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A multi-disciplinary numerical study has been carried out to improve the contours of a high-speed fan rotor outer-casing with respect to aerodynamic efficiency and broadband interaction noise. The assessment of the aerodynamic performance is provided by a 3D steady RANS flow solver (TRACE) and the acoustic assessment is performed by an analytical fan noise prediction model (PropNoise). Both tools have been integrated into a process chain driven by an advanced optimization algorithm (AutoOpti) which explores the design space and identifies optimal regions rapidly. The main result of the study is that a reduction of broadband noise at Approach flight conditions can be achieved with slight modifications of the casing contours (up to 2 dB), however this is counter-balanced by a decrease in rotor efficiency in Cruise flight conditions by around one point. This opposed trend is attributed to the higher incidence angle at Approach, causing large turbulence levels in the rotor wakes. Tonal interaction noise tends to increase substantially (by up to 8 dB) when broadband noise is reduced, which is related to constructive radial interferences induced by the modification of the rotor wake propagationin with casing contours.

INTRODUCTION

Continuous efforts are being made to improve the performance of aero-engine fans. As new designs get closer to the aerodynamic optimum, reductions in noise emission become less pronounced and must rely on incremental steps that need to be carefully assessed in a multi-disciplinary context.

The present study focuses on the aerodynamic and acoustic impact of an axisymmetric modification of the outer-casing contours in the vicinity of the fan rotor tip. It is part of a more global study including consideration of mechanical, aeroelastic, and thermodynamic-cycle aspects [START_REF] Aulich | Fan Casing Contouring under consideration of Aeroacoustics, Mechanics, Aeroelasticity and Whole-Engine Performance[END_REF]. The noise generated in relation to the tip region of a fan is governed by various mechanisms and sources. Here, the main focus is the contribution of the rotor tip flow to the rotor-stator interaction noise, both tonal and broadband components.

A hybrid theoretical approach has been chosen to assess and optimize the impact of the casing contours. This approach combines the calculation of the steady mean flow and the statistically-averaged turbulence from a RANS simulation with an analytical fan noise model. The objective of the paper is to show on that particular application if significant noise reductions can be achieved along with an improved aerodynamic performance.

A companion study based on the same approach but focusing on the optimization of trailing-edge serrations for low tonal interaction noise emission from a CROR is also presented at ISROMAC 2016 (see Ref. [START_REF] Jaron | Optimization of trailingedge serrations to reduce open rotor tonal interaction noise[END_REF]).

PRESENTATION OF THE BASELINE FAN

The application selected for the study is the so-called Rotor1 fan owned by the company AneCom AeroTest GmbH and kindly shared with the project partners. The main characteristics of the fan are detailed in Table 1 and an isometric view is depicted in Figure 1. This fan application is typical of modern aero-engines that equip civil turbojets. The fan is scaled down to a factor 1/3 and all calculations are performed on the 1/3-scale model. The tip clearance gap is maintained constant from the leading edge to the trailing edge of the rotor; its value is 0.8 mm a t 1 0 0 % d e s i g n s p e e d a n d 1 m m a t 6 0 % s p e e d (a p p r o x i m a t e l y 0 . 1 % o f t h e f a n d i a m e t e r ). 

Aerodynamic method

T T o n a l :

p(ω) = V ρ(ω)ζ (ω)dr (1 ) B r o a d b a n d : |p| 2 (ω) = V | ρ(ω)| 2 |ζ | 2 (ω) r (ω)dr (2 ) 
w h e r e t h e q u a n t i T o n a l : the source. The non-compactness in radial direction is represented by the integral, which is evaluated numerically. Details of the derivation of these equations are given in [START_REF] Moreau | The impact of low-speed fan design on noise: an exploratory study[END_REF]. Cascade effects are not modelled in the noise generation and noise radiation processes.

ζ (ω) = 1 2 ρ 0 U 2 0 C L (ω) = π ρ 0 U 0 • u n (ω) • S(ω) (3 ) 
B r o a d b a n d : |ζ | 2 (ω) = (π ρ 0 U 0 ) 2 • 2 3 T K E f (ω) • |S(ω)| 2 (4 ) 

t o t h e s p a c i n g a n d t h e h e i g h t o f t h e v a n e s . I n E q . (1 ) a n d (2 ) t h e t e r m s a s s o c i a t e d t o s o u n d r a d i a t i o n a n d p r o p a g a t i o n a r e a l l g r o u p e d i n t o t h e q u a n t i t y ρ; t h i s i nc l u d e s t h e G r e e n ' s f u n c t i o n (a p p l i e d t o a n i n fi n i t e a n n u l a r d u c t w i t h u n i f o r m a x i a l m e a n fl o w ), t h e d i p o l e r a d i a t i o n

