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Abstract

:

The tip gap existing between the blade tip and casing can give rise to tip leakage flow and interfere with the main flow, which causes unstable flow characteristics and intricate vortex in the passage. Investigation on the tip clearance effect is of great important due to its extensive applications in the rotating component of pumps. In this study, a scaling axial flow pump used in a south-north water diversion project with different sizes of tip clearances was employed to study the tip clearance effect on tip leakage vortex (TLV) characteristics. This analysis is based on a modified turbulence model. Validations were carried out using a high-speed photography technique. The tip clearance effect on the generation and evolution of TLV was investigated through the mean velocity, pressure, and vorticity fields. Results show that there are two kinds of TLV structures in the tip region. Accompanied by tip clearance increasing, the viscous loss in the tip area of the axial flow pump increases. Furthermore, the tip clearance effect on pressure distribution in the blade passage is discussed. Beyond that, the tip clearance effect on vortex core pressure and cavitation is studied.






Keywords:


tip clearance; tip leakage vortex; cavitation; axial flow pump












1. Introduction


In the past decades, the speedy development of hydraulic power plants [1] and water pump factories [2] has greatly stimulated research investigating different kinds of flow pumps worldwide. Axial flow pumps have been widely used in water transfer engineering [3], nuclear power engineering [4], water jet propulsion of ships [5], and submarine-launched equipment [6]. The existence of tip clearance between the blade tip and the casing is unavoidable in axial turbomachines, which induces tip leakage flow (TLF). TLF curls into a tip leakage vortex (TLV). Especially, in axial flow pumps, tip leakage vortex cavitation is a common phenomenon that occurs in the center of TLV [7]. Some researchers have developed cavitation models that are able to deal with the numerical description of phase separation [8,9]. Unsteady flow in tip clearance was found to be responsible for the blockage, reduction of efficiency, and operation instabilities [10].



Comprehensive studies have investigated the effect of tip gap sizes on the operating performance and flow characteristics in rotating machinery. Tan et al. [11,12] studied the operating performance and flow patterns of mixed flow pumps with different tip gap sizes experimentally and numerically. The results showed that an increase of the tip clearance has adverse effects on the pump efficiency and head. Similar results were also obtained in a water jet pump by Kim [13,14], in that the difference in efficiency because of the gap variation (1.5% and 0.7% of the diameter) was about 25% in the overall efficiency. A deeper investigation was conducted in compressors [15,16,17]. Enlarging the gap caused a larger TLV size and changed the distribution of static pressure along the blade chord. Particle image velocimetry (PIV) measurements found that with the fortification of the tip gap size, the absolute tangential velocity was reduced and boundary layer of the sidewall casing became thicker.



To reveal the internal flow characteristics near the tip clearance region in hydraulic turbomachineries, numerical studies have been carried out [18,19,20,21]. The tip leakage vortex (TLV) was found to be the main reason for the degradation of pump performance. The pressure difference between the blade pressure side (PS) and suction side (SS) results in the generation of TLV. The TLV and induced cavitation move from the blade tip to the flow channel, become larger in size, and collapse when accessing the neighboring blade. The TLV is usually accompanied by tip clearance cavitation and shear layer cavitation. These complex cavitation interfere with each other, reduce the blade load, and induce flow instability.



Recently, particular attention has been paid to the generation and influence of TLV due to its significant impact on pump performance and operation stability. The phenomena of TLV was discovered by Rains [22]. Inspired by the significant discovery, the oil-paint test was employed to investigate the development of TLV and the development of other important secondary flows by Zierke and Straka [23]. The momentary and phase-averaged inner structure of the TLV within an axial waterjet pump was studied using PIV by Miorini et al. [24]. Katz et al. [25] investigated the effect of large-scale cavitating vertical structures in an axial waterjet pump. The TLV cavitation and secondary vortex cavitation induced by TLV was studied. Besides experimental investigations, computational fluid dynamics (CFD) has huge advantage in obtaining the details of the evolution of TLV. A turbo-machinery tip clearance flow was studied using large eddy simulation by Tan et al. [26,27]. Gross features of the TLV, tip separation vortices, and blade wake were displayed by investigating their corresponding trajectories and average velocity fields. The tip leakage flows and related cavitation in the tip region of an axial flow pump were investigated experimentally and numerically by Shi et al. [28,29]. The cavitating patterns for different cavitation conditions were illustrated. The cavitation facilitated the development of TLV. The swirling strength method was employed to obtain the TLV trajectories. The experiment was simulated by a modified SST k-ω turbulence model by Zhang et al. [30,31]. The start point of TLV was found to be dependent on the flow rate condition and the size of the tip clearance.



