Xiang He 
  
Hongwei Ma 
  
Wei Wei 
  
Investigation of Tip-leakage-vortex Breakdown and Its Role in Rotating Stall in a 1.5-stage Low-speed Axial-compressor

Keywords: 

A whole-annulus unsteady numerical simulation is carried out to investigate the mechanism of the rotating stall in a 1.5-stage low-speed axial-compressor. By comparing the experimental and numerical results, the numerical results are validated. The numerical simulation captures the most features of the rotating stall of the 1.5-stage compressor observed from the experimental results. The unsteady bubble-like breakdown appears in the tip leakage vortex at the near stall condition. With the compressor throttling, the modal wave appears, increases in intensity and induces the part of the breakdown-vortex flow spilled over the adjacent blade leading-edge unsteadily, which form a spike. Consequently, the spikes emerge around the compressor annulus at the same time and the intensity and size of the spikes is increased rapidly during the inception period. At last, the spikes are merged into a large stall cell, which propagates around the annulus with 30% rotor speed.

INTRODUCTION

Compressor stall/surge usually leads to significant loss in performance, engine flameout, even serious mechanical failure. Therefore, many efforts were devoted to reveal the mechanisms of compressor stall and then the designers develop effective stall/surge control method to extend the stable operating range of compressor.

It is well known that the rotating stall is usually triggered by the flow disturbances, usually named by stall inception. In the past two decades, two distinct stall-inception patterns had been identified. The first one refers to modal wave [START_REF] Moore | A theory of poststall transients in axial compression systems: Part 1-Development of equations, Part 2-Application[END_REF][START_REF] Mcdougall | Stall inception in axial compressors[END_REF][START_REF] Garnier | Rotating waves as a stall inception indication in axial compressor[END_REF], which belongs to a long-length-scale/modal disturbance. The second one is usually called spike inception or the short length-scale disturbance, which was observed initially by Day [START_REF] Day | Stall inception in axial flow compressors[END_REF].

Many research works indicate that the spike inception may be linked to the phenomena of unsteady tip flow which usually happen at the near-stall operating condition. Variety of unsteady-tip-flow phenomena was discovered in the lowspeed axial compressor, including tip separation vortex [START_REF] Marz | An experimental and numerical investigation into the mechanisms of rotating instability[END_REF][START_REF] Wu | Investigation of pre-stall behavior in an axial compressor rotor, Part 1: Unsteadiness of tip clearance flow, Part 2: Flow mechanism of spike emergence[END_REF], tip-leakage-vortex breakdown [START_REF] Furukawa | Effects of Stream Surface Inclination on Tip Leakage Flow Fields in Compressor Rotors[END_REF][START_REF] Furukawa | The role of tip leakage vortex breakdown in compressor rotor aerodynamics[END_REF], tornado-like separation vortex [START_REF] Inoue | Effect of tip clearance on stall evolution process in a low-speed axialcompressor stage[END_REF] and tip-leakage-vortex oscillation [START_REF] Mailach | The periodical interaction of the tip clearance flow in the blade rows of axial compressors[END_REF][START_REF] Zhang | A study on the mechanism of tip leakage flow unsteadiness in an isolated compressor rotor[END_REF].Actually, the phenomenon of the unsteady tip flow is more complicated in a transonic axial-compressor because of the existence of the shock wave-boundary layer interaction, which can refer to [START_REF] Yamada | The behavior of tip clearance flow at neastall condition in a transonic axial compressor orotor[END_REF][START_REF] Hah | Tip clearance vortex oscillation, vortex shedding and rotating instabilties in an axial transonic compressor rotor[END_REF][START_REF] Du | Numerical investigation on the self-induced unsteadiness in tip leakage flow for a transonic fan rotor[END_REF].All these results cannot clarify the relationship between the unsteady tip flow and the spike inception. However, Vo et al. [START_REF] Vo | Criteria for spike initiated rotating stall[END_REF] answered this question and believed that the criteria of spikes include two aspects which are tip clearance flow spilling over the adjacent blade leading-edge and the impingement of the tip clearance backflow on the pressure surface below blade tip, which built a relationship between the tip clearance flow and stall inception.

Due to the rapid advance of high-performance computing in the past ten years, the full-annulus 3D unsteady computation can be used to simulate the phenomena of compressor rotating stall. Gourdian et al. [START_REF] Gourdain | Simulation of rotating stall in a whole stage of an axial compressor[END_REF] and Chen et al. [START_REF] Chen | Prestall behavior of a transonic axial compressor stage via timeaccurate numerical simulation[END_REF] carried out a full-annulus 3D numerical simulation respectively in low and high speed compressor and the results support the Vo's spike stall criteria, but their discussion don't reveal the mechanism of the tip clearance flow spillage. Pullan et al. [START_REF] Pullan | Orgins and structure of spike-type rotating stall[END_REF] investigate the origins and structure of spike rotating stall in multiple axial-compressors. High incidence results in a separation vortex shedding from the leading edge in the tip region and the separation vortex belongs to a tornado-like separation vortex as was suggested by Inoue In recent years, more and more experimental and numerical results focus on studying the role of the unsteady tip flow in spike inception to reveal its mechanism. Current work also focuses on this issue and attempts to provide some results to improve understanding of the relationship between unsteady tip leakage flow and spike inception in a low-speed axial-compressor.