BASELINE FAN PERFORMANCE AND OPER-ATING POINTS

Figure 3 represents the performance map of the baseline fan (without optimized contours) for three different speed lines. The design point (noted OP0) is located at peak efficiency on the 100% line. The high-loading point on the same line (OP1) is used during the optimization to determine the stability margin of the fan in Cruise. Finally the Approach point (OP2) is situated at 60% speed at high loading. The results of the simulation are marked by the solid line, the experimental performance measured in the AneCom fan test rig is depicted by the dashed line. The agreement with the measurements is rather good, except for the efficiency at part speeds and higher mass flow, where significant discrepancies are observed. This is attributed to the small total temperature rise produced by the stage at parts speeds and low loading, which is difficult to measure accurately and is a source of inaccuracy in efficiency estimation. It should be noticed from Figure 4 that the Approach point is marked by a high angle of incidence on the rotor blades, which is associated with detached flow and larger wakes. This can be indirectly observed in the radial distribution of the turbulence intensity downstream of the rotor, much higher at this point than at the design point. As will be seen later, this has some impact on the results of the optimization.

OPTIMIZATION OF THE CASING CONTOURS

Process chain of the optimization

The optimization is conducted by the DLR in-house tool Au-toOpti [START_REF] Aulich | Optimization Strategies demonstrated on a Transonic Centrifugal Compressor[END_REF][START_REF] Voß | Metamodel Assisted Aeromechanical Optimization of a Transonic Centrifugal Compressor[END_REF], whereby TRACE and PropNoise form the physical process chain and deliver the aerodynamic and acoustic fitness functions for each calculated member, respectively. AutoOpti generates first randomly a database of members, each of which being evaluated by the physical process chain.

The database is then exploited by metamodels based on the Kriging method to derive a statistical correlation, called surrogate model, between the design parameters and the fitness functions. The design space can be explored with a surrogate model much more rapidly than with the physical process chain. The best member identified by the surrogate model is then evaluated more precisely by the physical process chain and its actual fitness documented in the updated database. The process is iterative as depicted by the simplified flowchart in Fig. 5, it shows how the three main tools interact during the optimization (other tools involving geometry and mesh generation, and pre-processing of acoustic input data are not depicted). A total of 480 members were generated during the optimization, of which 296 are valid members respecting all the constraints detailed hereafter in section 4.3.

Free parameters: casing contour

The shape of the axisymmetric casing contour is modified in the vicinity of the rotor tip trailing edge, as shown exemplarily in Figure 6. There are 8 free parameters. The tip region of the blades is sliced or extended in radial direction, depending on the casing contour, so as to ensure a constant clearance from the leading edge to the trailing edge. There is no redesign of the blade profiles for each casing contour. The modification of the casing contour affects the mass flow distribution [START_REF] Omri | Automated optimization of the non-axisymmetric casing endwall of a fan rotor[END_REF] and may locally enhance flow acceleration to decrease the magnitude of the pressure gradient that the blade and wall boundary layers have to sustain. Moreover, the contour may affect positively the tip vortex, by reducing the turbulence produced in that region. The casing contour is described by eight points (red points in the figure) that can be moved in radial direction independently from one other. 

) t h a t t h e e n g i n e m u s t d e l i v e r t o m a i n t a i n t h e fl i g h t p a t h o f t h e a i r c r a f t . T h e r e f o r e t h e s l i g h t s c a t t e r i n p e r f o r m a n c e o b s e r v e d f o r e a c h c a l c u l a t e d m e m b e r h a s t o b e c o m p e n s a t e d

i n t w o w a y s . F i r s t , f a n d i a m e t e r a d j u s t m e n t s n e e d t o c o mp e n s a t e t h e t h r u s t v a r i a t i o n a t d e s i g n p o i n t ; t h e s c a l i n g f a c t o r i s g i v e n b y E q . [START_REF] Yang | Towards excellence in turbomachinery computational fluid dynamics: a hybrid structured-unstructured Reynolds-averaged Navier-Stokes solver[END_REF]. 

RESULTS OF THE OPTIMIZATION

Overview

I n o t h e r w o r d s , i t s e e m s t h a t m i n i m i z i n g b r o a d b a n d n o i s e a t A p p r o a c h m u s t b e d o n e a t t h e c o s t o f r o t o r e ffic i e n c y i n C r u i s e . T h i s a p p a r e n t l y s u r p r i s i n g r e s u l t i s e x p l a i n e d i n t h e n e x t s e c t i o n 5 . 2 . A m o n g t h e m a n y m e m b e r s c a l c u l a t e d d u r i n g t h e o p t im i z a t i o n p r o c e s s , fi v e o f t h e m h a v e b e e n s e l e c t e d f o r m o r e d e t a i l e d a n a l y s i s . T h e b a s e l i n e c o n fi g u r a t i o n i s d e p i c t e d b y t h e b l a c k p o i n t . T h r e e p o i n t s l o c a t e d o n t h e P a r e t o f r o n t a r e a l s o d e p i c t e d b y t h e

Aerodynamic performance

Figure 9 shows four quantities describing the rotor performance at Approach condition: the meridional-velocity-density ratio (MVDR), the rotor outflow Mach number in the rotating frame, the turbulence intensity downstream of the rotor and the rotor isentropic efficiency. The main change caused by the casing contour is the local acceleration of flow in the outer part of the rotor causing higher Mach numbers values (M out ). This means a less severe diffusion of the flow, thus a better efficiency (η i se ) and finally lower turbulence intensity levels (Tu). It is remarkable that the reduction in Tu is obtained over a larger radial extent (from 100% to 50% span) than that where the Mach number is increased (last 20% of span).

