a (θ 2θ 1 ). For a constant propagation speed, this explains the linear variation of the phase angle with frequency.

Acoustic modes

The unsteady pressure perturbation introduced by acoustic duct modes takes a similar form,

p S (θ ,t) = ∞ ∑ m=-∞ A m e -i(mθ -ω S m )t (6)
Planar waves with circumferential wave number m = 0 are also possible. For swirling acoustic duct modes, the phase velocity in circumferential direction Ω S a = ω S m /m depends on the circumferential mode and is not constant, as in the case of convected disturbances. Assuming a narrow duct, the propagation characteristics of acoustic modes can be derived by calculating the eigenvalues of the wave equation as lined out by Tyler and Sofrin [START_REF] Tyler | Axial Flow Compressor Noise Studies[END_REF] or Cumpsty [START_REF] Cumpsty | Compressor aerodynamics[END_REF]. Above a critical frequency a mode is propagative with negligible amplitude decay in axial direction (cut-on). Below the critical frequency modes are evanescent with exponentially decaying amplitude. For co-rotating modes to be cut-on the phase velocity must exceed the rotor speed in subsonic and low-transonic machines. This is used to discern between acoustic modes and vortical disturbances in the analysis presented in this paper.

Vibration modes

Disturbances generated by a vibration pattern in the rotating frame produce a different signature in the stationary frame of reference. Blades vibrating in a specific eigenmode with frequency ω R v and in nodal diameter N v , defined by the inter-blade vibration phase angle σ v = (2πN v )/N b , will produce a pressure perturbation in the rotating frame of reference of the form:

p R (θ ,t) = A -i(N v θ -ω R v )t e (7)
The phase speed of this disturbance also depends on the circumferential mode number (nodal diameter),

Ω R N v = ω R v /N v .
Transformed to the stationary frame of reference Eq. 7 becomes:

p S (θ ,t) = A v e -i(N v θ -(ω R v +N v Ω S r ))t (8) 
such that the frequency in the stationary frame of reference is given by:

ω S N v = ω R v + N v Ω S r ( 9 
)
When there is vibration in more than one circumferential mode order (nodal diameter), the frequency signature in the stationary frame will show peaks with a spacing of the shaft frequency Ω S r , or one Engine Order [EO=ω/Ω S r ], multiplied by the difference in mode order. In the following, we omit the superscript S and EO will refer to the frequency in the stationary frame of reference, unless otherwise indicated.

Interaction between disturbances: Modulation and lock-in

Through non-linear interactions between each other and the passage flow field, the vortical, acoustic and vibration disturbances listed above become modulated and additional frequencies and wave numbers appear in the spectra. A detailed treatment of the scattering and frequency shift of modes is given in [START_REF] Tyler | Axial Flow Compressor Noise Studies[END_REF]. The modulation of a vortical disturbance with a planar acoustic mode, for example, will create the pressure field:

p S (θ ,t) = ∞ ∑ N a =-∞ A m,N a e -iω S m t e i(N a θ -N a Ω S a t) (10) 
With ω S m representing the frequency of the modulation mechanism, for example that of a planar acoustic duct resonance. The frequency measured in the stationary frame will therefore be the sum of the acoustic frequency and that of the vortical disturbance:

ω S = ω S m + N a Ω S a = ω S m + ω S N a (11) 
This representation is similar to that in [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF], Eq. ( 11) and ( 12), where ω S m is described as the frequency of a rotating instability. Scattering of a vortical disturbance on N b rotor blades and its h harmonics, on the other hand, takes the form:

p S h,N a (θ ,t) = ∞ ∑ N a =-∞ A h,N a e ±ihN b Ω S r t e i(N a θ -N a Ω S a t) (12) 
which leads to sidebands of the blade passing frequency N b Ω S r ± N a Ω S a in the frequency spectrum. If not all blades are identical, all the multiples of shaft frequency will be visible.

