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Numerical Simulation of the Rotating Instability in an Annular Compressor Cascade Test Rig

. Although the main characteristics of the rotating instability are captured by the simulation, there are some differences concerning the quantitative parameters, which can be related to the applied total pressure profile at the inlet.

NOMENCLATURE

INTRODUCTION

The basic objectives of designing modern turbo compressors are high efficiency, low costs and a stable and safe operating range. These requirements are connected with highly mechanically and aerodynamically loaded blades. Thereby, the flow is dominated by complex three-dimensional, unsteady processes, which, among other things, are mainly caused by relative motion and boundary layer interaction between blade and side-wall. These so called secondary flows have a significant impact on the stability limit and the operating range. The objective of many experimental and theoretical investigations is to gain a deeper understanding of those phenomena.

Well known flow phenomena which are associated with approaching or crossing the surge line are rotating stall or surge.

In addition to these effects, there is a rotating flow pattern at stable operating condition previous to rotating stall, which was investigated by severeral authors [START_REF] Kameier | Rotating Blade Flow Instability as a Source of Noise in Axial Turbomachines[END_REF][START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF][START_REF] Weidenfeller | Time Resolved Measurements in an Annular Compressor Cascade with High Aerodynamic Loading[END_REF][START_REF] Beselt | Strömungsinduzierter Schall in Turbomaschinen -Die Rotierende Instabilität[END_REF][START_REF] Hermle | Experimentelle Untersuchung der rotierenden Instabilität im Axialverdichtergitter[END_REF]. In the past, different terms have been used to describe such phenomena (tip clearance flow unsteadiness, fluctuating tip clearance flow, small rotating stall, part-span stall, high frequency stall or rotating instability). Since 1990 the term rotating instability, which has been promoted especially by Kameier [START_REF] Kameier | Experimentelle Untersuchung zur Entstehung und Minderung des Blattspitzen-Wirbellärms axialer Strömungsmaschinen[END_REF], Kameier & Neise [START_REF] Kameier | Rotating Blade Flow Instability as a Source of Noise in Axial Turbomachines[END_REF] and Baumgartner [START_REF] Baumgartner | Non-Engine Order Blade Vibration in a High Pressure Compressor[END_REF], has been established. (For the sake of completeness it should be noticed that the term rotating instability has already been used before by Mongeau [START_REF] Mongeau | Experimental study of the mechanism of sound generation by rotating stall in centrifugal turbomachines[END_REF] and Bent [START_REF] Bent | The Influence of Discharge Configuration on the Generation of Broadband Noise in Centrifugal Turbomachinery[END_REF]).

The RI can be described as a self-induced multipassage rotating flow phenomenon at high incidence within a wide Mach number range, which rotates in circumferential direction from the suction side to the pressure side and has a characteristic signature in the frequency spectrum, which is illustrated in figure 1. It is an aerodynamic local flow instability at globally stable conditions and is located near the leading edge at the hub for stators and for rotors at the casing. Concerning the radial extend, it can be specified as a part-span phenomenon.

The rotating instability has been studied experimentally and numerically by several authors and could be identified as the source of noise ( [START_REF] Kameier | Rotating Blade Flow Instability as a Source of Noise in Axial Turbomachines[END_REF][START_REF] Kameier | Experimentelle Untersuchung zur Entstehung und Minderung des Blattspitzen-Wirbellärms axialer Strömungsmaschinen[END_REF]), nonsynchronous blade vibrations ( [START_REF] Baumgartner | Non-Engine Order Blade Vibration in a High Pressure Compressor[END_REF], [START_REF] Thomassin | Blade Tip Clearance Flow and Compressor Nonsynchronous Vibrations: The Jet Core Feedback Theory as the Coupling Mechanism[END_REF]), and a preliminary indicator for rotating stall [START_REF] Vo | Role of Tip Cleanace Flow in Rotating Insabilities and Nonsynchronous Vibrations[END_REF].

