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A series of stereoscopic particle image velocimetry (SPIV) measurements have been conducted on an axial waterjet pump following the trajectory of the tip leakage vortex (TLV) across the blade passage. The experiments are performed within a unique optical refractive index-matched facility that houses a transparent acrylic rotor within a casing made of the same material, providing unobstructed access to the entire pump. High magnification data (0.1 mm vector spacing) resolves the tip gap flow, the backflow emanating upstream from the tip, and provides detailed description of the formation, growth, migration and eventual bursting of the TLV. Both instantaneous and ensemble-averaged results are provided to elucidate the complex three-dimensional flow around the tip region. Distributions of turbulent kinetic Energy (TKE) and in-plane turbulence production rate are provided. The TKE is elevated near the blade suction side (SS) tip corner; in the shear layer connecting the SS tip corner and the TLV, in the endwall separation region, as well as around the TLV core. As the TLV migrates across the blade passage, the region of elevated TKE grows and occupies an increasing fraction of the tip region, although its peak value decreases. The normal and shear Reynolds stress demonstrate high inhomogeneity and anisotropy. The in-plane turbulence production rates correspond to the regions of the elevated TKE and a breakdown of its components suggests that the axial extension and compression of flow are the dominant terms in turbulence production.

INTRODUCTION

In many modern axial turbomachines, the tip clearance between rotating blade tip and endwall casing allows the pressure difference between blade pressure side (PS) and suction side (SS) to generates tip leakage flow, which usually rolls up to form a tip leakage vortex (TLV) [START_REF] Lakshminarayana | Fluid Dynamics and Heat Transfer of Turbomachinery[END_REF] . These flows in the tip region have been indicated to play prominent roles in the development of flow instabilities that leads to adverse effects, including stall [START_REF] Suder | Experimental and computational investigation of the tip clearance flow in a transonic axial compressor rotor[END_REF][START_REF] Mailach | Rotating instabilities in an axial compressor originating from the fluctuating blade tip vortex[END_REF][START_REF] Furukawa | The role of tip leakage vortex breakdown in compressor rotor aerodynamics[END_REF] . Numerous efforts have been devoted to develop strategies to control tip flows and to alleviate the stall precursors [START_REF] Camp | A Study of Spike and Modal Stall Phenomena in a Low-Speed Axial Compressor[END_REF][START_REF] Tan | Spike-type compressor stall inception, detection, and control[END_REF] , and among them endwall casing treatments have succeeded in extending the stall margin [7-9] although uncertainty about the flow mechanism involved still exists.