In addition to modulation, an effect known as 'lock-in' may occur if two physical phenomena, or disturbance types, interact. In [START_REF] Clark | Design for Coupled-mode Flutter and Non-Synchronous Vibration in Turbomachinery[END_REF] it was shown, that the frequency of free vortex shedding can be altered through vibration of the disturbance generating body, if the body's oscillation frequency is close to the free shedding frequency (Strouhal frequency). This frequency lockin becomes more effective at high oscillation amplitudes. The same has been shown for acoustic forcing in [START_REF] Cumpsty | The Excitation of Acoustic Resonances by Vortex Shedding[END_REF]. In turbomachinery compressors, the effect denoted as Non-Synchronous-Vibration [START_REF] Kielb | Blade Excitation by Aerodynamic Instabilities: A Compressor Blade Study[END_REF] relies on a comparable effect: Convected vortical disturbances, which occur at highly loaded operating conditions, are initially erratic without organised circumferential distribution and as such excite vibration in multiple nodal diameters [START_REF] Brandstetter | Measurements of Radial Vortices, Spill Forward, and Vortex Breakdown in a Transonic Compressor[END_REF]. In a narrow range, the propagation velocity of the aerodynamic disturbance can then adapt to the phase velocity of the structural vibration pattern and form a coherent interaction pattern with [START_REF] Brandstetter | Measurements of Radial Vortices, Spill Forward, and Vortex Breakdown in a Transonic Compressor[END_REF] distinct wave numbers. As a result, the measured frequency of the disturbance for a specific wave number shifts with the lockin of the propagation speed [START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF]. This is illustrated in Fig. 2, showing the shift of the propagation speed of convected disturbances during a transient throttling maneuver into NSV [START_REF] Brandstetter | Measurements of Radial Vortices, Spill Forward, and Vortex Breakdown in a Transonic Compressor[END_REF]. The same applies to resonance between an unstable aerodynamic phenomenon (like vortex shedding) with a propagating acoustic duct mode [START_REF] Cumpsty | The Excitation of Acoustic Resonances by Vortex Shedding[END_REF][START_REF] Camp | A Study of Acoustic Resonance in a Low-Speed Multistage Compressor[END_REF][START_REF] Parker | The Excitation and Consequences of Acoustic Resonances in Enclosed Fluid Flow Around Solid Bodies[END_REF], since the frequency of a resonating mode is fixed for specific wave numbers by the acoustic propagation conditions and the duct geometry. Trapped acoustic duct modes can reach amplitudes of the order of 15-20 kPa in axial compressors [START_REF] Hellmich | Causes of Acoustic Resonance in a High-Speed Axial Compressor[END_REF][START_REF] Fiquet | Non-Synchronous Aeroacoustic Interaction in an Axial Multi-Stage Compressor[END_REF] and can hence be a feedback mechanism for aerodynamic phenomena and structural vibrations.

ANALYSIS OF TRANSIENT PHENOMENA

The most common method to analyze transient or periodic phenomena in turbomachines is to perform a Fourier transformation. As non-synchronous effects are typically not strictly periodic, processing parameters are of great importance. A typical approach for transient investigations is to perform a sliding window Fourier transformation (SWFT). Without going into spectral density estimations and well understood problems concerning signal acquisition (resolution, transfer function, aliasing, noise, etc.) and methods to reduce transformation artefacts like spectral leakage (application of window functions), the influence of three particular parameters will be discussed in the following as they have an immense effect on the interpretation:

• Subtraction of ensemble average • Window length / spectral averaging • Sensor position
The first method that has proven effective to isolate non-synchronous phenomena is the subtraction of a sliding average from the temporal signal before performing a spectral analysis. By using a simultaneously recorded signal of the shaft position (trigger), an ensemble average of several revolutions is calculated and afterwards subtracted from each revolution [START_REF] Brandstetter | Compressible Modal Instability Onset in an Aerodynamically Mistuned Transonic Fan[END_REF]. If the shaft speed varies during the measurement, interpolation is necessary. As a result, all phenomena that occur periodically with the rotor revolution are removed, including steady non-axisymmetric disturbances and rotor-stator interactions, which all occur at integer engine orders. The method varies fundamentally from a bandstop filter at integer engine orders, since it only removes signals that appear in subsequent revolutions but not those of a specific frequency that only last for a short duration. This point is important, because non-synchronous peaks within a spectrum may be close to integer engine orders and can lead to merging of different effects in the spectrum of an individual sensor.

The window length of the fourier transformation must be chosen in relation to the desired frequency resolution. As in experiments natural variations of the shaft speed and other phenomena occur, associated signals diminish in a Fourier spectrum for large window sizes. A window length that corresponds to a frequency resolution of Engine Order 0.02 to 0.1 has proven suitable as will be shown in the following.