The organization and scope of the paper is as follows. Firstly, the compressor facility and numerical method are introduced and the simulation results are validated. Secondly, the features of the leakage vortex breakdown are investigated through comparative analysis of the numerical and experimental results and the relationship between leakage vortex breakdown and the stall inception is revealed. At last, the transit process of rotating stall is described and discussed in detail.

EXPERIMENTAL AND NUMERICAL METHOD 1.1 Experimental facility

The Low-speed Large-scale Axial Compressor (LLAC) test rig is a single-stage axial compressor with inlet guide vanes (IGV), shown in Figure 1. The rotor and stator blades with C4 series airfoil are designed in terms of the free vortex law. More detailed design parameters are summarized in Table 1. Because the past measurements show that the typical rotor speed is 75% corrected rotor speed, the discussions in this paper are focus on the condition of n=900rpm. 

Numerical method

The whole-annulus steady and unsteady numerical simulations were carried out in this 1.5-stage low-speed axial-compressor. The length of the inlet and outlet computational domains is respectively 0.5 and 1 times of the casing diameter. The mesh was generated with the Turbogrid software and the grid topology is HOH as shown in Figure 1. The number of mesh points for one passage is about 200 000 for the rotor channel, 90 000 and 170 000 for one IGV and stator channel. The rotor tip clearance is taken into account with the H-mesh of 10 points in the radial direction. Total mesh number is 10 000 000. The nodes distribution is described in Table 2.

The unsteady flow field is simulated using the CFX code to solve the viscous Reynolds-averaged Navier-Stokes equations with the time pursuing finite volume method. The space discretization is made by the second order upwind scheme. The turbulence model was chosen in the numerical simulation, coupled with a scalable wall functions (y + ≈20). For this application, 340 iterations are required to simulate one revolution of the rotor, 20 iterations for one channel. Each physic time step includes 10 virtual time steps which can make sure the simulation convergence.

The rotor speed is fixed at the nominal rotor speed of 900rpm. Uniform stagnation pressure and temperature are respectively 101325Pa and 288.15K given as the inlet boundary conditions. The inlet flow angle and turbulence intensity is respectively 0° and 5%. The outlet boundary condition is imposed as the average static pressure at the stable operating points, which meet the radial equilibrium condition. In order to simulate the process of compressor stall, a throttle model is applied at the outlet. The static pressure Psout is determined via the Eq.1.
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(1) Where, Pt is atmosphere pressure, Vaxial is the axial velocity, ρ and K0 are constants. With these conditions, all points of the compressor characteristic can be simulated. The position of the operating point on the characteristic is determined only by the value of the throttle parameter K1. 

1.3Validity of numerical simulation

The overall compressor performance in terms of the static-to-static pressure rise coefficient (Ψ=△Ps/0.5ρUtip2) and the flow coefficient (Φ=Vx/Utip) was measured with circumferential array of four static pressure taps on the casing at both inlet and outlet of the compressor, as shown in Figure 2a. Agreement between static pressure rise of steady simulation and experimental results is good. The discrepancy is also not very large between unsteady computational results and experimental ones. After imposing the throttle model on the outlet at the near stall condition, the stall process was simulated and the dynamic static pressure rise performance was obtained as shown.

Figure 2b shows the total pressure coefficient range from Four dynamic sensors, P0~P3, are located around the annulus on the casing at 10% chord upstream of the rotor leading-edge. The compressor was throttled to stall from near stall operating condition (Φ=0.37) and the data acquisition system records the dynamic pressure signals with the sampling rate of 12 kHz, as shown in Figure 3a. The modal waves can be clearly observed from the pressure traces at the pre-stall period from -8 to 0 revolutions. It propagates around the annulus with 20% rotor speed. Many shaft order perturbations, which are induced by the rotor asymmetries and propagate around the annulus at 100% rotor speed, appears at the modal peaks, while it decays very fast at the through of the modal wave [START_REF] He Xiang | Wavelet analysis of the shaft order perturbation and stall inception in an axial compressor[END_REF]. At -2 revolutions, the shaft order perturbation evolve into a spike inception (disturbance), marked with 'A', and its propagation speed is reduced to below 80% rotor speed. In the range of 0 to 5.5 revolutions, many short-scale disturbances are produced by the modal wave and increase in size and amplitude, namely the frequency mixing region (FMR, marked with red dashed line) suggested by NIE Chaoqun [START_REF] Nie Chaoqun | Experimental investigation on inception of rotating stall in a low-speed axial compressor[END_REF]. At about 5~6 revolutions, these disturbances are merged into a large stall cell and the compressor comes into the full stall condition. Only one stall cell can be observed and its propagation speed is 30% rotor speed. It should be noted that the modal wave grows into the stall cell smoothly, which agrees well with the conclusions obtained by NIE [START_REF] Nie Chaoqun | Experimental investigation on inception of rotating stall in a low-speed axial compressor[END_REF]. That means the stall is triggered by modal wave rather than a spike.

