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Application of composite fans enables disruptive design possibilities but increases 1 sensitivity to multi-physical resonance between aerodynamic, structure dynamic and acoustic 2 phenomena. As a result, aeroelastic problems increasingly set the stability limit. Test cases of 3 representative geometries without industrial restrictions are a key element of an open scientific 4 culture but currently non existent in the turbomachinery community. In order to provide a multi-5 physical validation benchmark representative of near future UHBR fan concepts, the open test case 6 fan stage ECL5 has been developed at Ecole Centrale de Lyon. Design intention was to develop a 7 geometry with high efficiency and a wide stability range that can be realized using carbon fibre 8 composites. This publication aims to introduce the final test case which is currently fabricated and 9 will be experimentally tested. The fan blades are composed of a laminate made of unidirectional 10 carbon fibres and epoxy composite plies. Their structural properties and the ply orientations are 11 presented. To characterise the test case, details are given on aerodynamic design of the whole 12 stage, structure dynamics of the fan and aeroelastic stability of the fan. These are obtained with 13 a state-of-art industrial design process : static and modal FEM, RANS and LRANS simulations. 14 Aerodynamic analysis focuses on performance and shows critical flow structures like tip leakage 15 flow, radial flow migration and flow separations. Mechanical modes of the fan are described and 16 discussed in the context of aeroelastic interactions. Their frequency distribution is validated in 17 terms of resonance risk with respect to synchronous vibration. Aeroelastic stability of the fan is 18 evaluated at representative operating points with a systematic approach. Potential instabilities are 19 observed far from the operating line, not compromising experimental campaigns.

20

Introduction

Flutter is defined as self-excited blade vibration and usually involves blade-to-blade 28 coupling. It is considered as initially small amplitude blade oscillation in a specific 29 eigenmode that exponentially amplifies through a positive feedback loop with the 30 aerodynamic field (negative aerodynamic damping). Linear modelling approaches are 31 capable to predict the onset of this mechanism and to determine critical modes and to 32 develop countermeasures. The disturbance is only dependent on the blade vibration 33 and disappears as soon as the vibration stops. For large vibration amplitudes limit-34 cycle-oscillation may occur due to aerodynamic or structure dynamic non-linearity. For convective propagation speed (typically described under the term rotating-instability).

62 For all of the described phenomena, the flow structure in the tip region and particu-63 larly the influence of the tip leakage flow and the passage shock is of great importance. 

71

•

Low-speed fans will predominantly operate on the flat part of the compression 72 characteristic, making them more susceptible for stall-driven instability [START_REF] Lee | Validation of a Numerical Model for Predicting Stalled Flows in a Low-Speed Fan-Part I: Modification of Spalart-Allmaras Turbulence Model[END_REF].

73

• The flutter frequencies (in the stationary frame) will be lower compared to high-74 speed designs. Acoustic liners in the intake, which are designed to attenuate higher 75 frequency community noise will not affect the modes relevant for aero-elastic 76 instability.

77

•

The intake length will be shorter for low-speed fans, leading to stronger inflow 78 asymmetry and altered acoustic interaction [START_REF] Peters | Ultrashort Nacelles for Low Fan Pressure Ratio Propulsors[END_REF]. This gives rise to stronger broad-79 band excitation and shifted resonance frequencies. and more sensitive to geometric variability [START_REF] Wilson | The Effect of Stagger Variability in Gas Turbine Fan Assemblies[END_REF].

83

• A strongly nonlinear fluid-structure-interaction at low-frequencies has been ob-84 served for fans with low solidity related to the pressure untwist of the blades. At 85 transonic conditions, slight deviations of the local stagger angle at the blade tip 86 can cause a fundamentally different shock structure between adjacent blades that affects the stability of distinct rotor sections [START_REF] Lu | Effect of Geometric Variability on Running Shape and Performance of a Transonic Fan[END_REF]. This circumstance affects the ap-88 plicability of promising methods like intentional blade mistuning [START_REF] Zhai | Aeroelastic Stability Assessment of an Industrial Compressor Blade Including Mistuning Effects[END_REF] to suppress 89 the development of circumferentially propagating modes.