The most suitable axial sensor position in the machine depends on the phenomenon. Convective vorticity disturbances are observed with high amplitude in the rotor section, particularly near the leading edge and diminish up-and downstream as their propagation speed is cut-off and acoustic signatures decay axially. This stands in contrast to acoustic modes. Swirling modes can be observed up-and downstream if their frequency exceeds the local cut-on frequency [START_REF] Camp | A Study of Acoustic Resonance in a Low-Speed Multistage Compressor[END_REF][START_REF] Parker | Acoustic Resonances and Blade Vibration in Axial Flow Compressors[END_REF][START_REF] Cooper | Trapped Acoustic Modes in Aeroengine Intakes with Swirling Flow[END_REF]. Planar acoustic modes are always propagative and can be observed in the whole machine.

Experimental analysis of a transonic fan

The effect of these techniques is now illustrated at the example of a part-speed measurement of a modern composite fan at a stable operating point near stall.

Test case: ENOVAL low-speed fan

Aeroelastic tests have been conducted on the test facility ECL-B3/PHARE-2 of Ecole Centrale de Lyon [START_REF] Brandstetter | Project PHARE-2-A High-Speed UHBR Fan Test Facility for a New Open-Test Case[END_REF], schematically shown in Fig. 3. A UHBR low speed transonic fan constructed from composite material that has been developed by Safran Aircraft Engines 1 was used as a test vehicle [START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UUBR Application[END_REF]. The machine core is instrumented with pressure and temperature sensors distributed from the bellmouth shaped intake to the throttle mechanism at various meridian positions, on the hub and casing. Microphone sensor arrays are mounted in the vicinity of the stage and a rotatable mobile antenna upstream of a turbulence control 1 European Union Grant Agreement 604999 : ENOVAL system.

For the unsteady tests presented in this study, flush wallmounted Kulite XCS-190 (25PSI) pressure transducers were used. Furthermore rotor strain gauges on 8 of the 16 blades, transfered via telemetry, are used to determine structural vibration patterns. All unsteady sensors are recorded synchronously at a frequency of 125kHz with a resolution of 16bit per full scale output (2.6 Pa). At the relevant speedline the blade passing frequency is below 3kHz, the dynamic inlet pressure approximates 8000 Pa. The main parameters of the investigated fan stage are summarized in Table 1 [START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UUBR Application[END_REF]. The chosen window length is of equal importance. Figure 4b represents the same measurement but with a window length of 250 revolutions. Focusing on the broadband disturbance, amplitude and peak distinction are more prominent for the shorter window with reduced frequency revolution. Obviously, the amplitude of the synchronous signal with respect to the nonsynchronous disturbance is much higher for the longer window length. This means that solely through a longer transformation window, the non-synchronous activity is underestimated.

To illustrate the effect of sensor location, Fig. 5 presents the spectra for different window lengths between 5 and 250 revolutions before averaging. The sensor position in Fig. 5c corresponds to the graph shown in in Fig. 4a. The highest disturbance amplitude is measured near the leading edge of the fan With rising window length, the amplitudes reduce. This indicates that the unsteadiness is not strictly periodic but decays in time. The amplitude variation with window length differs between peaks. For example, at the most upstream position (a) the amplitude of the EO8.46 reduces by only approximately 25% when the window size is increased from 5 to 25 revolutions, whereas peaks at EO20-25 reduce by 50%. A smaller reduction indicates a stronger periodicity and enduring (more stable) disturbances. Near the trailing edge (Position d) the amplitude of EO8.46 is three times smaller than at the leading edge. Another interesting result is that at the trailing edge (d) the peak at EO8.04 is not visible with the smaller window lengths (5 and 25 rev) but it is the dominant peak at Position b.

These results indicate that a quantitative interpretation based on spectra is difficult as three processing parameters have such significant influence, not only on the amplitude but also on the general presence of spectral peaks. The strong dependency on window length shows that the unsteady disturbances are not periodic, and therefore a harmonic analysis using Fourier transformations is to be used with caution.

To analyze the composition of the disturbance without relying on Fourier transformation, circumferentially distributed sensors must be used. Besides classical cross-spectral methods, it is possible to combine windowed cross correlations of different sensor pairs. The method has been described in [START_REF] Brandstetter | Measurements of Radial Vortices, Spill Forward, and Vortex Breakdown in a Transonic Compressor[END_REF]. By transforming the cross correlation vector based on the acquisition sampling rate into a propagation speed of a rotating disturbance, a minimum correlation for each window and sensor pair can be derived to remove aliased peaks. For this purpose, non-uniform sensor spacing is beneficial. This method does not require sinusoidal disturbances but only a disturbance pattern that remains stable as it traverses the circumferentially distributed sensors. The window length itself has no significant influence on the result. Applying this method to the given measurement, without applying a spectral filter but with removed ensemble average, the results presented in Fig. 6a are obtained. At the position close to the leading edge, a dominant group propagation speed of Ω S a = 0.53Ω S r is measured. This raw signal analysis includes disturbances of different wave lengths (circumferential modes).

