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High pressure ratio centrifugal compressors with high flow coefficients will normally have large relative Mach number flows towards the inducer tip (Mrel > 1.2). The usage of conventional beta/blade angle distribution on this type of compressors will lead to an acceleration of the flow towards the tip that will increase the losses through the passage. The current paper discusses the impact of using transonic inducer blade profiles to minimize the losses along the inducer. The studies conducted indicate the possibility to improve the performance of the centrifugal compressor by introducing negative camber towards the tip of the impeller. The benefits observed improved efficiency and operating range of the compressor studied.

INTRODUCTION

High pressure ratio centrifugal compressors (PR>5) as those used for aviation and turbocharger applications normally require a broad operating range, high flow coefficients and low sensitivity to tip clearance. Typically an increase in the compressor pressure ratio leads to an increase in shock losses and a reduction of operating range as illustrated in Figure 1. High flow coefficients on the compressor design will also lead to high relative Mach numbers on the inducer (Mrel > 1.2) and to higher shock losses and reduced operating range. The losses presented are calculated based on 1D correlations based on the preliminary compressor geometry.

Several works have been published discussing the usage of transonic blade design for axial compressor applications, however very limited publications have discussed the usage of transonic blade design for centrifugal compressor. This section provides a brief summary of the learnings found in the open literature. Cumpsty [START_REF] Cumpsty | Compressor Aerodynamics[END_REF] provides a general overview of transonic compressor design for axial compressors, and indicates that a key aspect to reduce the shock losses consists in maintaining a flat suction surface in an attempt to decelerate the supersonic flow into subsonic flow early on. He also points out that in some cases applying a negative camber could be used to compensate for the curvature created due to boundary layer growth. Prince [START_REF] Prince | Three Dimensional Shock Structures for Transonic/Supersonic Compressor Rotors[END_REF] discusses supersonic compressor shock structure features of three transonic compressor examples evaluated by holography, laser velocimetry and high frequency pressure transducers, including a case with "S shaped" blades (Negative camber on the first portion of the blade). For the current study, the Operating range of the compressor is defined as:
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Ginder and Calvert [START_REF] Ginder | Design of an Advanced Civil Fan Rotor[END_REF] also summarize the critical aspects of the aerodynamic design of transonic blades indicating that the following aspects need to be considered: 1. Precompression 2. Incidence in supersonic inlet flow 3. Distribution of camber Precompression consists in diffusing the flow ahead of the shock by using negative camber on the uncovered portion of the blade. This leads to a reduction of the relative Mach number of the passage before reaching the location of the shock leading to lower losses.

Incidence in supersonic inlet flow refers to the unique incidence or as referred by Cumpsty [START_REF] Cumpsty | Compressor Aerodynamics[END_REF] minimum incidence at which the bow shock is attached to the leading edge. At off design conditions the compressor will operate outside of this unique incidence condition and the bow shock will be detached, but it is important to consider that for a given inlet Mach number there will be a unique incidence condition which will minimize the losses.

Distribution of camber refers to the point that negative camber will require additional turning on the blade to achieve the required pressure ratio. Large turning of the blade towards the aft portion increases the chances of flow separation. For this reason the usage of negative camber should be constrained to a small portion of the blade to achieve a deceleration of the flow.

The studies from Ginder and Calvert [START_REF] Ginder | Design of an Advanced Civil Fan Rotor[END_REF] show that the usage of negative camber leads to reduced shock losses and to reduced Mach numbers in front of the shock.

Wennerstrom [START_REF] Wennerstrom | Experimental Study of a High-Throughflow Transonic Axial Compressor Stage[END_REF] explores the usage of variable fillet radii, leading edge sweep and blade optimization (usage of negative cambered blade profile, and usage of vortex generators on the blade and the casing on a transonic axial compressor with PR 1.95. Overall he points out that benefits could be obtained with the usage of negative camber for precompression. Hah et al [START_REF] Hah | Analysis of transonic flow fields inside a high pressure ratio centrifugal compressor at design and off-design conditions[END_REF] present further analyses and unsteady blade surface pressure measurements on the same compressor discussed by Wennerstrom [START_REF] Wennerstrom | Experimental Study of a High-Throughflow Transonic Axial Compressor Stage[END_REF], and studied the effect of flow distortion on the performance of the impeller.