90

A selection of the state of the art High-Bypass-Ratio engines is presented in Figure Recent research [START_REF] Goerke | Aerodynamic and Mechanical Optimization of CF/PEEK Blades of a Counter Rotating Fan[END_REF][START_REF] Schmid | Optimization of a carbon fiber composite blade of a counter-rotating fan for aircraft engines[END_REF] showed that the use of anisotropic properties of composite in 108 fans could help to improve both mechanics and aerodynamics. Composites also present 109 potential to control flutter by modification of eigenmodes [START_REF] Reiber | Potential of aeroelastic tailoring to improve flutter stability of turbomachinery compressor blades[END_REF]. From the current point of view, the most promising research configuration is a 129 UHBR low-speed fan stage with high subsonic design speed, designated to be installed Based on an initial design [START_REF] Rendu | Modélisation des écoulements transsoniques décollés pour l'étude des interactions fluide-structure[END_REF], the final design was obtained with the use of a for the final design to avoid the establishment of planar acoustic interactions.

165

Stage inlet and outlet geometry is similar to previous installations [START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UHBR Application[END_REF]. Same applies The tip clearance in dependence of the rotation speed is presented in Table 1: The blade is exclusively made of unidirectional carbon fibres and epoxy composite 182 plies stacked into a laminate with intentional ply orientations . A ply is considered to be 183 made of orthotropic material. The three material orthotropy directions are defined locally 184 as follows : direction 1 is the orientation of the carbon fibres, direction 2 is orthogonal 185 to direction 1 within the ply and direction 3 is orthogonal to the ply. The constitutive 186 law of the composite material is described classically by nine constants listed in Table 2 187 (indicated by composite manufacturer). 

180 Table 1
188 Table 2. Material properties ρ E 1 E 2 = E 3 G 23 G 12 = G
250 ζ = W 4πE k = W 2πM 0 ω 2 0 (1)
with the modal kinetic energy E k of the travelling wave, the modal mass M 0 and the 251 vibration angular frequency ω 0 . disparities, resulting in differences lower than 0.3% in total pressure ratio and 0.3% in 269 isentropic efficiency for the studied operating points.

270

The unsteady flow is obtained with the solver Turb'Lin [START_REF] Rendu | Time-linearized and harmonic balance navier-stokes computations of a transonic flow over an oscillating bump[END_REF]. The solution is obtained 271 in the frequency domain. This vertex-centered LRANS solver has been validated for 272 transonic separated flows [START_REF] Rendu | Time-linearized and harmonic balance navier-stokes computations of a transonic flow over an oscillating bump[END_REF][START_REF] Philit | Derivated Turbulence Model to Predict Harmonic Loads in Transonic Separated Flows over a Bump[END_REF]. The turbulence model is linearized (see [START_REF] Duquesne | Effect of nodal diameter on the local blades vibration on the choke flutter instability in transonic UHBR fan[END_REF] for 273 comparison of results with frozen turbulence assumption). Upstream and downstream 274 of the fan, the mesh was extended by numerous fan diameters with strongly reduced 275 axial resolution to attenuate acoustic reflections. In Figure 10 the flow structure is presented in more detail for design point OP-A. reduced by respectively 12% and 14%. To assess for mode shape variations between 346 nodal diameters, the Mode Assurance Criterion (MAC) is used [START_REF] Allemang | The Modal Assurance Criterion -Twenty Years of Use and Abuse[END_REF]. For each mode, the 347 mode shape is compared to its ND8 counterpart. MAC is equal to 1 if the mode shapes 348 are identical, 0 if they are inconsistent. MAC is represented in Figure 11b. Except for 349 ND1, the three modes are superimposed at 1. Modes 2ND1 and 3ND1 are very different 350 from other NDs due to high disc contribution. Mode 1ND0 mode shape is comparable 351 even if its frequency is slightly different. These significant variations between nodal 352 diameters have to be taken into account for aeroelastic studies. Furthermore the accuracy 8).