Extensive studies in decades have contributed to the enrichment of people's knowledge of the flow structure within the tip region, to many to summarize here. Numerical methods, for example, large eddy simulations by You et al. [START_REF] You | Effects of tip-gap size on the tip-leakage flow in a turbomachinery cascade[END_REF] , have been successful to elucidate the details of TLV structures in a cascade model and discussed the effects of different tip clearance. But the complex interactions of flow phenomena involved in real axial turbomachines, remain as a challenge for both CFD experts [11] and experimentalists. Turbomachinery applications generally have limited visual access to the rotating blade tip area, which makes experimental measurements difficult. Intensive experimental data have been obtained by local measurements as using pressure probes, hot-wire techniques and Laser Doppler Velocimetry [START_REF] Pandya | Investigation of the Tip Clearance Flow Inside and at the Exit of a Compressor Rotor Passage-Part I: Mean Velocity Field[END_REF][START_REF] Mccarter | Tip clearance effects in a turbine rotor: part II-velocity field and flow physics[END_REF] , and sometimes either in the wake or in the simplified cascade models [START_REF] Muthanna | Wake of a compressor cascade with tip gap, part 1: Mean flow and turbulence structure[END_REF][START_REF] Wang | Wake of a compressor cascade with tip gap, part 2: effects of endwall motion[END_REF] . In recent years, particle image velocimetry (PIV) has been implemented to study flow in turbomachines [START_REF] Wernet | PIV for turbomachinery applications[END_REF][START_REF] Liu | Application of SPIV in turbomachinery[END_REF][START_REF] Yu | Characteristics of the tip leakage vortex in a low-speed axial compressor[END_REF][START_REF] Yu | Stereoscopic PIV measurement of unsteady flows in an axial compressor stage[END_REF] , but it generally requires unobstructed optical access. In Johns Hopkins University, a facility in which blades and machine casing are manufactured with transparent acrylic and their optical refractive indices are matched to that of the working medium, enables PIV to be an ideal tool to resolve the detailed flow structures inside turbomachines. This indexmatched facility has been used for many experiments, including the previous waterjet pump [20-23] and a subsoniccompressor-like setting [START_REF] Tan | Visualization and Time Resolved PIV Measurements of the Flow in the Tip Region of a Subsonic Compressor Rotor[END_REF][START_REF] Tan | The Three Dimensional Flow Structure and Turbulence in the Tip Region of an Axial Flow Compressor[END_REF] . The present waterjet pump, AxWJ-2, is the second prototype of an axial waterjet pump designed by Michael et al. [START_REF] Michael | Design of the ONR AxWJ-2 Axial Flow Waterjet Pump[END_REF] . This pump can serve as a benchmark of fundamental studies in waterjet pump design and fluid mechanics of turbomachinery. Its performance and efficiency has been analyzed by RANS simulations [27] and experimentally tested in three facilities [START_REF] Chesnakas | Performance Evaluation of the ONR Axial Waterjet 2 (AxWJ-2)[END_REF] , including those performed on the JHU index matched facility. Here, the AxWJ-2 pump has been used to do the cavitation breakdown tests [29-33] and typical cavitating structures have been identified, including the sheet cavity on the blade SS surface, the tip leakage cavitation extending from the PS to the SS of the blade tip, and the TLV cavitation which has been used to visualize the shape and evolution of TLV. Also, the formation of so-called perpendicular cavitating vortices has been related to the pump performance degradation during breakdown.

Guided by the preliminary qualitative cavitation visualization of vortices in the tip region, a series of stereoscopic PIV measurements have been performed to obtain quantitatively detailed flow structures within the tip region of this machine.

EXPERIMENTAL SETUP

The experiments have been conducted on the optical refractive index-matched test section of the closed-loop water tunnel located at the Johns Hopkins University (JHU), which have been described thoroughly in previous published papers [29-33] and a top view sketch of it is shown in Figure 1a. -1 [START_REF] Uzol | Unobstructed particle image velocimetry measurements within an axial turbo-pump using liquid and blades with matched refractive indices[END_REF][START_REF] Bai | On the refractive index of sodium iodide solutions for index matching in PIV[END_REF] when the temperature is kept between 20-30°C. The fluid temperature is maintained by three cooling sections downstream of the test section, which ensures the constant liquid properties during the experiments.

The geometrical parameters of this pump, AxWJ-2, are listed in Table 1 and a sketch of the test section is shown in Figure .1b. The pump consists of a six-blade rotor and an eight-blade stator hosted in an acrylic casing; and the rotor, including all blades and the hub, is made of transparent acrylic, the optical refractive index of which matches that of the working liquid so that unobstructed access can be achieved for optical measurements, e.g., PIV. The eccentricity during installation results in a measured rotor tip clearance of 0.9mm on the top of pump where the laser sheet intersects with the blade tip during PIV measurements. Half of the stator is made of bronze at the bottom to support the pump and the shaft, and the other half is made using stereolithography rapid prototyping. The inner diameter of the casing contracts around the stator and forms a nozzle with a diameter ratio of 0.699 which helps to form a water jet in designed applications, e.g., marine propulsion. A precisely controlled 45kW (60HP) AC motor is used to drive the pump to the operating speed of 900rpm via a 50.8mm diameter shaft, which penetrates the loop, passes through cooled ball bearings and a bushing, and ends in a ball bearing inside the stator hub. To suppress any cavitation bubble and obtain undisturbed flow required for PIV measurements, the mean pressure in the loop is increased by pressurizing a tank, which connects to the return line, via a supply of nitrogen. Two dimensionless parameters are generally used to characterize the performance of this pump as in Tan et al. [START_REF] Tan | Experimental Investigation of the Role of Large Scale Cavitating Vortical Structures in Performance Breakdown of an Axial Waterjet Pump[END_REF] :