In this paper, the effects of different tip clearances on the TLV characteristics of an axial flow pump were investigated systematically. A modified turbulence model was employed to study the characteristics of TLV and induced cavitation. This paper is organized as follows. The experimental part is clarified in Section 2. The mathematical model and computational method are presented in Section 3. The results and discussion are illustrated in Section 4. The experimental results are illustrated in Section 4.1 and Section 4.2. The numerical results are illustrated in Section 4.3, Section 4.4, Section 4.5 and Section 4.6. The conclusion is given in Section 5.




2. Experimental


2.1. Geometrical Model


In this paper, the scaled model pump of TJ04-ZL-02 hydraulic model, which is employed in the south-to-north water transfer project, was selected as the prototype pump. The model pump, with a diameter of 200 mm of its equal-scaling impeller, was employed as the research object. The geometrical parameters of the model pump are as follows: Impeller diameter, D2 = 200 mm; flow rate best efficiency point, Qopt = 365 m3/h; head, H = 3.2 m; rotation speed, n = 1450 r/min; tip chord length, c = 112 mm; hub radius of the impeller blade, ht = 45 mm; blade height, h = 54.5 mm; and maximum thickness of the blade tip profile, t = 5.9 mm. The number of impeller blades is Z = 3, and the number of guide vane blades is Zd = 7. The tip clearance size was set to be τ = 0.5 mm and τ = 1.5 mm. A schematic illustration of the model pump structure is shown in Figure 1. The pump model was designed to be visualized in a transparent casing. It consists of an inlet pipe, impeller, the guide vane diffuser, shaft, supporting rib, and outlet pipe.




2.2. Apparatus and Procedure


In this paper, the visualization experiment was carried out in a closed test loop at the National Fluid Machinery Laboratory, Jiangsu University, as shown in Figure 2. The test loop consisted of the following parts: 1. Electric motor; 2. torque meter; 3. outlet section; 4. inlet section; 5. booster pump; 6. turbine flow meter; 7. outlet gate valves; 8. water tank; 9. inlet gate valves; 10. flexible connection; 11. test pump section; 12. vacuum pump; and 13. cavitation tank. The impeller chamber is made of transparent Perspex, and its refractive index is close to that of water. This design facilitated high-speed imaging experiments for the axial flow pump. The pressure sensors located at part 3 and part 4 obtained the outlet and inlet pressure value of the test pump, respectively. The pressure head was obtained by following equation:


  H =  (   p  o u t   −  p  i n    )  / ρ g  



(1)




where    p  o u t     is the outlet pressure measured at location 3,    p  i n     is the inlet pressure measured at location 4,  ρ  is the density of the working fluid, and g is the acceleration of gravity. The flow rate, pressure at inlet and outlet, rotating speed of the impeller, and the cavitating images can be obtained through the procedure.



A schematic illustration of the high-speed imaging system is shown in Figure 3. It consists of a CCD (Charge Coupled Device) camera, a model pump, fill lights, and an imaging acquisition computer. The model of the high-speed digital video camera was IDE Y-series 4L. The sampling frequency and the exposure time were set to be 5000 Hz and 107 μs, respectively. To facilitate illumination at high frame rates, a 750-W continuous halogen light was employed.





3. Mathematical Model and Computational Method


3.1. Turbulence Simulation


The standard   k − ε   turbulence model is widely used for simulating turbulent flows. The eddy viscosity coefficient is related to the turbulent kinetic energy and the turbulent kinetic energy dissipation in this turbulence model. The governing equation is shown as follows:


    ∂  (  ρ k  )    ∂ t   +   ∂  (  ρ  u j  k  )    ∂  x j    =  P t  − ρ ε +  ∂  ∂  x j     [   (  μ +    μ t     σ k     )    ∂ k   ∂  x j     ]   



(2)






    ∂  (  ρ ε  )    ∂ t   +   ∂  (  ρ  u j  ε  )    ∂  x j    =  C  ε 1    ε k   P t  −  C  ε 2   ρ    ε 2   k  +  ∂  ∂  x j     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x j     ]   



(3)






   C  ε 1   = 1.44 ,         C  ε 2   = 1.92 ,         σ ε  = 1.3 ,         σ k  = 1.0  