Gostelow [START_REF] Gostelow | Design and Performance Evaluation of Four Transonic Compressor Rotors[END_REF] studied four different designs of transonic rotors with tip Mach number of 1.43 and showed that the design with the lowest camber towards the tip showed the best performance. The tip diffusion for this case was 0.35.

Wadia and Law [START_REF] Wadia | Low Aspect Ratio Transonic Rotors:Part 2 Influence of Location of Maximum Thickness on Transonic Compressor Performance[END_REF] discuss the impact of the position of the maximum thickness on a transonic compressor design, and point out that having little turning on the supersonic part of the blade and even negative turning (S shaped blades) is beneficial for the performance of the compressor. Their studies indicate that displacing the maximum thickness of the blade aft improves the performance of the stage.

In the area of centrifugal compressors Rodgers [START_REF] Rodgers | The centrifugal compressor inducer[END_REF] shows a comparison between the beta/blade angle distribution of a compressor for subsonic applications and a compressor for transonic operation. On the comparison it may be observed that for transonic design the blade does almost no turning on the first portion of the blade (10% of passage length) and some negative camber is applied. Rodgers also indicates that thinning the blade towards the region of the impeller where the relative Mach number is higher than 1 may lead to up to 1 point of efficiency improvement with little impact to the first natural frequency of the blade. Arnone, Baldassarre et al [START_REF] Arnone | Development of a procedure for the aerodynamic design of transonic centrifugal compressor impellers[END_REF] describe the usage of Design of Experiments (DOE) for the development of a transfer function to design centrifugal compressors with transonic inlet conditions. Senoo et al [START_REF] Senoo | Experimental Study on Flow in a Supersonic Centrifugal Impeller[END_REF] describes experimental measurements taken on a centrifugal compressor for Freon R-12 with transonic inlet conditions showing that the polytropic efficiency of the impeller was not severely deteriorated by the presence of shock waves on the inducer. Hayami et al [START_REF] Hayami | Blade Loading and Shock Wave in a Transonic Circular Cascade Diffuser[END_REF] discusses the impact of reducing the camber on a centrifugal compressor for Freon R-12 very similar as the one described by Senoo [START_REF] Senoo | Experimental Study on Flow in a Supersonic Centrifugal Impeller[END_REF] and indicates that the design with reduced camber leads to a slight increase in operating range.

Mc Anally [START_REF] Anally | III P&W Aircraft Division, "10:1 Pressure Ratio Single stage centrifugal compressor program[END_REF] discusses the design and performance of a centrifugal compressor with a pressure ratio 10 (Inducer PR 1.57 and centrifugal compressor PR 7.34) with a separate axial inducer in order to use transonic axial compressor blades to reduce the relative Mach number on the centrifugal compressor to subsonic levels. Pak, Krain and Hoffman [START_REF] Pak | Flow Field Analysis in a High Pressure Ratio Centrifugal Compressor[END_REF] discuss detailed L2F velocimetry measurements on a compressor with a pressure ratio of 4.9 without splitters and tip relative Mach number of up to 1.3 showing a detached shock in front of the leading edge of the impeller. Hah and Krain [START_REF] Hah | Analysis of transonic flow fields inside a high pressure ratio centrifugal compressor at design and off-design conditions[END_REF] present numerical calculations of a high pressure ratio transonic impeller with a single splitter also reported by Eisenlohr [START_REF] Eisenlohr | Investigations of the flow through a high pressure ratio centrifugal impeller[END_REF]. The calculations from Hah and Krain indicate that the blade thickness distribution towards the tip of the blade has a very large impact on the performance of the compressor and report a predicted increase of efficiency of the order of 5 points and an increase in pressure ratio from 6.1 to 7.1 after correcting the incidence at the hub and tip of the compressor (almost no gain) and reducing the blade thickness by 50%. The efficiency gain and increase in pressure ratio was attributed to the elimination of a flow separation along the hub of the impeller and the reduction of the blockage and losses created by shock/boundary layer interactions.

Overall, on axial compressor literature there are extensive references describing the impact of using transonic blade design over the performance of axial compressors, however in the area of centrifugal compressor design only a few generic examples were found by the author, and the examples found are not compared to a more conventional blade design to quantify the potential benefits of a more complex blade geometry on a trade-off for complexity on the design and little or no information is provided regarding the design of this type of centrifugal compressor.