The flow coefficient φ, defined by: [START_REF] Lakshminarayana | Fluid Dynamics and Heat Transfer of Turbomachinery[END_REF] , where Q is the volumetric flow rate in m 3 /s and n is the shaft rotation speed in revolutions per second; and the head rise coefficient ψ, defined as
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where the inflow cross section area is , and the outflow cross section is . The total head rise of this pump used in the definition above has accounted for both the static pressure rise across the pump, , which is measured by two pressure ports located at inflow and outflow sections as shown in Figure 1b; and the dynamic pressure increase, due to a variation of inner diameter and the consequent change in average axial velocity.

Figure 2 shows the trend of the head rise coefficient versus the flowrate coefficient, in which the black circle dots represents the NSWC data [START_REF] Chesnakas | Performance Evaluation of the ONR Axial Waterjet 2 (AxWJ-2)[END_REF] . The tests of this pump on the JHU index-matched facility have contributed to the blue points, as extending the performance curve to a range of lower flowrate, but still within the NSWC error bounds. During the SPIV experiments, φ has been monitored to ensure the pump working as closely as possible to its best efficiency point (89%), which is expected to be =0.76. As encircled in red in Figure 2, the SPIV data showing in this paper have been obtained within the range = 0.95-0.98, and a slow increase of blockage caused by scraps from the inner pipe walls has led to the slightly drop in .

The stereoscopic PIV setup is depicted in Figure 3. A 532nm Nd:YAG laser operated in double-pulse mode is used to illuminate the sampling meridional (r-z) plane. The laser beam passing through a series of focusing and expanding optics and a prism, finally forms a sheet with 1mm thickness in the domain of interest. The flow is seeded with 13µm, silver coated, hollow spherical particles with a specific gravity of 1.6. Two 2048 ×2048 pixels CCD cameras, mounted symmetrically on a motorized traversing system, are synchronized with the laser and record images in pairs at 20µs intervals. An encoder on the shaft provides signals for the controller of both cameras and the laser, which sets the precise relative locations of sampling meridional planes. A linear coordinate s along the tip chord c is introduced to specify the chord fraction of these planes, with s=0 corresponding to the blade leading edge (LE). A manually translated system is also used to adjust the axial location of cameras to capture the TLV at different s/c.

At each plane, 1,000 image pairs have been taken with the same blade rotation phase for ensemble statistics. The data set obtained has a highest vector spatial resolution of 0.107mm with an 11.4 ×16.6 mm 2 field of view. But the results presented in the following section will only focus on the tip region, instead of showing full field of view.

Calibration procedure follows the two steps described in Wieneke [START_REF] Wieneke | Stereo-PIV using self-calibration on particle images[END_REF] . Firstly, a target plate with regular dot-array is placed in a calibration chamber containing the same NaI solution, and exact relative locations between cameras and investigated planes are replicated by translating both cameras and the prism up the height of the chamber. Secondly, back to the PIV image recoding locations, particle images are taken and analyzed in the self-calibration procedure.

The PIV images are processed by subtracting their average, passing through a median filter and enhancing their contrast by the Modified Histogram Equalization (MHE) code [START_REF] Roth | Five techniques for increasing the speed and accuracy of PIV interrogation[END_REF] . Then the enhanced image pairs are cross-correlated using commercial software (LaVision DaVis) through multipasses with two window sizes (64×64 and 32×32, with 50% overlap of the interrogation windows). The software also conducts the statistics of vector fields which generates the ensemble-averaged velocity distributions and turbulent statistical quantities for further analysis.