Typical for the RI spectra is a broadband enhancement of the amplitudes in the lower frequency region with equidistant peaks. Van Rennings describes this shape as a comb-like pattern [START_REF] Van Rennings | Modelling of the Dynamics and Acoustic Emission of Rotating Instability in an Annular Compressor Cascade[END_REF]. Each peak is connected with a circumferential mode of a different order. In experimental studies of Hermle [START_REF] Hermle | Experimental Analysis of Rotating Instability Using Hot Wire Triggered PIV and Wavelet Transform[END_REF][START_REF] Hermle | UNSTEADY SEC-ONDARY FLOW IN AN ANNULAR COMPRESSOR CASCADE[END_REF], circumferential mode orders of m = 1 up to a mode order of m = 3 could be identified in the frequency range between 61 to 135 Hz for M a = 0.34 and between 65 to 234 Hz for M a = 0.4 (see figure 1). Pardowitz et. al. [START_REF] Pardowitz | Rotating Instability in an Annular Cascade: Detailed Analysis of the Instationary Flow Phenomena[END_REF] conducted unsteady pressure measurements in the upstream section of a similar annular compressor cascade and observed rotating instability modes up to an order of m = 13 in a frequency range between 200 to 900 Hz. nvestigations of Mailach [START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF] confirmed mode order of half the number of blades in the frequency spectrum at about 30% of the first blade passing frequency (1. BPF), which corresponds to 300 Hz.

The assumption that the unsteady clearance flow is the main reason for the RI ( [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] März | An Experimental and Numerical Investigation Into the Mechanisms of Rotating Instability[END_REF], [START_REF] Inoue | Effect of Tip Clearance on Stall Evolution Process in a Low-Speed Axial Compressor Stage[END_REF]) was rebutted by Beselt [START_REF] Beselt | Influence of the Tip Clearance Size on Rotating Instability in an Axial Compressor Stator[END_REF]. He could verify the presens of RI in an annular compressor cascade with and without a hub clearance. Thus, the clearance flow is not a compellable criterion for the rotating instability. This discovery is in contradiction with the existing explanations ( [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]) of the RI source mechanisms, which emphasize the clearance flow as a necessary element for RI. Today, there is no sufficient theory for explaining the source mechanisms of this flow instability.

Regarding this background, the presented work contributes to the investigation of rotating instability with numerical methods. Therefore, a compressor cascade of an annular test rig, which exhibits RI at specific conditions, is numerically investigated to clearify the question if RI can be simulated with URANS and/or DES and of which quality the main RI-characteristics are.

INVESTIGATED TEST RIG

The investigated test rig is an annular compressor cascade at the Section of Turbomachinery, University of Kassel, which is run in a closed loop. The air supply is ensured by a radial compressor with a maximum pressure ratio of 1.8 and a maximum mass flow of 8 kg/s. The annular compressor cascade consists of three main sections, figure 2. At the first section, an inlet guide vane (IGV), which consists of 15 blades, turns the incomming flow by 55 • . Downstream, very close to the IGV, 15 additional adjustable symmetric profiles allow further variation (±20 • ) of the flow angle. In order to ensure a mixed out flow state, a flow path with a length of 580 mm exists between the first section and the investigated axial compressor stator cascade (2nd section). Further downstream of the compressor cascade, six struts with a NACA0020 profile are installed. The examined compressor stator consists of Hermle [START_REF] Hermle | UNSTEADY SEC-ONDARY FLOW IN AN ANNULAR COMPRESSOR CASCADE[END_REF] and Weidenfeller [START_REF] Weidenfeller | Time Resolved Measurements in an Annular Compressor Cascade with High Aerodynamic Loading[END_REF] at this test rig, it is known, that the RI occurs at an incidence of i ≥ 12.3 • at all investigated Mach numbers (M a = 0.2 to M a = 0.5). Especially at M a = 0.4 the RI is clearly visible in the frequency spectra. For this reason the investigated operating point for the numerical simulations is at a Mach number of M a = 0.4 at an incidence of i = 12, 3 • . This corresponds to a Reynolds number of about Re = 440000. The Mach number and the incidence of the operating point are related to mid span.

Numerical Methodology

The CFD-Software Fine TM /Turbo was used to study the unsteady flow field of the annular compressor cascade at the specific investigated condition, where RI is expected.