To calculate the speeds of individual spectral peaks, a bandpass filter in a range of ±0.2EO around each peak was applied before performing the cross correlation. As an example, the derived minimum correlation value of circumferentially distributed sensors at Position (b) for EO7.53 and EO11.79 is presented in Fig. 6b andc. For EO7.53, the best cross correlation exists for a non-dimensional speed Ω S a = 0.58Ω S r . From the frequency and speed, the circumferential wave number can be computed, N a = 7.53/0.58 = 13. A speed around 50% rotor speed is typical for a convective transport mechanism as described in [START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF]. For the disturbance with frequency EO11.79, however, the cross correlation in Fig. 6c identifies a propagation speed of Ω S a = 1.48Ω S r . The corresponding circumferential wave number is given by N a = 11.79/1.48 = 8. This co-rotating high speed mode can only be caused by an acoustic wave.

In order to measure structural vibrations which interact with the aerodynamic or acoustic disturbances, the same method can be applied to rotor-strain gauges on different rotor blades. Filtered on specific vibration eigenmodes, the dominant nodal diameter can be calculated [START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UUBR Application[END_REF]. Fig. 7 presents the transient results, filtered on EO R v = 5.46, which is the frequency of Mode 3 (the third eigenmode M3) in the stationary frame of reference. Nodal diameter N v = 3 is present before rotating stall forms at revolution 0. More detail on this NSV interaction is given in [START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UUBR Application[END_REF].

Interpretation of results

Using the method described above, the transient measurements for the composite fan operating near stall are processed and the results are interpreted. Figure 8 shows the spectrum for all wall pressure sensors (axial positions marked as black triangles at the bottom of the figure). The SWFT window size is 25 revolutions and a sliding ensemble average of each 25 revolutions has been subtracted. The strongest non-synchronous activity exists in vicinity of the rotor leading edge, comprising broadband noise and individual peaks as already discussed. The figure shows how the amplitude of most disturbances diminishes upstream of the rotor, while a few peaks (i.e. EO8.46, 11.79, 12.76 and 24.46) are still detectable axially upstream. Table 2 presents the results of the waveform analysis based on multi-sensor correlation for the highest amplitude peaks in Fig. 8. Most disturbances with frequencies below EO10 have a propagation speed around Ω S a = 0.55Ω S r (Column 4). The corresponding circumferential wave number, or mode order, is calculated from

N a = ω S /Ω S a = EO S Ω S r Ω S a ( 13 
)
and listed in the third column. This table shows that some of the spectral peaks can be assigned to consecutive wave numbers (N a = 11, 12, 13 and N a = 17, 18 ). The propagation speed of these modes differs by less than 10% and is close to the group propagation speed identified in the raw signal (Fig. 6a). The highest amplitude at the leading edge position is measured for the peak at EO8.46 which has a propagation speed of Ω S a = 2.82Ω S r . This matches the phase speed of the structural vibration mode previously identified with strain gauge data in Fig. 7 

N b -N a = N v → 16 -13 = 3 ( 15 
)
The relationship of the frequencies in the stationary frame of reference is given by:

N b - ω S a Ω S r = ω S v Ω S r → 16 -7.53 = 8.46 (16) 
This resonance, or lock-in, of an aerodynamic disturbance with a structural vibration pattern is known as the phenomenon "Non-Synchronous-Vibration" in literature [START_REF] Kielb | Blade Excitation by Aerodynamic Instabilities: A Compressor Blade Study[END_REF][START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF]. The acoustic wave generated by the blade vibration (EO8.46, N v = 3) is propagative (cut-on) in both axial directions of the duct, explaining the non-decaying amplitude visible in Fig. 5 and Fig. 8 .

Further correspondence between structural modes and aerodynamic disturbances is found for the peaks EO3.22, EO4.19 and EO5.15, which can be associated with vibration patterns of the second blade eigenmode EO R M2 = 3.8 in nodal diameters 2. Negative values of N v represent backward traveling nodal diameters. Following Eq. 9, the peaks at EO10.78, EO11.79 and EO12.76 are acoustic signatures of these vibration modes. In contrast to the signature of peak EO8.46, those modes are cut-on only in the upstream direction with Ω S a /Ω S r ≈ 1.5 and decay in downstream direction as seen in Fig. 8. The peaks above the blade passing frequency correspond to scattered modes (Eq. 12) with the first and second blade passing harmonic, as denoted in Table 2.