As mentioned in the previous section 3, the off-design operating point OP2 differs significantly from design point OP0 due to the higher incidence on the rotor blades and detached flow. This discrepancy is also visible when representing the rotor efficiencies of each calculated member, as done in Figure 10. The presence of a Pareto front means that Cruise efficiency can only be maximized at the cost of decreased 

Broadband interaction noise

If the calculated members are now plotted in the space formed by the broadband noise and aerodynamic efficiency for the same operating point Approach (see Figure 11), all members appear to be concentrated around a line, meaning that low broadband noise correlates well with high rotor efficiency. This result is expected according to Eq.( 2) as broadband noise is directly proportional to the squared unsteady lift, which in turn directly depends on the turbulence intensity inside the rotor wakes (see Eq.( 4)), and thus is related to the wake size, blade losses, and finally to the aerodynamic efficiency of the rotor. Table 2 confirms the good correlation between overall sound power level and radially integrated squared unsteady lift.

The radial distribution of this quantity is plotted in decibels in Figure 12 for the various selected members. As shown 

-0.8 -0.8 in Eq.( 4) the squared unsteady lift on the stator vanes is proportional to the turbulent kinetic energy and to the squared flow velocity, so the distribution is a combination of the top right and bottom left subfigures shown in Fig. 9. The most important reductions are obtained in the outer region between 80% and 95% span (outside of the endwall boundary layer), but significant reductions are still observed further inward (region 40%-80% span).

Tonal interaction noise

The interaction between rotor wakes and the stator also has a tonal component, which was not optimized in this study like the broadband one but still was calculated. It turns out unfortunately that tonal noise tends to increase quite significantly when broadband noise is reduced, as depicted in Figure 13. The acoustic quantities refer to the overall sound power level integrated over all frequencies and modes. Unlike broadband noise where the sources are correlated over a very small spanwise distance, tonal noise is strongly driven by interferences that take place over the whole span of the stator blades. The squared magnitude of the tonal acoustic pressure introduced in Eq.( 1) can be mathematically rewritten as follows: 

where I = r r X (r,r ) dr dr ∆r 2 [START_REF] Aulich | Optimization Strategies demonstrated on a Transonic Centrifugal Compressor[END_REF] and

X (r,r ) = ρζ (r) • ρζ (r ) * 1 ∆r | ρζ | 2 dr (11) 
The first term of Eq.( 9) is similar to that occurring in the broadband noise calculation of Eq.( 2) where only the magnitude of the source term is relevant, not its phase. The second term of Eq.( 9) represents the correlations between different spanwise sections and will be called the interference term, noted I and defined in Eq. [START_REF] Aulich | Optimization Strategies demonstrated on a Transonic Centrifugal Compressor[END_REF]. It results from the double integral of the non-dimensionnal quantity X (r,r ), called the radial-interference matrix, defined in Eq. [START_REF] Voß | Metamodel Assisted Aeromechanical Optimization of a Transonic Centrifugal Compressor[END_REF].

Table 3 details the contribution in noise reduction for 
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 3 Figure 3. Aerodynamic fan map at three iso-speed lines
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 4 Figure 4. Radial distribution of circumferentially-averaged flow quantities (top: turbulence intensity behind the rotor, bottom: rotor blade incidence angle relative to design)
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Figure 14 .

 14 Figure 14. R a d i a l -i n t e r f e r e n c e m a t r i c e s o f t h e s o u r c e t e r m ρζ f o r m o d e (m , n )=(-4 , 0 ) a t 2 B P F , f o r t h e b a s e l i n e (t o p ) a n d m e m b e r M 5 1 5 (b o t t o m )

Figure 15 .

 15 Figure 15. I m p a c t o f t h e c a s i n g t r e a t m e n t o n t h e d i s t r i b u t i o n o f t u r b u l e n t k i n e t i c e n e r g y d o w n s t r e a m o f t h e r o t o r (c o l o r r a n g e s p a n s f r o m 0 t o 3 6 0 m 2 /s 2 )

Table 2 .

 2 Difference to baseline of sound power level and radially integrated squared unsteady lift

	Delta in dB PWL	|ζ | 2
	M415	-
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