RESULTS AND DISCUSSION

This series of SPIV measurements have considerably expanded the dataset of AxWJ-2 pump at JHU facility by providing high resolution details of flow field in the tip region after the previous cavitation breakdown tests [START_REF] Tan | Flow visualization using cavitation within blade passage of an axial waterjet pump rotor[END_REF][START_REF] Tan | Investigation of Cavitation Phenomena Within an Axial Waterjet Pump[END_REF][START_REF] Tan | Flow Visualization Using Cavitation Within the Rotor and Stator Blade Passages of an Axial Waterjet Pump Rotor at and Below Best Efficiency Point[END_REF][START_REF] Tan | Role of Large Scale Cavitating Vortical Structures in the Rotor Passage of an Axial Waterjet Pump in Performance Breakdown[END_REF][START_REF] Tan | Experimental Investigation of the Role of Large Scale Cavitating Vortical Structures in Performance Breakdown of an Axial Waterjet Pump[END_REF] . The cavitation tests have suggested that the AxWJ-2 blade tip is highly loaded near the LE and the TLV evolution is captured within s/c=0.131~0.263 in the SPIV measurements. To present the flow structures in the sampling planes, cylindrical coordinates (r, θ, z) are used in this paper, as the origin is fixed on the shaft where r=0, and z=0 is the tip LE of rotor blade with its positive direction pointing upstream.

Two samples of instantaneous realizations from this dataset are provided in Figure 4; and with 1,000 instantaneous realizations for each sampling plane, the ensemble-averaged velocity and circumferential vorticity distributions have been obtained. Circumferential vorticity ω θ , superimposed on (u z , u r ) vectors at two different chordwise locations in Figure 4, suggests that the flow field is highly turbulent in the blade tip region. Figure 4a clearly addresses the reality that TLV consists of multiple interlacing vortical structures surrounding a 'mean core'. The majority of these structures with elevated negative vorticity are shed from the blade tip, extend in the shear region connecting the SS tip corner to the TLV and accumulate around the TLV 'mean core'; but they never merge into a single vortex. Note that some vortices with positive vorticity are entrained into this 'mean core' as the backward leakage flow meets and collides with the main passage flow, and the endwall boundary layer separates. In the aft-stage of TLV evolution, as in Figure 4b, these vortex filaments are still distinct but spread over a much larger area indicating TLV bursting, a phenomenon that have been observed in many studies [START_REF] Yu | Stereoscopic PIV measurement of unsteady flows in an axial compressor stage[END_REF][START_REF] Wu | Measurements of the tip leakage vortex structures and turbulence in the meridional plane of an axial water-jet pump[END_REF][START_REF] Wu | Three-dimensional flow structures and associated turbulence in the tip region of a waterjet pump rotor blade[END_REF][START_REF] Miorini | The internal structure of the tip leakage vortex within the rotor of an axial waterjet pump[END_REF][START_REF] Wu | Turbulence Within the Tip-Leakage Vortex of an Axial Waterjet Pump[END_REF][START_REF] Tan | Visualization and Time Resolved PIV Measurements of the Flow in the Tip Region of a Subsonic Compressor Rotor[END_REF][START_REF] Tan | The Three Dimensional Flow Structure and Turbulence in the Tip Region of an Axial Flow Compressor[END_REF][START_REF] Yamada | Unsteady three-dimensional flow phenomena due to breakdown of tip leakage vortex in a transonic axial compressor rotor[END_REF] . The evolution of TLV including its formation, migration and final breakdown is visualized in Figure 5 with ensembleaveraged circumferential vorticity 〈 〉 distributions at all 5 chordwise locations. The concentration of elevated 〈 〉 shows three characteristic structures in the tip region, as the TLV center (labeled as 'A') where elevated negative vorticity peaks, the shear layer (labeled as 'B') connecting the blade tip corner to the TLV, and the endwall boundary layer separation region (labeled as 'C') where the positive vorticity is entrained by the TLV. All three structures evolve together. At s/c=0.131 in Figure 5a, the TLV has rolled up and detached from the blade SS tip corner with elevated negative vorticity 〈 〉 concentrating in the leakage shear layer and the TLV mean core. The former ('B') is a direct result of large radial velocity gradient caused by the shearing of main passage flow and backward leakage flow which contributes to the vortex sheet in the ensemble-averaged field, while the latter ('A') is due to the clustering of negative vortex filaments with in the TLV 'mean core' area. A noticeable saddle region of vorticity exists between 'A' and 'B', as the shedding process leaves a gap between the vortex sheet and distinct vortex filaments in the instantaneous flow fields. The endwall boundary layer generates positive vorticity, which concentrates at the top region in the tip gap and is separated from the negative vortex sheet by the tip leakage flow. However, when the tip leakage backflow meets the main passage flow at about z/R= -0.035, the contraction of fluid leads to boundary layer separation and the elevated positive vorticity near the endwall boundary layer are entrained and circumvents around the TLV 'mean core'. As the TLV evolves from s/c=0.131 to s/c=0.230 in Figure 5a to d, the TLV 'mean core' moves further away from the blade SS, together with the shear layer extending in the axial direction which suggests that the shear layer still feeds vorticity into the TLV and increases its circulation. However, with an enlarged distance between SS corner to TLV, this feeding process declines. The peak value of vorticity in the region 'A' decreases with increasing s/c, but the size of this area with elevated negative vorticity expands. This trend can be explained as the circumferential compression under the adverse pressure gradient in the blade passage. Also, the distinction of three characteristic regions gets more pronounced with increasing s/c. Approaching s/c=0.263, the evidently diminished peak vorticity and the broader area of negative vorticity expanding from the TLV core, predict the advent of aforementioned vortex bursting.