386

Flutter events detected on modern fans mostly involve first bending mode at low 387 nodal diameter [START_REF] Vahdati | Aeroelastic Instability in Transonic Fans[END_REF][START_REF] Sanders | Experimental and Numerical Study of Stall Flutter in a Transonic Low-Aspect Ratio Fan Blisk[END_REF][START_REF] Aotsuka | Numerical Analysis of Fan Transonic Stall Flutter[END_REF]. However it has been shown by Stapelfeldt and Brandstetter [START_REF] Stapelfeldt | Non-synchronous vibration in axial compressors: Lock-in mechanism and semi-analytical model[END_REF] 388 that torsional mode shapes could lead to aeroelastic instability for a convective mecha-389 nism denoted as Non-Synchronous Vibration. Thus all three modes were investigated.

390 Table 4 gives tip reduced frequencies (see Equation 2) based on chord and upstream 391 relative velocity at both considered speeds.

392 k r = f r c U tip (2) 
To reduce the number of aeroelastic configurations to simulate, only even numbers 393 of nodal diameters were simulated in a first step. The nodal diameters ±1 were added 394 because their aeroelastic behaviour cannot be deduced from other nodal diameters due 395 to their mode shape (see Figures 12 and13). Odd nodal diameters were simulated if 396 discontinuities in aerodynamic damping curves were observed. Upstream and downstream acoustic conditions can produce discontinuities in 422 stability behaviour of the blades [START_REF] Ferria | Numerical investigation of flutter stability in subsonic space turbine blisk with emphasis on cut-on/cut-off modes and interblade phase angles[END_REF]. On the operating points studied, numerous 423 switches of cut-on/cut-off conditions can be observed but only three discontinuities 424 related to acoustic behaviour that could lead to instability were identified :

425

• For Mode 2ND-3 at OP-A, the stability curve is flat at each side of the discontinuity 426 and the fan remains stable (see Figure 15a).

427

• For Mode 3ND-3 at OP-C, the stability reaches a minimum but the fan remains 428 stable (see Figure 16a).

429

• For Mode 2ND5 at OP-D, the fan is predicted unstable (see Figure 16b). The stability 430 behaviour for ND4 to ND6 is investigated in the following . catana.ec-lyon.fr christoph.brandste�er@ec-lyon.fr
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  With application of modern lightweight blade geometries, aeroelastic coupling23 phenomena tend to reduce the operating range of compressors and fans in aircraft 24 propulsion engines. As synchronous excitation mechanisms are well understood today, 25 the most challenging aeroelastic phenomena for future turbomachinery applications 26 are of non-synchronous 1 nature. A list of these phenomena is presented hereafter:

27

 27 

64

  Significant blockage enables the circumferential transport of disturbances or provokes 65 separation of the boundary layer which may be susceptible to acoustic or structure-66 dynamic feedback. 67 For high-speed fans rotating stall, buffeting and flutter are the most common 68 instability mechanisms and are well understood today. The establishment of UHBR-69 configurations with low-speed fans however leads to a substantial change of relevant 70 characteristics.

80 •

 80 The relative Mach number and shock strength are lower, the tip-clearance relative 81 to the blade chord and solidity 2 are smaller than for conventional direct-drive fans
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91 1 3 .Figure 1 .

 31 Figure 1. Selection of established modern (Ultra)-High-Bypass-Ratio Engines All of the shown fan blades comprise significant 3D-features, particularly forward
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130 135 Figure 2 .