Numerical Scheme

The numerical flow solver is based on the compressible timedependent three dimensional Navier-Stokes equations for blockstructured grids. A cell centered finite volume approach is used for the discretization in space with a central scheme for the viscous and inviscid fluxes. In order to get a stable method, a Jameson type [START_REF] Jameson | Numerical Solutions of the Euler Equations by Finite Volume Methods using Runge-Kutta Time-Stepping Schemes[END_REF] damping is applied with 2nd and 4th order derivatives of the conservative variables for the numerical dissipation term. Concerning the time discretization, an explicit multistage Runge-Kutta method is applied in combination with a dual time stepping approach proposed by Jameson [START_REF] Jameson | Time dependent calculations using multigrid, with applications to unsteady flow past airfoils and wings[END_REF]. By introducing a pseudo-time step to the time dependent Navier-Stokes equations, for each physical time step a steady state problem is solved in a pseudo time until a given number of subiterations n sub or a residual reduction of at least three orders of magnitude is reached.

The turbulence is considered in a statistical sense by using the Reynolds-averaged method and by a hybrid RANS/LES approach -a DES-method, [START_REF] Spalart | Comments on the Feasibility of LES for Wings, and on a Hybrid RANS/LES Approach[END_REF]. Based on the turbulent viscosity approach from Boussinesq, a one equation turbulence model of Spalart Allmaras [START_REF] Spalart | A One-Equation Turbulence Model for Aerodynamic Flows[END_REF] was applied to model the unknown components of the Reynolds stress tensor for URANS and DES. The DES is a hybrid approach, which uses a RANS formulation for near-wall regions and acts in a LES-like manner for the other regions. This is done by replacing the wall distance d in the destruction term of the Spalart Allmaras turbulence model by a new length scale d, which is dependent on the local grid size ∆ and the wall distance

d = min(d, C DES ∆). (1) 
C DES is a DES-parameter with a typical value of 0.65. Accelaration techniques, such as implicit residual smoothing, local time stepping and multigrid, which result in a faster and stable solution, are being applied.

Computational Grid

The computational grid of the full cascade is shown in figure 3 in the lower part. For the unsteady simulations the grid covers all 17 blade passages and extends in the axial direction from 0.65 chord length upstream of the leading edge (LE) of the stator vanes to 1.8 chord length downstream the trailing edges (TE). One blade passage consists of nine blocks and contains about 1.17 million grid points, whereas an O-type grid was generated around the blade surrounded by four Htype grids. The depicted plains MP1 and MP2 indicate the position of experimental measurements. 21 points have been used to discretize the clearance gap at the hub in spanwise direction. The size of the wall nearest grid cells was set to 0.0012 mm to ensure an average value of y + ≤ 1. Thus, the boundary layer is resolved within the viscous sublayer and 

Boundary Conditions and Numerical Set Up

Radial inflow and outflow profiles for the investigated operating point were measured between 10% and 90% of the channel height by a pneumatic five hole probe mounted 15 mm upstream of the blade LE and 20 mm behind the blade TE [START_REF] Hermle | Experimental Analysis of Rotating Instability Using Hot Wire Triggered PIV and Wavelet Transform[END_REF]. Area averaged radial profiles of the measurements were used as boundary conditions for the numerical set up. The radial distribution of the area averaged total pressure p t and the inflow angle α 1 were specified between 10 und 90% of the span, whereas in the near wall regions the 1/7 power law ist applied to ensure a reasonable physical distribution. As it is depicted in figure 3, there is a certain distance between the inlet and measurement plain MP1. If one would use the experimentally measured profiles at MP1 as boundary counditions at the inlet, this would lead to wrong results. For this reason, a correction of the total pressure distribution at the inlet is used to ensure an almost perfect match between experiment and numeric at MP1, which could be achieved, see figure 4 a).

As boundary conditions at the outlet a static pressure of p = 93825 Pa has been prescribed at mid span, which was taken from the measurements. Concerning the chosen turbulence model, one has to specify the turbulent kinetic energy k and the turbulent dissipation rate ǫ at the inlet. These quantities were estimated by the following equations. B The averaged velocity in measurement plain MP1 leads together with turbulent intensity of 2% to a tubulent kinetik energy of 10.30 m 2 /s 2 for the analysed operating point. The following equation can be used to calculate the turbulent dissipation rate ǫ using C µ = 0, 09, the ratio of dynamic viscosity and turbulent dynamic viscosity η/η T with a typical value of 1/50 and a reference value for the density ρ ref .