By considering the cross-spectral coherence, it is possible to approximate the decay of disturbances travelling circumferentially (see Appendix for an explanation of the methodology). The last column in Table 2 shows the half-life for the individual modes, indicating the number of revolutions in which the amplitude of the mode decays by 50%. The values for the convected modes which are not locked-in lie between 0.4 and 0.8 revolutions. This agrees with findings by Eck et al. [START_REF] Eck | Prestall Instability in Axial Flow Compressors[END_REF] who reports that RI disturbances are still traceable after having travelled a quarter of the circumference. The acoustic and structural inter- 

DECOMPOSTION OF SPECTRAL PEAKS, CHART REPRESENTING ANGULAR VELOCITY OF RE-SPECTIVE MODE

action modes in the present test case remain coherent for longer, with a half life of up to 2.7 revolutions, as already indicated in Fig. 5.

In Fig. 9a the measured propagation speed (via cross correlation of the band-pass filtered raw data), is plotted against the corresponding wave number N a and compared against the phase velocity of the blade vibration modes 2 and 3 (or that of the aliased mode N a = N b -N v ). It can be seen that wave number N a =13 is in resonance with Mode 3 ( Ω S a Ω S r = 0.579). The propagation speed of higher wave numbers, on the other hand, is lower than the resonance velocity ( Ω S a Ω S r = 0.53 -0.54), and the two peaks at wave number 11 and 12 have a speed which is above the Mode 3 resonance speed. The speeds of aerodynamic disturbances N a =7 to 9, however, all align with that of Mode 2 vibration modes. This correspondence is also visible in Fig. 9b, which plots frequency against wave number. The frequencies for wave numbers 7 to 9 are separated by integer engine orders (see Eq. 9). The amplitude of the vibration modes and spectral peaks is shown in Fig. 9c. The highest amplitudes are reached in N a =13 and Mode 3 N v =3.

From these results, the aeroelastic phenomenon can be interpreted as follows: Multiple vortical disturbances of different wave lengths propagate around the circumference with a group velocity dictated by the mean flow, Ω S a /Ω S r =0.53-0.54 and excite several vibration modes. A lock-in phenomenon occurs between wave number N a = 13 and Mode 3 N v =3, leading to a shift of the propagation speed to Ω S a /Ω S r =0.579. The same mechanism applies to the interaction with lower wave numbers (N a =7-9) and vibration Mode 2. Disturbances of shorter wavelength (N a =15-19) convect freely.

This analysis and Table 2 show that only for two pairs of peaks in the spectrum, i.e. the freely convected ones, the spacing of spectral peaks in the stationary frame of reference can be used to deduce the propagation speed of aerodynamic disturbances. Spectral peaks also arise from vibration or signal modulation through interactions between disturbances. In addition, some wave numbers (10 and 14) are not visible in the measurements due to lock-in with the nearest vibration mode. As a result, consecutive peaks in pressure spectra do not necessarily correspond to consecutive wave numbers. In addition, the frequency of high amplitude modes such as EO7.53 which result from convected disturbances, cannot be used to calculate the free (convective) propagation speed of aerodynamic disturbances using the relationship Ω S a = ω S a /N a because their frequency is shifted by lockin with a vibration mode.

To summarize, spectral peaks arise due to different physical phenomena (aeroelastic, aeroacoustic and aerodynamic) and their interactions, which are especially prominent in transonic or high subsonic machines. Conclusions on propagation characteristics and physical mechanisms cannot be drawn from frequency spectra and peak spacing alone, as consecutive peaks do not necessarily have the same physical origin and frequencies can be shifted due to lock-in mechanisms.

SIGNATURE REPLICATION WITH NSV MODEL

To support the physical interpretation presented above, the experimental spectra are recreated using a semi-analytical model. The model was developed to predict aerodynamic and unstable vibration modes but is used here to aid the interpretation of measurement results.