Ensemble-averaged velocity fields at s/c=0.131 and s/c=0.263 are provided in Figure 6 to reveal the highly resolved tip flows. The in-plane velocity vectors (U z , U r ) confirm the flow interactions in the three characteristic regions and demonstrate the high three-dimensionality of tip leakage flow. Figure 6a clearly shows that the backward leakage flow exits the gap as a leakage jet, which entrains the boundary layer, meets the main passage flow and then separates. A clear swirling structure in the r-z plane can be identified as the TLV 'mean core', under which a high U θ region can be found. At s/c=0.131, the circumferential velocity U θ has a high axial gradient ( ⁄ ) near the blade SS tip corner and an elevated radial gradient ( ⁄ ) in the TLV 'mean core'. While the axial velocity U z has an elevated axial gradient ( ⁄ ) at the flow separation region as flow contracts there and high radial gradient ( ⁄ ) in the tip leakage shear layer. The radial velocity U r exhibits high radial gradient ( ⁄ ) in the separation region and elevated axial gradient ( ⁄ ) near the TLV 'mean core'. A substantial increase in the size and magnitude of the high U θ region with s/c results in blockage of flow in the tip region, since this high circumferential velocity component in the laboratory reference frame means low relative velocity compared to the blade and the flow compressed in θ-direction. Once the vortex bursting occurs, as in Figure 6b at s/c=0.263, the region with high U θ occupies a substantial fraction in the field of view, with a maximum value about 0.2U T .

Further statistics generates the distribution of turbulent kinetic energy (TKE) in the tip region of AxWJ-2 by

(〈 〉 〈 〉 〈 〉) (3) 
, where the prime denotes the fluctuations of velocity. The TKE distributions at the initial state of TLV (s/c=0.131) and final bursting state (s/c=0.263) are depicted in Figure 7. As Figure 7a shows, elevated TKE is confined within the shear layer ('B'), TLV 'mean core' ('A') and the endwall separation region ('C'); and it changes together with the size and intensity of TLV as reducing its peak but increasing its area with s/c. When the TLV breaks down, in Figure 7b, the TKE occupies a broad area containing many vortex filaments. Previous studies on another waterjet pump [21,23] has indicated that the flow unsteadiness caused by the instantaneous interlacing, relatively large-scale vortices contributes a substantial fraction of the TKE.

Together with TKE, all 6 components of Reynolds stresses are provide by the software and displayed in Figure 8. Among them, the normal Reynolds stresses with the differences of their magnitude and distribution indicate that the turbulence in the tip region is highly inhomogeneous and anisotropic. The dominant terms in TKE definition (3) is 〈 〉 which elevates in the separation region, and 〈 〉 which peaks in the TLV 'mean core'. Although elevated in the SS tip corner, 〈 〉 contributes less compared to other two normal stresses. All shear stresses are small in magnitude compared to three normal ones.