(4)




where  ρ  is the density,  t  is the time,    u j    is the velocity,    x j    is the spatial coordinate, and  μ  is the dynamic viscosity. Spalart and Shur [32] proposed a modified   k − ε   turbulence model considering rotational curvature. The results showed that this modification could be applied in a turbulence model. The accuracy of prediction could be enhanced. The modification method is to perform rotation-curvature correction on the turbulent kinetic energy generation term shown as follows:


   P t  →  P t  ·  f r   



(5)






   f r  =  (  1 +  C  r 1    )    2  r ′    1 +  r ′     [  1 −  C  r 3   arctan  (   C  r 2    r ˜   )   ]  −  C  r 1    



(6)






   r ˜  = 2  ω  i k    S  j k    (    d  S  i j     d t    )   1  ω  D 3    ,         r ′  = S / ω  



(7)




where    S  i j     and    ω  i j     represent the strain and vorticity tensor components, respectively.




3.2. Mesh Arrangement and Numerical Setup


As shown in Figure 4a, the computational domain was divided into five parts: The inlet pipe part, impeller part, guide vane diffuser part, rib part, and discharge elbow pipe part. The impeller part with the tip clearance region was set to be a rotating zone and the remaining parts were set to be stationary zones. In the present work, structured hexahedral meshes were employed for the whole computational domain. The structured mesh of the main components is shown in Figure 4b.



To accurately simulate the flow characteristics near the blade, the O topology method and [33] local mesh refinement were employed around the blade as shown in Figure 4c. The tip clearance with a size of 0.5 and 1.5 mm was filled with different mesh nodes, as shown in Figure 4d.



A boundary layer mesh was created to ensure the y+ on the surface was in a proper range, and the near-wall treatment for the omega-based model was used for the wall treatment [34,35]. The height of the first layer mesh that was perpendicular to the wall surface was set to be 0.002 and 0.003 mm, respectively. Based on the mesh independence study, the mesh information is shown in Table 1. The y+ was defined as follows:


   y +  =  u ∗  y / υ ,            u ∗  =    τ w  / ρ    



(8)




where    τ w    is the wall shear stress,  y  is the vertical distance from the wall,  ρ  is the density of fluid, and  υ  is the kinematic viscosity.



The unsteady simulations were performed using the CFD software ANSYS CFX. The modified turbulence model was used for turbulence closure. The governing equations were discretized with a second-order scheme in space and a first-order scheme in time and solved by the semi-implicit method for pressure-linked equations (SIMPLE). The inlet boundary was imposed on the pipe inlet, which was defined as the total pressure, while the outlet boundary condition was set as the mass flow rate. All the physical surfaces were set as no-slip walls. The convergence precision was set as 10−5.





4. Results and Discussion


4.1. Validation of the Simulation Methods


To validate the simulation method, the parameters set in the simulations were kept consistent with that in the experiments. Large eddy simulation was employed to predict the external performance under different flow rates. Q/Qopt ranged from 0.4 to 1.4. The simulated pump head was compared with the experimental pump head. Figure 5 shows that a good agreement was obtained between the numerical results and the experimental results.




4.2. Experimental Flow Pattern of TLV Cavitation


Two different flow patterns of TLV cavitation were captured by a high-speed photography experiment with different sizes of tip clearance as shown in Figure 6. The cavitation number was defined as σ = (Pin − Pva)/(0.5 ρU2), where Pin is the inlet pressure, Pva is the saturated pressure at ambient temperature, ρ is the density of the liquid, and U is the flow velocity. To analyze the flow characteristics at different sections of the blade chord, the blade chord coefficient was defined as λ = s/c as shown in Figure 7, where s is the distance from the leading edge (LE) to the section of the blade chord and c is the distance from the leading edge (LE) to the trailing edge (TE). At τ = 0.5 mm, with the decrease of the cavitation number (ranging from 0.889 to 0.453), the cavitation volume increases. At τ = 1.5 mm, it has the same tendency. Under the same cavitation number (σ = 0.715), the flow pattern of TLV cavitation shows a different behavior. At τ = 0.5 mm, the cavitation volume increases from λ = 0 to λ = 0.3. A cavitation cloud appears at the tip region of the blade. The cavitation cloud decays rapidly from λ = 0.3 to λ = 0.5. When the gap is small, the TLV is closer to the rotating wall surface. The interaction between the TLV and the boundary layer of the wall surface makes the vortex strength attenuate rapidly. As the gap is large, the TLV cavitation develops gradually with non-axisymmetric and twist rotation. The cavitation characteristic of the vortex zone is obvious within the range of λ < 0.7. This indicates that the strength attenuation of leakage vortex is slower, and the existence time of vortex is longer under a large gap. Under the same cavitation number (σ = 0.52), the cavitation under the two gaps covers the front part of the blade tip. Due to the curl of leakage vortex in the tip region, the TLV cavitation appears to be a cavitation cloud. However, in the case of a small gap, the oscillations in the tail of the cavitation cloud are attenuated rapidly to the shedding of tiny vortex filaments, while in the case of large gap, there is still a slender vortex band in the tail of the cavitation cloud. This phenomenon further demonstrates that the existence time of TLV under a large gap is longer. With the decrease of the cavitation number, the cavitation is more intense in the lower blade tip region under a large gap. The TLV cavitation is related to the tip flow field, generation of vorticity, pressure distribution in the blade passage, and vortex core pressure. Numerical simulation was carried out to explore the physics behind this in the following sections.