Model description

The model was derived and validated on a high-speed compressor which exhibited NSV close to stall in a first torsional mode [START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF]. It uses single degree-of-freedom oscillators to represent blades in modal space, which are coupled by an aerodynamic forcing term which is being modulated by the blade oscillations. This reflects the physical mechanisms revealed in unsteady simulations at the NSV operating point: blade oscillation in a torsional blade mode generates vortical disturbances in the leading edge plane which convect towards the trailing blade. At highly throttled conditions, blockage of the blade passage through tip leakage flow enables circumferential propagation of the disturbance with negligible decay. At trailing blades the convected disturbance causes modal forcing. For blade vibration amplitudes lower than 2 • a linear relationship between blade vibration and modal forcing was observed. The reduced order model is schematically shown in Fig. 10, comprising a onedimensional term for the convection of vorticity, or circulation, around the circumference and a series of single degree of freedom oscillators representing the blades. In its simplest form, the individual blades are tuned and structurally uncoupled. Details of the derivation and implementation are given in [START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF].

When the relationship between the aerodynamic (vortical) disturbance and modal forces is calibrated with transient CFDsimulations, the model is able to correctly capture the lock-in phenomenon and predict unstable vibration modes, for the specific case Nodal Diameter N v =3 on Mode 3 as depicted in Fig. 11. Initialised with a random aerodynamic disturbance, it will also capture the formation of coherent aerodynamic disturbances during lock-in.

In addition to the high-speed core compressor (hub-to-tip ratio ∼ 0.5) the model has been validated for the low-speed transonic fan described in this study (hub-to-tip ratio << 0.5, experiment) [START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UUBR Application[END_REF], the Open-Test-Case fan ECL5/CATANA (hub-to-tip ratio ∼ 0.3, numerics) [START_REF] Brandstetter | Project PHARE-2-A High-Speed UHBR Fan Test Facility for a New Open-Test Case[END_REF], and a transonic booster (ENOVAL, hub-to-tip ratio > 0.5, experiment and numerics). Its general applicability indicates that the physical phenomenon, which is limited to the outer section of the rotor (> 90% span) [START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF] is independent of the hub-to-tip ratio. In all cases the critical blade mode is characterized as a torsional mode and has a maximum deflection at the leading edge tip which is necessary to enable modal forcing through vortical disturbances propagating in this region.

Transonic fan

To recreate the measured signals for the transonic fan described above, the lumped mass-oscillators have been tuned to vibration Mode 3 and the disturbance propagation speed set to Ω S a /Ω S r = 0.53 (Fig. 6). With these parameters and initialised with a random disturbance but zero blade displacement, the model predicts rising amplitudes in nodal diameter N v = 3 after approximately three revolutions as seen in Fig. 10. This matches the nodal diameter of the experiment (Table 2). Concurrently, an aerodynamic wave number N a = 13 develops. The propagation speed after lock-in is Ω S a /Ω S r = 0.57. The resulting frequency spectrum of the convected circulation signal at a fixed position after 20 revolutions is compared to the experimental results in Fig. 12. This shows that all peaks which correspond to free propagating disturbances or are locked in to vibration Mode 3 are present in the model (compare Table 2). As vibration Mode 2 is not modeled, the peaks EO<5 and 10<EO<13 are not present. This demonstrates how such a simple model can be used to facilitate the interpretation of measurement results and estimate lock-in effects. Case from literature: rotating instabilities A similar approach was used by Kameier and Neise [START_REF] Kameier | Rotating Blade Flow Instability as a Source of Noise in Axial Turbomachines[END_REF] who replicated the spectral components generated by a rotating source mechanism using a theoretical and experimental model of a rotating loud speaker. This work was instrumental to the definition of rotating instabilities, showing that "the rotating instability components observed in the blade tip region of axial fans are not caused by a frozen flow disturbance but rather by a fluctuating flow disturbance, a fluctuating source mechanism which rotates relative to the blade row". Similarly, Baumgartner et al. [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF] described the pressure fluctuations associated with rotating instabilities in a high speed compressor as "unsteady in a frame rotating with this instability pattern". Since the rotating instabilities also led to non-synchronous vibrations, we will here apply the NSV model to replicate the spectra from [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF].

The measured pressure spectra are shown in Fig. 13a, showing multiple peaks with the highest amplitude for EO13.46. In the original paper, the peak spacing was used to determine the propagation speed of this mode, Ω S a = 0.62Ω S r . Using the blade vibration frequencies of two modes, the authors also determined interaction modes and a characteristic frequency of the rotating instability. This source frequency is not necessary to reproduce the frequency spectrum, as will be shown now.