ǫ = C µ η η T ρ ref k 2 η = 12646.38 m 2 /s 3 (2)
The chosen time step is dependent on the investigated phenomenon, the applied method (URANS or DES) and the grid size. The highest frequency of the RI at the investigated compressor stator cascade for M a = 0.4 and i = 12.3 • is around 233 Hz [START_REF] Hermle | UNSTEADY SEC-ONDARY FLOW IN AN ANNULAR COMPRESSOR CASCADE[END_REF]. In order to resolve one period by 20 time steps a physical time step size of ≈ 2.15 • 10 -4 s is required. Concerning the grid size, a DES time step sensitivity study of one blade passage simulations was done by the authors [START_REF] Teich | Beitrag zur numerischen Simulation selbsterregter Strömungsinstabilitäten in Axialverdichtern[END_REF].

To resulve at least 75% of the turbulent kinetic energy spectrum, a time step of at least ∆t = 1.0 • 10 -5 s has to be applied for a DES computation on a grid with about 1.17 million cells per passage. An additional URANS time step sensitivity study was not carried out in [START_REF] Teich | Beitrag zur numerischen Simulation selbsterregter Strömungsinstabilitäten in Axialverdichtern[END_REF], since DES requirements are stronger. For this reason, the chosen time step is set to ∆t = 1 • 10 -5 s for the URANS and DES computation in combination with 100 subiterations for each time step to guarantee a converged solution. A good initial solution for the unsteady computations is provided by a steady RANS simulation with 7 000 iterations. To get well resolved frequency spectra a lot of time steps had to be performed. All in all 18 364 iterations were carried out for the DES computation and 11 432 iterations for the URANS, whereas the first 2 000 iterations of both computations are neglected with respect to the analysis, since it is known that there is a transient at the beginning of every unsteady computation.

All simulations were conducted at the Lichtenberg-Cluster at TU Darmstadt, which allows parallel computation with up to several hundred processor units. For the presented unsteady computations of the compressor stator cascade up to 128 CPU units of the type Intel R Processor E5-2680 v3 were used.

RESULTS

Validity of Numerical Model

In order to assess the validity of the numerical model, computed mass flow as well as radial profiles of flow quantities upstream of the leading edge at MP1 and downstream of the trailing edge at MP2 are compared to experimental results.

The mass flow of URANS, DES and experiment are listed in table 3. Both numerically calculated mass flows are time averaged for all simulated time steps (≈ 20 000) and correspond well to the experiment, with URANS slightly worse.

The standard deviation σ indicates that the whole cascade is in a globally stable operating point.

In figure 4 the experimental and numerical (URANS and DES) results for i = 12 • show an overall good agreement, especially the distributions at the inlet plain MP1 are well described by the numerical results, see figure 4 a), b) and c). Due to a dominant hub corner stall, which exists even at the design point [START_REF] Weidenfeller | Time Resolved Measurements in an Annular Compressor Cascade with High Aerodynamic Loading[END_REF] and extends to around 70% the channel height, the flow can not follow the blade geometry. Thus, the outflow angle α 2 is larger in this region, which means less flow turning. This can be seen in figure 4 f) for the experiment and for both computations. However, there are still some discrepancies between the simulations and the experiment at MP2 for 0.1 < r/h < 0.4. Due to the high deviation of the flow at this axial position, the probe measurement could have been out of the calibrated range Concerning the flow angle α 2 the URANS computation predicts a much lower angle compared to DES and the experiment. Due to higher dissipation in the URANS formulation, the development of complex flow structures, like a hub corner stall, is inhibited. Thus, flow is less disturbed and the outflow angle α 2 shows a reduced underturning. The comparison illustrates, that Fine TM /Turbo is capable to predict the main flow features with both numerical methods (URANS, DES). Considering the complex flow field, especially at MP2, the results agree fairly well. Additionally, the validity of the experimental results is limited, due to the interaction of the 5-hole probe with the hub, probe size relative to gradients in the hub region and the calibration procedure itself.