 1352 Figure 2. Modern industrial low-speed composite fans and Open-Test-Case ECL5/CATANA (CAD)In the following, the final design and the composite structure of the fan are pre-
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166Figure 3 .Figure 3 .

 33 Figure 3.Figure 4 shows the blade profiles at different span heights, clearly emphasizing175

Figure 4 .

 4 Figure 4. Fan profiles at different span heights

13 ν 23 ν 12 Figure 5 .Figure 6 .

 1256 Figure 5. Plies of ECL5 Fan (colored in green) (a) Plies alternation (b) Ply 1 -blade: wrap (c) Ply 6blade (d) Ply 19 -coreThe manufacturing process consists of three steps. First, each pre-impregnated ply

224 3 . 2 .Figure 7 .

 327 Figure 7. Mechanical model (a) Boundary conditions (b) Blade thickness meshing

252 3 . 3 . 2 .

 332 Time-linearized simulations 253The isolated fan is considered for the stability study according to common practice 254 for fan flutter studies based on self-excitation[START_REF] Vahdati | Aeroelastic Instability in Transonic Fans[END_REF][START_REF] Sanders | Experimental and Numerical Study of Stall Flutter in a Transonic Low-Aspect Ratio Fan Blisk[END_REF][START_REF] Aotsuka | Numerical Analysis of Fan Transonic Stall Flutter[END_REF]. The OGV is one chord distant 255 downstream of the fan so its potential influence is significantly reduced.256To assess the stability of the fan, a time-linearized method (LRANS) is used. Based 257 on the assumption of small harmonic perturbations, the coordinates of the grid vertices 258 as well as the flow solution can be decomposed in a steady part and a time dependent 259 harmonic perturbation. These two parts are simulated separately.260The steady flow necessary for LRANS simulations is obtained with the compressible 261 RANS solver elsA9 . The solver relies on cell-centered finite volume method on multi-262 block structured grids. Convective fluxes are obtained with Jameson scheme with 263 artificial dissipation. The turbulence is modeled by kω Kok model with vorticity-264 based computation of turbulent kinetic energy production. A single passage of the fan 265 domain is reduced to 2.3 Million cells, with 101 layers in radial direction. 21 layers are 266 used in the tip gap. The wall resolution remains below y + = 1. A comparison of the 267 steady state results to those obtained with FineTurbo was carried out and showed few 268

277 4 . 1 .

 41 Aerodynamic characteristics 278 Stage characteristics of steady RANS calculations, throttled via static pressure at the 279 stage outlet are presented in Figure 8. It can be seen that overall peak efficiency is well 280 located at the 100% speedline at a point where the total pressure characteristic is almost 281 flat. For high speedlines above 100% of design speed, choke occurs in the fan, otherwise 282 it occurs in the OGV. Towards low mass-flow the speedlines are rolled over and limited 283 by numerical convergence. This is comparable to the case presented by Rodrigues et al.

[ 16 ]Figure 8 .Figure 9 .

 1689 Figure 8. Stage compressor map with operating points of interest A detail of the 100% speedline is given in Figure 9, showing pressure and efficiency

302

  Isentropic Mach number distribution on the suction side shows the shock structure 303 from midspan and emphasizes the reduced loading at blade tip. Surface streamlines are 304 homogeneous without indications for flow separations but moderate radial migration 305 towards the trailing edge. The blade-to-blade view of the relative Mach number and 306 radial velocity at 95% span indicates low blockage in the tip region and a clearly depicted 307 tip leakage vortex that mildly interacts with the shock. 308 This situation changes at maximum pressure condition OP-B, where the pre-shock 309 Mach number strongly increases, and the surface streamlines show signs of boundary 310 layer separation between 70% span and the casing. Also, radial migration is accen-311 tuated leading to low relative Mach numbers below 0.2 at the trailing edge at lower 312 channel heights. The blade-to-blade view depicts a strong blockage zone enclosed by the 313 emphasized tip-clearance flow. Here, a stronger interaction with the shock is indicated.314The same illustration is given for the maximum pressure point at the 80% speedline 315 OP-D. Here, the flow is mostly subsonic. The supersonic zone (without shock) in 316 isentropic Mach number distribution is due to the circumvention of the leading edge.317Surface streamlines indicate significant local backflow at the leading edge for higher 318 channel heights. The blockage region at the fan tip is more severe than at design speed 319 with a widely inclined zone of negative radial velocity. Radial flow migration is highly 320 accentuated at this condition, particularly close to the casing. However, due to low 321 relative velocity, the amplitude of radial velocity close to the casing is lower than for the 322 higher speedline.