By setting the blade vibration frequency (EO R =ω R v /Ω S r = 1911Hz/249Hz = 7.67), blade number [START_REF] Brandstetter | Project PHARE-2-A High-Speed UHBR Fan Test Facility for a New Open-Test Case[END_REF] and propagation speed to the values given in [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF], the NSV model described above develops the spectrum presented in Fig. 13b. The similarities between the model spectrum, which is only to be interpreted qualitatively, and the measured spectrum in Fig. 13a This demonstrates that the presence of a characteristic frequency of the disturbance in the rotating frame of reference, i.e. a rotating instability, is not necessary to explain the NSV phenomenon in [START_REF] Baumgartner | Non-engine Order Blade Bibration in a High Pressure Compressor[END_REF], Table 1. The interaction between disturbances comprising multiple circumferential wave numbers (Eq. 3), as already described in [START_REF] Mathioudakis | Development of Small Rotating Stall in a Single Stage Axial Compressor[END_REF], and vibration modes as in Eq. 8, is sufficient to reproduce the measured frequency spectra.

CONCLUSION

The presented study has shown that a robust analysis of measurements near the stability limit is sensitive to instrumentation arrangement and processing methods. Correct sensor positioning is crucial for the accurate interpretation of phenomena. To detect modes which are cut-off and only present in a narrow axial range, sensors must be located at different axial positions. For multi-sensor cross correlation, at least three non-uniformly spaced circumferential sensors are necessary, preferably close to the leading edge.

The influence of processing parameters on frequency spectra shown in sections Analysis methods and Interpretation of results has shown that the analysis of non-synchronous phenomena near stall requires targeted treatment. Based on the findings in this paper, the following analysis method is recommended:

• Subtraction of sliding ensemble average (5-50 revolutions) At the example of a transonic fan near stall, it was illustrated that the interpretation of measurements based solely on peaks in measured spectra can be generally misleading. Lock-in between aerodynamic, vibration and acoustic modes and modulations with blade passing frequencies, particularly in transonic machines, create spectral peaks which are difficult to differentiate from those of stall precursors alone. With cross-correlation of signals from multiple circumferentially and axially distributed sensors, on the other hand, it is possible to determine propagation speeds of disturbances more reliably, and assign spectral peaks to different modes. Furthermore, it is possible to determine the decay of these aerodynamic disturbances. For the investigated fan, it was demonstrated that free vortical disturbances had a half-life between 0.4 and 0.8 revolutions, while locked-in modes as well as the acoustic signatures of vibration modes remained coherent for longer.

Using a reduced-order model to replicate fluid-structure interaction it was shown that the spectral peaks commonly associated with rotating instabilities can also be generated by the interaction of circumferentially travelling (stable) aerodynamic disturbances with a vibration mode. The aerodynamic disturbance resembles stall precursors and is convected around the circumference but is not pulsating in its own frame of reference.

Appendix

Based on the experimental observations, the signals corresponding to the convected phenomena result from random disturbances which appear at arbitrary times and decay as they travel around the circumference. The decay of these random disturbances must be limited, otherwise multiples of the angular velocity Ω S a would not be visible in the pressure spectra. Assuming, that a disturbance appears in the relative frame of reference at time t d , for example due to boundary layer separation, travels around the circumference with Ω S a and decays over time with λ , its signature at one sensor position can be described as:

p S (t > t d ) = ∞ ∑ N a =-∞
A N a e -λ (t-t d ) e i(-N a Ω S a t+ϕ a) (A1)

A measured signal can hence be interpreted as a sum of random disturbances appearing at random times, but with a specific decay rate depending on the underlying physical phenomenon. Fig. 14 shows an artificial signal as a sum of random disturbances with constant initial amplitude of A=1, appearing with random phase and at random times at an average rate of 1 per revolution and a decay half-life of t h = 0.5 revolutions, hence: λ = log(2)/0.5.