METHODS

In order to evaluate the influence of a transonic inducer design on the performance of a centrifugal compressor it was desirable to compare to a conventional impeller design. In order to isolate the impact of the diffuser all the configurations were studied with a vaneless diffuser. The baseline impeller used, was a high pressure ratio compressor with the characteristics described in Table 1 [START_REF] Erdmenger | Impact of main and splitter blade leading edge contour on the performance of high pressure ratio centrifugal compressors[END_REF]. The impeller flow coefficient (fc) on this study is defined as:
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CASES STUDIED

The cases studied were created in an attempt to minimize the relative Mach Number at the tip of the impeller, and with the intention to decelerate the flow in the first portion of the inducer. Figure 2 shows the relative Mach Number at the inlet of the compressor. From Figure 2 it can be observed that the relative Mach number of the impeller is higher than 1.0 starting at approximately 55% of the span. Looking at the conventional compressor flow passage and at the camberline distribution shown in Figure 3 and Figure 4, and knowing the thickness distribution it is possible to calculate the flow passage area at different span heights using Equation (4). Figure 5 shows the area distribution towards the tip of the compressor and confirms that the passage area continuously increases through the passage. On a conventional compressor design the passage area will increase with the meridional length, however in the case of compressors with a relative Mach number above one the increase on the flow area will lead to an increase of the relative Mach number through the passage up to the location of the shock leading to higher losses through the impeller.

Considering the passage as a converging diverging nozzle the variation of the relative velocity through the passage will vary as a function of the variation in area as described by Equation (5)

(5)

As the flow area increases the flow through the inducer will accelerate leading to higher relative Mach numbers along the tip of the compressor.

The estimation of the effective variation of flow area will be influenced by aspects such as blockage, tip clearance flows, secondary flows, making it difficult to estimate the flow conditions without the help of 3D CFD, however from the information discussed and from axial compressor literature, maintaining a constant area or even reducing the area early on through the inducer towards the tip could lead to a reduction of the relative Mach number through the passage prior to the presence of the shock, and help to reduce the losses through the impeller. For the current study three configurations were considered as described in Table 2. Slight negative camber Case 1 was created maintaining a constant beta distribution for a relatively large portion of the inducer (20%) along the chord length. The blade thickness distribution of Case 1 was identical to the baseline design. Figure 6 shows the beta distribution of the Case 1 design. Cases 2 and 3 were created with the same beta distribution. The beta distribution was made with a slight negative camber along the inducer, based on the learnings from Case 1. The key difference between Case 2 and Case 3 designs is the thickness distribution which can be seen in Figure 8 and Figure 9. Figure 7 shows the beta distribution for Case 2 and Case 3 designs.

Figure 6 Camber (Beta) angle distribution (C1 Design)

All the cases were studied numerically in combination with a vaneless diffuser, and with similar grid topology as discussed in the next section. 

NUMERICAL SET UP

The cases studied were analyzed using an internal 3D steady state viscous code. The details of the code and its usage for similar applications have been discussed by Holmes et al [START_REF] Holmes | Three-Dimensional Linearized Navier-Stokes Calculations for Flutter and Forced Response[END_REF] and by Jennions et al [START_REF] Jennions | Three-Dimensional Navier-Stokes Computations of Transonic Fan Flow Using an Explicit Flow Solver and an Implicit k-e Solver[END_REF]. The k-omega (Wilcox) turbulence model was used for the calculations. Air was used as the working fluid for all the calculations presented. The meshes were generated using a commercial mesh generation tool from NUMECA (Autogrid 8.9). The domain included a single passage with a structured mesh with 2.17 million elements, and 17 spanwise elements in the tip clearance. The mesh resolution used was selected based on a previously conducted grid independence study on the baseline impeller. The variations on pressure ratio between the fine and the medium mesh were found to be below 0.05%, the variations on efficiency between the fine and medium mesh were below 0.003%.The medium mesh was selected for the studies presented. The y+ on the domain varied between 6 and 150 (<4% of the cells) with the largest percentage of the wall cells maintained around a value of 30. The average expansion ratio was 1.32, and the average aspect ratio was 399. Only one passage was modeled with matching periodic boundary conditions.

Figure 10 shows the computational grid used for the calculations. All cases were studied with the same mesh density, and topology.