Although out-of-plane gradients ( ⁄ ) cannot be calculated using the limited in-plane stereo-PIV data shown in this paper, the in-plane contribution to the turbulence production rates, P 2D , can be obtained by

( ) (4) 
, where the components of in-plane turbulence production term are:

[〈 〉 〈 〉 ] (5) 
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, to address the mechanism of turbulence production within the tip region. All these statistical quantities are compared in Figure 9. As in Figure 9d, elevated turbulence production P 2D can be found in the separation region ('1'), in the shear layer ('2') but not in the TLV 'mean core' ('3'), which contradicts with the peak of TKE in this area as in Figure 7a. Further decomposition of P 2D pinpoints the dominant term in the turbulence production as P 2D,zz in Figure 9a, which leads to a conclusion that the axial extension/compression of flow is the main reason of elevated turbulence production in the separation region '1' and shear effects are responsible for the high production in the shear layer '2'. But Figure 9a also raises the question about the negative production (actually depletion) in TLV region '3', which is partly compensated by the positive production term P 2D,rr (Figure 9b).

To decipher the mystery of low production in TLV 'mean core', the in-plane transport term T 2D of TKE are also calculated, as [START_REF] Wu | Parametric investigation of circumferential grooves on compressor rotor performance[END_REF] , which is highly positive near the TLV center (Figure 9e). By adding T 2D to P 2D , as in Figure 9f, the elevated TKE in the TLV 'mean core' is more likely contributed by TKE advection while the high TKE in the separation region and in the shear layer is a result of large local production. Also, as discussed in Wu et al. [START_REF] Wu | Three-dimensional flow structures and associated turbulence in the tip region of a waterjet pump rotor blade[END_REF][START_REF] Wu | Turbulence Within the Tip-Leakage Vortex of an Axial Waterjet Pump[END_REF] , the swirling motion near the TLV center, would lead to particularly low dissipation rate in this area, resulting high TKE level here. 
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 1 Figure 1. (a) A sketch of the top view of the JHU optical refractive index-matched facility as a close-loop water tunnel; and (b) a magnified sketch of the AxWJ-2 pump. The green line shows a sample meridional location of laser sheet during SPIV measurements. The liquid used in this facility is an aqueous solution of sodium iodide with a concentration of 62%-63% by weight. It has a refractive index of 1.49, a specific gravity of 1.8 and a kinematic viscosity of 1.1×10 -6 m 2 s

Figure 2 .

 2 Figure 2. The performance of the axial water-jet pump (AxWJ-2). Black circular dots represent the data from NSWC tests with aluminum rotor and the blue squares represent the data taken with acrylic rotor in JHU facility. The performance range of the SPIV measurements has been encircled in red. Two dashed curves indicate the NSWC uncertainty bounds.

Figure 3 .

 3 Figure 3. A sketch of the SPIV setup for AxWJ-2 water-jet pump.

Figure 4 .

 4 Figure 4. Samples of instantaneous circumferential vorticity distributions superimposed with in-plane velocity ( , ) at s/c= (a) 0.131, (b) 0.263. Black contour lines show the averaged vorticity 〈 〉. Vectors diluted by 3 in z-direction for clarity.
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 5 Figure 5. Ensemble-averaged circumferential vorticity 〈 〉 distributions at s/c= (a) 0.131, (b) 0.164, (c) 0.197, (d) 0.230, (e) 0.263. Black contour lines indicate 〈 〉 .

Figure 6 .

 6 Figure 6. Ensemble-averaged velocity distributions as the vectors represent , ) and the color contour show , at s/c= (a) 0.131, (b) 0.263. Black lines indicate 〈 〉 distributions. Vectors diluted by 3 in z-direction for clarity.

Figure 7 .

 7 Figure 7. Distributions of Turbulent Kinetic Energy (TKE) at s/c= (a) 0.131, (b) 0.263. Black lines indicate 〈 〉 distributions.

Figure 8 .

 8 Figure 8. Distributions of Reynolds stresses terms, normalized by at s/c= 0.131. Black lines indicate TKE distributions.