325

  Hot shapes of the fan blade were determined for each speedline along the work-326 ing line. Due to the use of anisotropic properties of composite, the maximal blade 327 displacement is 1.15 mm at maximal speed corresponding to 1.0% of the chord. It is 328 comparable to the optimization presented by Schmid et al.[START_REF] Schmid | Optimization of a carbon fiber composite blade of a counter-rotating fan for aircraft engines[END_REF]. Maximum static stress in 329 fiber direction does not exceed 17% of elastic limit. Static stress is then low compared to 330 elastic limit which allows sufficiently high level of dynamic stress during experimental 331 campaign.

332 4 .

 4 2.2. Mode Shapes333Concerning synchronous excitation phenomena, intake distortions are the predomi-334 nant sources. The potential effects of the OGV are negligible because of the axial distance 335 from the fan, of more than one chord. Experience on similar configurations shows that 336 above the 6 th engine order, forced response amplitudes are negligible[START_REF] Rodrigues | Aerodynamic Investigation of a Composite Low-Speed Fan for UHBR Application[END_REF][START_REF] Brandstetter | Compressible Modal Instability Onset in an Aerodynamically Mistuned Transonic Fan[END_REF]. At 105% 337 of nominal rotation speed, the 6 th engine order frequency is 1155 Hz. Mode 3 and Mode 338 4 frequencies are respectively around 900 Hz and 1500 Hz at maximal rotation speed so 339 only the first three modes are considered in the following. 340 Modal data are presented only for positive nodal diameters because they are identi-341 cal for both co-rotative and contra-rotative modes. Modal frequencies are given in Figure 342 11a for each nodal diameter (ND). Frequency variations are less than 2% except for low 343 nodal diameters between modes of the same family. Mode 1ND0 frequency is lowered 344 by 9% compared to the other NDs. Mode 2ND1 and Mode 3ND1 frequencies are also 345

Figure 10 .

 10 Figure 10. Detail of flow conditions at different operating points

365 4 .

 4 2.3. Campbell diagram 366 The Campbell diagram obtained for the fan is presented in Figure 14. The crossings 367 of the different modes with EO lines are highlighted. Modal frequencies were adjusted

Figure 11 .Figure 12 .Figure 13 .Figure 14 .

 11121314 Figure 11. Nodal diameter influence on modes at 100% speed (a) Frequency (b) MAC in comparison with ND8 a) b) c)

Figures 15 Figure 15 .

 1515 Figures 15 and 16 show the aerodynamic damping ratio ζ as function of the nodal

Figure 16 .

 16 Figure 16. Aerodynamic damping as function of nodal diameter (a) OP-C (b) OP-D

431 4 . 4 . 1 .

 441 Aeroelastic instability of Mode 2 at OP-D 432 For Mode 2ND5 at OP-D, the fan is predicted unstable and the aerodamping 433 reaches a negative minimum at ζ = -5.6%. The local work at the surface of the blade, 434 normalized like the global work by U = 4πE k (see Equation1), is plotted Figure17for 435 ND4 to ND6. The local work is mostly located at the tip of the blade because of the mode 436 shape (see Figure12b). Corresponding flow fluctuations at ND5 are more than one order 437 of magnitude higher than for adjacent nodal diameters. For example, if the displacement 438 is arbitrarily set to 1.0% of the chord at the tip, the maximal pressure fluctuations will 439 be 65% of inlet static pressure. At ND5, fluctuations cannot be analyzed quantitatively

Figure 18 .Figure 19 .