4.3. Numerical Investigation of Tip Clearance Size on Tip Flow Field


Figure 8 shows the distribution of the tip pressure coefficient under different sizes of tip clearances that were obtained from the simulation. The tip pressure coefficient was defined as Ptip = 2 p/ρUtip2, where p is the instantaneous value of the static pressure, ρ is the density of the working fluid, and Utip is the blade tip velocity. The aim was to identify the load distribution around the tip of the impeller. The pressure difference distribution between the pressure side (PS) and the suction side (SS) was found to be dependent on the size of the tip clearance. The variation of the tip pressure coefficient with the blade chord coefficient at τ = 0.5 mm is shown as a black line. The variation of the tip pressure coefficient with the blade chord coefficient at τ = 1.5 mm is shown as a red line. At τ = 0.5 mm, the maximum pressure difference between the PS and SS is located at a blade chord coefficient of λ = 0.3. The pressure difference between the PS and SS decreases with the increase of the blade chord coefficient. At τ = 1.5 mm, the maximum pressure difference between the PS and SS is located at λ = 0.08. After that, the pressure difference decreases rapidly. The minimum pressure difference is located at λ = 0.2 and then increases until the location of λ = 0.4. The increase of the tip clearance makes the maximum pressure difference in the tip area far away from the blade inlet edge.



Figure 9 shows the leakage vortex (TLV1) shedding from the tip region and the leakage vortex (TLV2) shedding from the adjacent blade at the section of λ = 0.5.



Figure 10 shows the streamline at the tip region of the blade with different blade chord coefficients. The left column is the streamline at τ = 0.5 mm, while the right column is the streamline at τ = 1.5 mm. For τ = 0.5 mm, the size of TLV1 increases with the increase of the blade chord coefficient, and for the size of TLV2, the regularity is the opposite. As TLV1 is generated at the blade tip region of the current section, the vortex is in the growth stage. However, TLV2 remains in the flow passage between the two blades for a long time, and the vortex strength gradually weakens. For τ = 1.5 mm, the size of TLV1 increases with the increase of the blade chord coefficient, but for the size of TLV2, the variation is not obvious. By comparing the vortex structure of the blade tip region with the same blade chord coefficient (λ = 0.1) under different sizes of the tip clearances, it is found that the TLV1 presents a compact structure with a gap of 0.5 mm and there is no obvious TLV1 structure with a gap of 1.5 mm. This indicates that the tip leakage vortex is delayed under a large-sized tip clearance. This is because the maximum pressure difference is far away from the blade inlet side. At the section of λ = 0.5, the size of the TLV1 in a 1.5-mm gap is significantly larger than that in a gap of 0.5 mm. The TLV1 structure under large-sized tip clearance is closer to the blade profile.




4.4. Numerical Investigation of Tip Clearance Size on the Velocity Profile


Streamline analysis of the annular surface was carried out in the tip region of the impeller with different sizes of clearance (height of blade tip was r = 99.5 mm). The dimensionless radial location of the blade was defined as r* = 2 r/D3, where r is the radius in the impeller and D3 is the diameter of the casing. For the impeller with a 0.5-mm gap, r = 99.5 mm, D = 200 mm, and annular surface r* = 0.9950 were selected for further analysis. For the impeller with a 1.5-mm gap, r = 99.5 mm, D = 202 mm, and surface r* = 0.985 were selected for further analysis. Figure 10 shows the streamlines in the tip region with different sizes of clearance. Based on the comparison between Figure 11a,b, it is found that the streamlines pass through the tip region of the impeller on the corresponding annular surface and finally converge, but the angle between the streamlines passing through the tip region of the blade and the chord of the blade tip is different under different sizes of tip clearance. The velocity, Vt, is defined as the leakage velocity in the tip clearance area and the direction is the leakage flow direction, Vt is decomposed into Vs in the chordwise direction and the direction of Vl is perpendicular to chordwise. The angle between Vt and Vs is defined as ζ. The angle, ζ, is larger for the impeller with a 1.5-mm gap compared to that for the impeller with a 0.5-mm gap. The velocity distribution at the tip clearance region is shown in the upper left corner in Figure 11a,b with λ = 0.5, respectively. Under the gap of 1.5 mm, the jet flow leaves the tip clearance region at a speed of about 18 m/s, while at the gap of 0.5 mm, the velocity of the jet flow decreases to about 16 m/s, and similar laws are found in other sections of the chord length.