=

  radius of casing endwall = inlet section casing diameter = outflow section diameter = pipe inner diameter = rotor diameter = diameter of the shaft = inlet cross section area, outflow cross section area = pump rotor tip speed = shaft rotation speed in revolutions per second = static pressure at the inflow and outflow sections = total pressure at the inflow and outflow sections φ = flow coefficient ψ = head rise coefficient = ensemble-averaged velocity components = instantaneous velocity components = vorticity = turbulent kinetic energy = in-plane turbulent production rate = in-plane turbulent transport rate 〈 〉 ensemble averaging

Table 1 .

 1 Rotor Geometry and reference data

	Inlet section casing diameter D1	305.2 mm
	Outflow section diameter D2=0.699D1	213.4 mm
	Pipe inner diameter downstream of the pump D3	304.8 mm
	Diameter of the shaft d	50.8 mm
	Rotor diameter DR	303.8 mm
	Number of rotor blades nR	6
	Number of stator blades nS	8
	Tip profile chord length c	274.3 mm
	Tip profile axial chord length cA	127.4 mm
	Tip profile stagger angle	27.7°
	Tip profiles pitch	159.1 mm
	Tip profile solidity	1.72

Tip clearance h 0.9 mm Angular speed of the rotor Ω 94.2 rad s -1 (900RPM) Tip speed 14.32 m s -1 Tip profile Reynolds number 3.6×10 6
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CONCLUSIONS

A series of SPIV measurements, conducted on the axial waterjet pump AxWJ-2 in JHU index-matched facility, have built a high resolution dataset of AxWJ-2 pump without endwall casing treatment.

The high magnification results of tip flows in the rotor blade tip region follow the trajectory of the TLV across the blade passage; and three characteristic structures of tip flows, which commonly exist in axial turbomachines [START_REF] Wu | Three-dimensional flow structures and associated turbulence in the tip region of a waterjet pump rotor blade[END_REF][START_REF] Miorini | The internal structure of the tip leakage vortex within the rotor of an axial waterjet pump[END_REF][START_REF] Wu | Turbulence Within the Tip-Leakage Vortex of an Axial Waterjet Pump[END_REF][START_REF] Tan | Visualization and Time Resolved PIV Measurements of the Flow in the Tip Region of a Subsonic Compressor Rotor[END_REF][START_REF] Tan | The Three Dimensional Flow Structure and Turbulence in the Tip Region of an Axial Flow Compressor[END_REF][START_REF] Tan | Common Features in the Structure of Tip Leakage Flows[END_REF] , are identified as (A) TLV 'mean core', (B) shear layer connecting the blade SS corner to the TLV and (C) the endwall boundary layer separation region.

Both instantaneous and ensemble-averaged results have been obtained to elucidate the complex and three-dimensional flow in the tip region. The tip gap flow, the backflow emenating upstream from the tip and its interaction with the main passage flow are resolved; and the blockage in high circumferential velocity region is found to grow in size with increasing s/c. Detailed description of the formation, growth, migration and eventual bursting of the TLV are provided. The TLV always consists of multiple interlacing vortices instead of rolling up into a single vortex and the swirling motion of these large-scale vortical filaments contributes to the high unsteadiness in the TLV 'mean core' and presumably affects the distribution of TKE.

The TKE is also elevated in the three charateristic regions and near the blade suction side (SS) tip corner. As the TLV migrates across the blade passage, the region of elevated TKE grows and occupies an increasing fraction of the tip region. The in-plane turbulence production rates correspond to the regions of the elevated TKE and a decomposition of its components suggest that the axial extension/compression of flow are the dominant terms in turbulence production. Adding the in-plane transport term of TKE helps to partly solve the discrepancy of elevated TKE and low local production rate in the TLV 'mean core'. As the normal and shear Reynolds stresses terms demonstrate, the turbulence in the tip region is highly inhomogeneous and anisotropic.

This dataset emphasizes the common features of flow structures in axial turbomachines, as summarized by Tan [START_REF] Tan | Common Features in the Structure of Tip Leakage Flows[END_REF] and it serves as a foundation for future measurement campaign with casing treatment, e.g., circumferential grooves, and also can be available for the validation of numerical simulation on the same flow.