Figure 3b shows the monitoring pressure traces obtained from the numerical simulation. The locations of the monitoring points are the same as experimental ones. Modal wave with 20% rotor speed was captured by the numerical simulation as indicated in Figure 4, but its amplitude is obviously lower than the BPF. Therefore, it is hardly observed from the pressure traces during the prestall period in the range of 0 to 3 revolutions. At about 3.2 revolutions, the spike inception firstly appears in pressure signals C1. Consequently, many spikes emerge around the compressor annulus at the same time and the intensity and size of the spikes is increased rapidly during the inception period in the range of 3 to 5 revolutions, which indicate the compressor comes into FMR. At last, the spikes are merged into a large stall cell, which propagates around the annulus with 30% rotor speed. These imply that the numerical simulation almost captures the most features of the rotating stall of the 1.5-stage compressor observed from the experimental results. 

Analysis of the numerical results

Leakage vortex breakdown and stall inception

To understand the mechanism of stall inception observed from pressure traces in Figure 4, the complicated tip flow is visualized and investigated by analyzing the numerical results in detail.

Figure 5 shows two instantaneous contours of the normalized vorticity which is defined by ω =ω⁄2Ω whereω is absolute vorticity and Ωis the rotor angular velocity. The leakage vortex corewiththe concentrated vorticity can be observed clearly in the range of leading-edge to 30% chord suction-side cross-section. This corresponds to the strong rolling-up of the vortex shown by a spiraling of the leakage streamlines. However, the concentrated vorticity decreases rapidly downstream of the 40% chord suction-side crosssection, which means the leakage vortex core expansion. The isosurface of W/Vtip=0.1 marked with A and B show the recirculation region exists in the tip passage as indicated in Figure 5. Consequently, the recirculation region A increases in scale and moves toward to pressure side of the adjacent blade leading-edge. Through observing the distributions of streamlines in detail, it is found that the recirculation region B seems to decrease in intensity and moves along the pressure side. Actually, there is a stagnation point in the center of the recirculation region B where the relative velocity is almost zero as shown in Figure 6. The flow features of stagnation point, the recirculation and the concentrated vorticity dissipation agree well with Inoue's conclusions. It indicates that such recirculation region belong to an unsteady flow phenomena of bubble-like tip-leakage-vortex breakdown.

Actually, many experimental results, including unsteady pressure, LDV [START_REF] Hongwei | Three-Dimensional Turbulent Flow Of The Tip Leakage Vortex In An Axial Compressor Rotor Passage[END_REF][START_REF] Hongwei | Three-Dimensional Turbulent Flow in the tip region of an axial compressor rotor passage at a near stall condition[END_REF] and PIV measurements [START_REF] Liu | Application of SPIV in Turbomachinery[END_REF],validate that the phenomena of tip-leakage-vortex breakdown occurs at about 30% axial chord(or about 60% chord suction-side cross-section) in this 1.5-stage axial-compressor for the 0.5% tip gap configuration at the near stall condition. For the current 1.5% tip gap configuration, Zhang et al demonstrate detailed PIV experimental results in [START_REF] Zang | Characteristics of the tip leakage vortex in a low-speed axial compressor with different rotor tip gaps[END_REF]. Flow stagnation and flow reverse sometimes appears in the tip-leakagevortex core at about downstream 70% chord suction-side cross-section. Moreover, the tip-leakage-vortex core expands abruptly and losses the concentration features at this cross section. These flow features indicate the TLV breakdown occurs at about the 70% chord suction-side cross-section for the current 1.5% tip gap configuration as shown in Figure 6b.Comparing with Figure 6b, Figure 6a shows that the TLV breakdown in the numerical result also occursat the same cross section. Because the numerical operating condition of the numerical simulation is closer to stall condition than the experimental operating condition, the influence scope is obvious larger than the later and the stagnation point is closer to the leading-edge plane. With the compressor throttling the stall inception appears at about 3.2 revolutions as shown in Figure 3b. The following section will discuss the relationship between the leakage vortex breakdown mentioned above and the stall inception in detail.