Figure 10 Impeller computational grid (Conventional

Impeller)

The cases were run with a fixed total pressure and temperature at the impeller inlet assuming no swirl at the intake of the impeller, and either a static pressure or a mass flow boundary condition at the exit of the diffuser. The minimum mass flow or stall limit of the impeller was defined as the mass flow at which the simulation stopped converging or had significant oscillations in the mass flow across the stage (>1% oscillation). This approach is similar to the one used in several publications dealing with the prediction of the stall limit for compressors as for example in Tamaki et al. [START_REF] Tamaki | Effect of recirculation device with counter swirl vane on performance of high pressure ratio centrifugal compressor[END_REF], Hunziker et al. [START_REF] Hunziker | Numerical and experimental investigation of a centrifugal compressor with an inducer casing bleed system[END_REF]. Previous experimental data on similar impellers indicate that the minimum mass flow estimated by this method is normally higher than the actual surge point, which is highly dependent on the system in which the compressor operates.

Convergence was evaluated by verifying that the average residuals error was under 1x10 -4 , and by monitoring the variations of pressure, temperature and mass flow across the domain.

RESULTS AND DISCUSSION

As discussed in the previous sections the increase in passage area shown in Figure 5 is expected to lead to an acceleration of the flow for the conditions where the intake relative Mach number is higher than one. The acceleration of the flow towards the tip of the compressor can be observed in Figure 11 which shows the ideal Mach number distribution along the Main and Splitter blades at 90% and 10% span and in Figure 12. The area distribution selected for Cases 1, 2 and 3 was such that the passage area is reduced along the inducer of the compressor and therefore leading to lower losses in the passage. Figure 13 shows the passage area distribution along the 80-100% of the passage height for the conventional design, the Case 1 design and the Case 3 designs. The passage area of Case 2 was omitted from the plot for clarity since the variation on thickness was small and the curves overlap.

Figure 14 shows the ideal Mach number distribution along the Main and splitter blades for the Case 1 design and Figure 15 shows contours of Relative Mach number along 90% of the span for Case 1. From both figures it is possible to observe that the modified camberline / beta distribution of the blade does impact the highest relative Mach number observed along the tip of the compressor however it also leads to a reduction of the throat area leading to a second shock around 20-30% of the passage leading to higher losses through the impeller.

Figure 16 and Figure 17 show the blade loading and the Relative Mach number contours of Case 2 design, both plots indicate a slight reduction of the flow acceleration compared to the baseline design and the elimination of the second shock observed on the Case 1 design leading to a reduction of the losses. It is important to note that despite the reduction in physical area some acceleration of the flow is still observed. This is expected to be caused by flow blockage through the passage reducing the effective flow area.

Figure 18 and Figure 19 show the blade loading and the Relative Mach number contours of Case 3 design, where similar benefits as the Case 2 design are obtained but with a more robust thickness distribution. 
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 13213323 Figure 20 Comparison of compressor head forBaseline vs Cases 1, 2 and 3

NOMENCLATURE a0 :

 a0 Speed of sound based on inlet total temperature [m/s] BSL: Baseline D: Impeller exit diameter [m] fc: Impeller flow coefficient [-] Htrel: Relative total enthalpy [J/kg] hs: Static enthalpy [J/kg] MB: Main blade Mideal: Ideal Mach number Mideal=Wi/a0 [-] Mrel: Relative Mach Number [-] Mu: Impeller tip Mach Number [-] n: Rotational speed [RPM] Operating Range: (mchoke-mstall)/mchoke [-] PR: Pressure Ratio [-] P0: Total pressure [Pa] R: Ideal gas constant [J/kgK] R#= Radial coordinate along the flow path [m] Rho: Density [kg/m³] T0: Total Temperature [K] thk= Main blade thickness [m] thkspl= Splitter blade thickness [m] U2: Peripheral speed [m/s] W²i: Rel. velocity, max(2.0(Htrel-hs),0) [m²/s²] Z#= Axial coordinate along the flow path [m] ZMbl= Number of main blades [-] ZSplbl= Number of splitter blades [-] = Metal blade angle (Camberline) : Work coefficient [-]

  

Table 1 Baseline Impeller

 1 

	Parameter Flow coefficient (fc) Tip Mach number (Mu) Work coefficient () Number of main blades Number of splitter blades	Value 0.0956 1.650 0.709 9 9

Table 2 Cases Studied

 2 

	Baseline Case 1	Design	Beta Distribution Conventional Flat to 20% Chord