Unsteady Pressure Field

To examine the flow field of the simulations, the static pressure signals of 360 circumferential distributed virtual sensors at eight different radial locations (0%, 10%, 20%, 40%, 60%, 80%, 90% and 100% channel height) for ten different axial positions are used, which leads to 28 000 points to tap the pressure fluctuations, see figure 5. RI can be detected by analysing the unsteady pressure field in front of the leading edge. Hence, only the axial position 3 is taken into account, which corresponds to the axial position of the used pressure sensor in the experiment, [START_REF] Hermle | Experimental Analysis of Rotating Instability Using Hot Wire Triggered PIV and Wavelet Transform[END_REF]. In figure 6 This kind of data visualisation is very useful to get an idea of what the flow field is like and to show differences of both numerical methods. That is why only a fraction of the whole simulation time is shown. As one can see in the first row of figure 6, there is a rotating pattern for DES and URANS at the hub. It is rotating into positive circumferential direction, which means from suction side to pressure side, compare figure 5. The rotating flow pattern is much more obvious for the URANS simulation. There are almost straight lines over the whole circumference. Concerning the DES computation, the pressure pattern is more scattered and smeared. In contrast to the URANS simulation, more lines can be identified over a fraction of the circumference going also into positive circumferential direction but with different gradients. With the help of equation ( 4), the frequency of a rotating pattern can be estimated, if the flow pattern is clearly visible. Thus, a frequency of about f rot,URANS ≈ 285 Hz can be calculated for the URANS. Estimating frequencies of the DES with equation (4) is difficult. Due to the smeared flow structure it is not easy to measure correct values for ∆ϕ and ∆t. A closer look of single pressure signals is given in the last row in figure 6. Three signals at ϕ =10 (red), 40 (green) and 70 • (blue) are displayed and shifted against each other to keep them apart. The URANS signals (right figure) are very smooth compared to the DES (left), which shows more fluctuations.

f rot = ω 2π = ∆ϕ ∆t2π (4) 
With increasing channel height, the rotating flow pattern seems to disappear in both computations, see figure 6 second and third row. In contrast to the static pressure field at the hub 17 equidistant vertical lines of higher static pressure can be seen for URANS and DES. These lines are connected to the blade number of the cascade and are caused by an upstream effect of these blades. Due to a higher Mach number and a higher velocity for 50% and 100% channel height, the flow is slowed down in front of the blades, which results in a higher static pressure.

To gain more insight, a spectral analysis of the time dependent pressure fluctuations for all three channel heights is performed for URANS and DES and compared with the experiment by means of the Power-Spectral-Density function (PSD).

The PSD function of two different signals leads to the Cross-Power-Spectral-Density function(CPSD, G xy ), which is used to get information about dominant frequencies and the phase angle Φ xy , see equations ( 5) and [START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF].

G xy (f ) ∼ = 1 T X * (f )Y (f ) (5) 
Φ xy (f ) = arctan Im[G xy (f )] Re[G xy (f )] (6) (7) 
The distance between the experimentally used pressure sensors is about 22 • (see [START_REF] Hermle | Experimental Analysis of Rotating Instability Using Hot Wire Triggered PIV and Wavelet Transform[END_REF]), which is also set as the circumferential distance for calculating an averaged CPSD based on URANS and DES data. Since the RI is a phenomenon distributed over the entire circumference, it is justified to calculate an averaged CPSD based on all 360 positions of URANS and DES. For each pair with a circumferential distance of 22 • in the computations, a CPSD is performed, summed up and divided by the number of pairs to get the averaged CPSD and also an averaged phase angle. The CPSD is combined with a hanning-window and a zero padding is applied to obtain smoother spectra.

The results are presented in figure 7. In the upper figure the CPSD of URANS, DES and the experiment are shown. First of all, a comb-like pattern can be seen for DES and URANS, whereas the DES shows up to four and the URANS and experiment up to three peaks. The dominant frequencies are listed in table 4. Due to the limited frequency resolution of the numerical results, which are about 6.11 Hz for the DES and 10.56 Hz for URANS, and the usage of a window-function, the identification of dominant frequencies in the numerical data is also limited and may lead to false conclusions. Thus, it is possible, that especially within the URANS computation, the comb-like pattern is only the result of the low frequency resolution as well as the usage of a window-function, which produces side slopes. Taking into account the very smooth pressure fluctuation in figure 6 (last row, right figure) of the single pressure fluctuations with almost one frequency, this consideration seems to be comprehensible.

The comb-like pattern is shifted to higher values for both computations compared to the experiment, with a larger difference between experiment and URANS. Regarding the amplitudes of the CPSD the left y-axis in figure 7 belongs to the DES and the experiment whereas the right y-axis to the URANS spectra. The match for the DES is very well, whereas the CPSD-level of the URANS is up to 15 times higher compared to the experimental values. As it was mentioned earlier, RI is a phenomenon located near the hub with a radial extent of about 30%, [START_REF] Hermle | Experimental Analysis of Rotating Instability Using Hot Wire Triggered PIV and Wavelet Transform[END_REF]. This can also be seen in the numerical data.