Figure 7 indicates that the concentrated vorticity dissipation occurs downstream of 30% chord suction-side cross-section, which means the location of the leakage vortex breakdown moves upstream with throttle closing. After the leakage vortex breakdown, a very large recirculation vortexmarked with B was formed in the middle of the passage and the low-velocity flow was spilled over the adjacent blade leading-edge. Such condition can be observed more clearly in Figure 7b. It implies that a stall inception was triggered by the unsteady leakage vortex breakdown. In the later, the same phenomena will happens in the right passage. Therefore, the stall inception propagates along the compressor annulus in the opposite rotating direction. 

Development of the stall cell

The tip leakage flow mixes after leaving the tip gap, has higher entropy than the incoming flow [START_REF] Vo | Criteria for spike initiated rotating stall[END_REF]. Therefore, the high entropy gradient region can be used to track the incoming/tip leakage flow interface. With the flow coefficient decreasing, the interface move toward the rotor leading-edge plane.

Contours of entropy rise on the rotor leading-edge plane are shown in Figure 8. Figure 5 and 6 shows clearly that the incoming/tip leakage flow interface is almost aligned with the leading-edge plane at the near stall condition. Such case also can be observed from Figure 8a and the high entropy rise region appears on the leading-edge plane at the tip region.

With the compressor keeping on throttling, the phenomena of the leading-edge tip-leakage-flow spillage occurs at least five circumferential locations, marked with the letters of A-D, as shown in Figure 8b. Here, the blade C is corresponding to the left blade in Figure 7.

Consequently, the size of the spikes is increased to half of span as shown in Figure 8c. One of them occupies 2~3 rotor passages, which indicates the small stall cell is formed marked with dashed red oval ring. At last, these spikes are merged into a large full-span stall cell and the influence region is almost half of the compressor annulus. 

Full stall

At the full stall condition, about 6 passages keep stable, which the local flow coefficient is about 0.43 (near midoperating condition away from stall condition), but other passages are stalled as observed from the entropy-rise contours in Figure 8d and9. Such situation can be explained by Cumpsty's words [START_REF] Cumpsty | Compressor aerodynamics[END_REF]: 'Rotating stall is a mechanism which allows the compressor to adapt to a mass flow which is too small: instead of trying to share the limited flow over the whole annulus the flow is shared unequally, so that some blade passages (or parts of passages) have a quite large flow and some very little'.

Because of existence of the IGV, no large-scale recirculation vortex can be seen in the stalled region upstream of the rotor leading-edge plane but a high entropy rise region, which indicates a reversed flow, can be observed clearly in the IGV passages as shown in Figure 9 

3.Conclusions

A whole-annulus unsteady numerical simulation is carried out to investigate the rotating stall process in a 1.5stage low-speed axial-compressor. Some conclusions are summarized as following:

By comparing the measured and monitored pressure signals in experiments and simulations respectively, it clearly demonstrates that current numerical results capture the most features of the rotating stall process of the 1.5stage compressor.

A modal wave was measuredat the near stall operating condition. It was also captured by numerical simulation, though its intensity is slightly lower than the measured one.

Unsteady tip-leakage-vortex breakdown occurs in the rotor blade tip region at the near stall condition. Once the unsteady tip leakage flow is spilled over the adjacent blade leading-edge, the spike inception is triggered.

Many small-scale disturbances are induced by the modal wave in the frequency mixing region and the numerical results verify that these small disturbances are actually the spikes.

These spikes emerge around the rotor annulus almost at the same time and the intensity and size of the spikes is increased rapidly during the inception period.

At last, the spikes are merged into a large stall cell, which propagates around the annulus with 30% rotor speed. The number and propagation speed of the stall cell is well predicted by the simulation.

  et al. The upper end of the tornado-vortex moves circumferentially along the casing and leads to a new separation on the next blade. This flow features describe the process of the spike formation and Nomenclature BPF Blade passing frequency FMR Frequency mixing region IGV Inlet guide vanes LLAC Low-speed Large-scale Axial Compressor PIV Particle image velocimetry PS Pressure surface or pressure side SS Suction surface or suction side TLV Tip leakage vortex TLF Tip leakage flow BPF Blade passing frequency propagation and reveal the mechanism of the unsteady tip flow spillage. Moreover, Wu et al.[6] also carried a 3D fullannulus numerical simulation in a low-speed axialcompressor and expose that the spillage of the unsteady tip separation vortex is another mechanism of the spike stall inception.
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Table 1

 1 

	compressor characteristics
	Casing diameter	1 m
	Hub-to-tip ratio	0.6
	Number of IGV blades	36
	Number of rotor blades	17
	Number of stator blades	20
	Design speed	1200 r/min
	Rotor tip gap	3mm (1.5%)
	Re chord	7.5×10 5

Table 2

 2 Mesh distribution of the 1.5-stage compressor

	(Unit: K)			
	IGV	Rotor	Stator	Total
	3200/90	3400/200	3400/170	10000
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