 1819 Figure 18. Mode 2 (red dots) acoustic conditions at OP-D et OP-E Figure 19. Mode 2 aerodynamic damping at OP-D and OP-E
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Figure 20 .

 20 Figure 20. Local work at OP-E for Modes 2ND4 to 2ND6 (left) Suction side (right) Pressure side

  

Fan composite structure 181

  

	0%	1.00	1.50	1.11	1.67
	50%	0.98	1.30	1.09	1.45
	80%	0.87	1.12	0.97	1.25
	100%	0.78	0.99	0.87	1.10
	105%	0.77	0.92	0.86	1.02
	2.2.				

. Tip clearance as predicted by FEM-Model (tip chord = 90 mm) Rotation speed Tip Clearance (mm) Tip Clearance (% tip chord) (100% = 11000 rpm) Leading edge Trailing edge Leading edge Trailing edge

Table 4 .

 4 Reduced frequency on working line (ND8)

	Speedline 80% 100%
	Mode 1	0.09	0.08
	Mode 2	0.22	0.19
	Mode 3	0.30	0.24

Table 5 .

 5 Minimum of aerodynamic damping

	Operating point	Mode 1 Mode 2 Mode 3
	OP-A (100%, 36.0 kg/s)	1.50%	1.38%	2.64%
	OP-B (100%, 32.0 kg/s)	1.20%	1.15%	1.64%
	OP-C (100%, 38.9 kg/s)	1.47%	1.28%	0.69%
	OP-D (80%, 26.0 kg/s)	0.83%	-5.60%	0.89%
	4.3.3. Influence of mode frequency and mode shapes on damping

409

Abrupt changes are observed in damping curves. Among possible reasons, one 410 could be the change of mode shape and frequency for low nodal diameters (see Figure 411

11). This dependency was quantified at OP-A in Figure 15a. Aerodynamic damping is 412 computed with the same frequency and mode shape from ND8 (Uniform modes) which 413 is similar to ND2 shown Figure 12. It is compared to aerodynamic damping obtained 414 with modes from FEM (Real modes). Resulting curves with uniform modes are smoother. 415 Aerodamping is mostly impacted at mode 2ND ± 1 and mode 3ND ± 1 whose modal 416 shapes and frequencies were very different of other NDs. Mode 1ND0 has a shift in 417 frequency of 9%, however the impact on the stability behavior is marginal. Then erratic 418 changes observed between nodal diameters -2 and 2 are mostly due to mode shapes 419 variations.

420 4.4.

Instability analysis 421
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because it is out of the hypothesis of small perturbations on which the linearized method 441 is based.

442

At ND4 and ND6, the hypothesis of small perturbations remains valid and the 443 work distribution can be analysed. Figure 17 shows that both suction side and pressure The propagation conditions [START_REF] Hellmich | Causes of Acoustic Resonance in a High-Speed Axial Compressor[END_REF] of Mode 2 at OP-D are presented in Figure 18. This figure gives an understanding of acoustics in the duct. An acoustic pressure wave generated by a vibrating fan can propagate axially if the frequency in the steady frame of reference f s is higher than a frequency f cut called cut-off frequency. f s is determined by the Eauation 3.

with f r the frequency in the rotating frame of reference (i.e. the modal frequency). On the assumption of uniform flow in radial direction, rigid body flow and hard-walled duct, the acoustic cut-off frequency for a subsonic axial flow can be estimated according to Hellmich and Seume [START_REF] Hellmich | Causes of Acoustic Resonance in a High-Speed Axial Compressor[END_REF] as :

with M x and M θ the axial and circumferential Mach number, a the sound speed and