A decrease of dominant (RI-)frequencies for increasing chan- nel height within both computations can be seen. In the lower part of figure 7 phase angle spectra are shown. The match between DES and experiment as well as between URANS and experiment is qualitatively very good. The direction of the phase angle indicates a propagation from suction to pressure side, which is in accordance with the findings based on figure 6. In the relevant frequency range the phase angle is higher for both computations compared to the experiment. With the help of the phase angle spectrum and the distance of the sensors, one can additionally calculate the mode order m and the rotational speed ω. Based on equation ( 4), the rotational speed ω (or the rotational frequency f rot ) can directly be calculated, whereas the relation Φ xy = ∆t2πf is used to replace ∆t, which yields to

ω = ∆ϕ2πf Φ xy . (8) 
It is known, that for the rotating instability each dominant frequency peak is related to a mode order, which can be derived by evaluating equation ( 9), where ∆ϕ is the 21.18 • for the experiment and 22 • for the computations. Φ xy can be calculated by using equation [START_REF] Mailach | Rotating Instabilities in an Axial Compressor Originating From the Fluctuating Blade Tip Vortex[END_REF].

m = Φ xy ∆ϕ . (9) 
The resulting rotational speeds as well as the mode orders are listed in table 4. Additionally, the circumferential speed can be found in the last column. The mode orders of the experiment are between 1 and 3 and lower compared to those of the numerical results. Within the DES, mode orders from 4 up to 7 are calculated. Evaluating equation ( 9) for the URANS computation results in mode orders of about 7. Concerning the rotational speed ω and the cricumferential speed, there are also differences between the numerical and experimental results. c u varies from 32 up to 39 m/s within the experiment, whereas these velocities are slightly smaller for URANS and DES, which means that this phenomenon rotates slower in circumferential direction.

The presented numerical results in front of the leading edge indicate that a rotating flow phenomenon, similar to the rotating instability can be simulated with a DES method. Results based on an URANS simulation are worse in terms of quality and quantity compared to the experiment, which may be caused by the frequency resolution as well as the method itself. The results of a DES seem to be more accurate and realistic. Based on an analysis in the frequency domain, dominant frequency peaks with a comb-like pattern can be detected at the hub within the DES. The influence of these dominant peaks decreases with increasing channel height. Compared to experimental data the relevant frequency range as well as quantitative values of the DES, like mode order and rotational speed, show some smaller differences, which could have been caused by the DES method itself or the the used grid and applied time step. The authors assume, that the main reason for the differences are the applied boundaries. Especially at the inlet near the hub the development of a RI-like pattern is very sensitive to the applied conditions, [START_REF] Teich | Einfluss der Zuströmrandbedingungen auf die Ausbildung rotierender Strukturen in einem hoch belasteten Axialverdichtergitter[END_REF]. When the gradient of the total pressure up to a channel height of 15% is increased a little bit, the comb-like pattern is shifted to lower frequencies and the resulting mode orders are closer to those of the experiment, see figure 8 upper graph.

CONCLUSION

Three-dimensional unsteady Reynolds-averaged Navier Stokes as well as Detached-Eddy-Simulations of a compressor stator cascade were performed in order to investigate a rotating flow pattern, which is called rotating instability (RI). The results show that the development of a rotating flow structure is very sensitive to the appplied method. It can be concluded, that a DES method can be used to simulate the rotating instability, which was confirmed by an analysis in the time and frequency domain. The typical broadband enhancement at a low frequency range with discrete peaks, which are related to different mode orders could be verified. The direction of propagation as well as the radial extent are in agreement with the experimental data. The differences between experimental and numerical data are referred to quantitative characteristics. Thus, dominant frequencies are shifted to higher values in the computation and the resulting mode orders are increased. Recent results have shown an fairly good match, when the total pressure profile at the inlet is slightly increased. Beside the work of van Rennings [START_REF] Van Rennings | Numerical simulation and modelling of sound generated by rotating instabilities in an annular compressor cascade[END_REF] this is the first time, that the simulation of the rotating instability phenomenon has been verified by experimental data to a large extent.

Figure 1 .

 1 Figure 1. Experimentally observed rotating instability in the frequency spectra of two pressure signals with a circumferential distance of about 42.36 • , [4].