Considering the Fourier transform of the auto-correlation function Coefficient a shows a monotonic rise with the half-life as depicted in Fig. 16, with a constant shift depending on the window size. It is found that this correlation is independent from the frequency of the disturbance and the average number of disturbances per revolution. It can hence be used to determine the decay rate of a real signal spectrum, under the assumption that it is composed from a series of independent, random disturbances as described above. If signals are correlated over time, for example due to interaction with periodic processes like blade vibrations, blade passing frequency, resonant acoustic modes, etc, the value for the half-life will increase. Applied to the measurement discussed in this paper with the 16-bladed rotor, the spectrum shown in Fig. 17 As already assumed from the dependency of the SWFT window size (Fig. 5), the most stable modes are those locked in to structural vibrations (EO7.54 and EO8.46), their modulation with the blade passing frequency, the acoustic modes (EO11.79 and EO12.76) and dominantly the blade passing frequency itself [START_REF] Clark | Design for Coupled-mode Flutter and Non-Synchronous Vibration in Turbomachinery[END_REF]. For freely convected disturbances, a decay half-life of approximately 0.4 -0.8 revolutions is determined. Application of this method is based on many assumptions and will be validated in further studies. For the results of the semi-analytic model, the method derives accurate results. It has shown robust against parameters like window size and operating point and derives coherent results that confirm the findings from this paper based on physical interpretations.
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 5 FIGURE 5: PRESSURE SPECTRA OF FAN OPERATING NEAR STALL AT DIFFERENT AXIAL SENSOR POSITIONS AND VARYING SWFT WINDOW; SUBTRACTED ENSEM-BLE AVERAGE; NOTE DIFFERENT AMPLITUDE SCAL-ING
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 67 FIGURE 6: MINIMUM OF MULTI-SENSOR CROSS CORRE-LATION FOR MEASUREMENT NEAR STALL; A) UNFIL-TERED DATA; B) AND C) BAND-PASS FILTERED ON SPE-CIFIC MODES

  (Mode 3, N v = 3 forward traveling), which has a frequency of EO frame of reference. The peak at EO7.53 has the same frequency in the rotating frame of reference and a circumferential wave number N a =13 which excites a forward travelling N v =3 vibration on the 16-bladed fan:
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 10 FIGURE 10: SCHEMATIC OF SEMI ANALYTICAL MODEL; BLADES REPRESENTED AS MASS OSCILLATORS; AERO-DYNAMIC DISTURBANCE GENERATED BY BLADE OS-CILLATION CONVECTED FROM BLADE TO BLADE CAUSING MODAL FORCING; FROM[START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF] 
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 11 FIGURE 11: TEMPORAL DEVELOPMENT OF STRUC-TURAL NODAL DIAMETER AMPLITUDE IN SEMI-ANALYTIC MODEL

  are clear. All major (high amplitude) peaks of the measured spectrum are present in the modelled spectrum. The peaks can be associated with wave numbers of the aerodynamic disturbances, as indicated in the figure. It follows that the highest pressure amplitude is generated by the excitation of blade vibration in N v = 6
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 12 FIGURE 12: COMPARISON OF MEASUREMENT AND SEMI-ANALYTIC MODEL SPECTRA, MODEL TUNED ON VIBRATION MODE 3, PROPAGATION SPEED Ω S a = 0.54Ω S r , AMPLITUDE NORMALIZED, NUMBERS IN FIGURE REP-RESENTING ENGINE ORDER

FIGURE 13 :

 13 FIGURE 13: COMPARISON OF MEASURED SPECTRA FROM BAUMGARTNER ET AL. 1995 [4] (ADAPTED FROM FIGURE 14 IN https://hal.archives-ouvertes.fr/hal-01353829, cc-lic4.0) AND SEMI-ANALYTICAL MODEL FOR NSV[START_REF] Stapelfeldt | Non-synchronous Vibration in Axial Compressors: Lock-in Mechanism and Semi-Analytical Model[END_REF] 
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  (τ) p (t + τ)dτ (A2) the auto-spectral density is derived:S xx (ω) = F (r xx ) (ω) = 1 2π ∞ -∞ r xx (t) e -iωt dt (A3)With the right-handed side of this spectrumG xx (ω) = 2S xx (ω) for ω > 0 (A4)the coherence is calculated as :C xy ( f ) = |G xy ( f )| 2 G xx ( f ) G yy ( f ) (A5)
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 14 FIGURE 14: ARTIFICIAL SIGNAL CONSISTING OF DE-CAYING DISTURBANCES WITH CONSTANT INITIAL AM-PLITUDE OCCURRING AT RANDOM TIMES (RED DOTS)
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 15 FIGURE 15: COHERENCE OF ARTIFICIAL SIGNAL FOR DIFFERENT TIME SHIFTS IN DEPENDENCY OF SIGNAL DECAY RATE
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 16 FIGURE 16: EVOLUTION OF FIT-PARAMETER a FOR DIF-FERENT WINDOW SIZES AND SIGNAL DECAY RATES

  is derived. Comparable results are derived if multiple sensors distributed around the circumference are considered by calculating the coherence based on cross-spectral-density.

TABLE 1 :

 1 PARAMETERS OF UHBR FAN STAGE

	Outer casing diameter	508 mm (20")
	Rotor number of blades	16
	Stator number of blades	36
	Design Tip Mach Number	> 1.3
	Design Tip gap size	∼ 0.8% tip chord

TABLE 2 :

 2 
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