Figure 2 .

 2 Figure 2. Annular compressor test rig

Figure 3 .

 3 Figure 3. Computational grid with inlet (blue) and outlet (red) plains as well as measurement plain MP1 (green) upand MP2 (grey) downstream of the compressor stator cascade. Mesh details of the leading and trailing edge are shown in the upper part.

Figure 4 .

 4 Figure 4. Comparison of the numerical (DES=red, URANS=green) and experimental (blue) radial distribution of a) total pressure p t,1 , b) Mach number M a 1 , c) flow angle α 1 at the inlet plain MP1 and d) total pressure p t,2 , e) Mach number M a 2 and f) flow angle α 2 at the outlet plain MP2 for M a = 0.4 and i = 12, 3 • .

Figure 5 .

 5 Figure 5. Location of the virtual sensors from front view (left) and from above view (right). For the sake of clarity, in the left figure only 24 sensors out of 360 are illustrated.

Figure 6 .

 6 Figure 6. Row 1-3: Time dependent static pressure difference ∆p of 360 measurement points at 0% (first row), 50% (second row) and 100% (third row) channel height for DES (left) and URANS (right). Row 4: Additional single static pressure fluctuation at the hub for a circumferential position of ϕ = 10 (red), 40 (green) and 70 • (blue).

Figure 8 .

 8 Figure 8. Cross-Power-Spectral-Density (upper) and phase angle (lower) for experimental (black) and numerical (DES=red) data with an increased total pressure distribution at the inlet near the hub. The right axis in the upper figure belongs to the CPSD of the DES.

Table 1 .

 1 Geometric details of the investigated annular compressor stator cascade

	Geometric Compressor Stator Cascade Details
	chord length	ℓ c	50 mm
	hub radius	r H	110 mm
	casing radius	r C	165 mm
	aspect ratio		1.1
	solidity at midspan	ℓ c /t	0.99
	tip clearance	s	0.8%•ℓ c
	inlet flow angle, design point	α 1,DP	43 •
	outlet flow angle, design point α 2,DP	21 •
	stagger angle	β s	26 •
	number of blades	z	17

• . This cascade is a scaled version of blades first used by Gallus and Mertens

[START_REF] Gallus | Michungsvorgänge I, Abschlussbericht Vorhaben Nr. 531. Technischer Bericht[END_REF]

. Further geometric details are summarized in table 1. From experimental work of

Table 2 .

 2 Quality criteria of the discretized domain no wall function has to be used in this region. The resulting grid quality criteria are listed in table 2.

	grid quality criteria	
		min./max.	∅
	aspect ratio	1992.50	230.59
	orthogonality	31.09 •	83.15 •
	expansion ratio	2.96	1.37
	y +	1.2	< 0.65

Table 3 .

 3 Comparison of the mass flow for i = 12.3

				∆ ṁ
	URANS	4.21	0.038	2,43%
	DES	4.14	0.046	0,73%
	EXP	4.11	-	-

the total pressure p t , the absolute Mach number M a and the absolute flow angleα are presented for the investigated operating point on both axial positions, MP1 and MP2. All radial profiles are also time and circumferential averaged with at least 700 time steps. The comparison of method ṁ [kg/s] σ [kg/s] • and M a = 0.4.
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	Figure 7. Cross-Power-Spectral-Density (upper) and phase
	angle (lower) for experimental (black) and numerical
	(DES=solid lines, URANS=dashed lines) data for different
	channel heights (red=0%, green=50% and blue=100%) in
	front of the leading edge.		
			55.16	25.16	1.18	291.76	32.09
		EXP	120.8	44.34	2.09	362.56	39.88
			174.89	69.20	3.26	337.92	37.17
			163.58	95.11	4.32	237.74	26.15
		DES	177.67 103.37 205.89 121.80	4.47 5.54	237.58 233.66	26.13 25.70
			225.63 157.33	7.15	198.23	21.80
			251.42 175.80	7.99	197.69	21.75
	URANS	275.21 -162.86 -7.40	233.59	25.69
			298.99 -141.73 6.44	291.61	32.01

method f [Hz] Φ xy [ • ] m [-] ω [rad/s] c u [m/s]

Table 4 .

 4 Phase angle Φ xy , mode order m and rotational speed ω as well as circumferential speed c u of dominant frequency peaks for the experiment and both computations.
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