4.5. Numerical Investigation of Tip Clearance Size on Pressure Distribution in Blade Passage


In this section, the pressure distribution on three sections with different radial coefficients was selected for comparative analysis as shown in Figure 12.



Figure 13 shows the mean pressure coefficient distribution of three radial sections expanded as shown in Figure 11 under different sizes of tip clearance (left: τ = 0.5 mm, right: τ = 1.5 mm). The mean pressure coefficient is defined as    P ∗  =   p −  p ¯     1 2  ρ  U 2     , where p is the instantaneous value of the static pressure, Pa;   p ¯   is the average of the static pressure in the selected time period, Pa; ρ is the density of fluid, kg/m3; and U is the velocity of fluid, m/s. On the section r* = 0.9, the pressure in the flow passage gradually increases. Due to the action of TLV, the pressure equipotential line (as shown by the black arrow) in the flow passage appears as an obvious deflection in the area affected by the TLV. The angle between the black arrow and the vertical dashed line is 9°. As the gap increases to 1.5 mm, the deflection phenomenon becomes more obvious. The angle between the black arrow and the vertical dashed line increases to 13°. The pressure in the deflection area is lower than that in the peripheral area. On the section r* = 0.75, the deflection phenomenon is no longer obvious at τ = 0.5 mm. However, the deflection phenomenon still exists at τ = 1.5 mm, indicating that TLV has a significant influence on the pressure distribution in the flow passage under a large-sized tip clearance. On the section r* = 0.5, the pressure distribution in the flow passage is basically the same under τ = 0.5 mm and τ = 1.5 mm. The pressure increases gradually. There is no obvious deflection of the equipotential line. TLV has no effect on the pressure distribution in the flow passage. As the size of the tip clearance increases, the influence of TLV on the pressure distribution in the flow passage becomes larger. The work capacity of the impeller in the tip region reduces correspondingly.




4.6. Numerical Investigation of Tip Clearance Size on Vortex Core Pressure and Cavitation


Since the pressure of the TLV core region is much lower than that of the surrounding region, cavitation first occurs within the TLV in an axial flow pump. Figure 14 shows the variation of the pressure coefficient of the vortex core with different blade chord coefficients. For the range of λ < 0.2, TLV developed earlier under the small-sized tip clearance, the pressure of the vortex core was lower. For the range of λ > 0.2, the regularity is the opposite. This indicates that when TLV moves towards the trailing edge, TLV cavitation under a large-sized tip clearance is more likely to occur. The development trend of the vortex core pressure under the two gaps is different. For a small gap, the vortex core pressure increases monotonously, while for a large gap, the vortex core pressure decreases initially and then increases. Therefore, the TLV strength under a large gap increases initially and then decreases.



Figure 15 shows the pressure distribution in the tip region with different blade chord coefficients ranging from 0.1 to 0.9. The contour of the leakage vortex core is illustrated in the black line, corresponding to the region of the vortex structure, as shown in Figure 10. In the tip region, the internal pressure of the vortex core was much smaller than that of the surrounding region. For a gap of 0.5 mm, the internal pressure of the vortex core increases gradually, and the size of the vortex core increases accordingly when the leakage vortex develops from the leading edge to the trailing edge. For the gap of 1.5 mm, the lowest pressure coefficient of the vortex core appeared on the section λ = 0.3. As the size of the vortex core increases, the pressure in the vortex core region increases continuously, and the variation trend was consistent with that of the vortex core pressure coefficient as shown in Figure 14. On the section λ = 0.1, the internal pressure coefficient with a small gap is slightly lower than that with a large gap. On the section λ = 0.3, the size of the vortex core increases sharply and the vortex core region pressure coefficient is much less than that with a small gap. With the increase of the blade chord coefficient, the size of the vortex core with a large gap is bigger and the pressure coefficient of the vortex core region is lower.





5. Conclusions


The effects of tip clearance on the TLV cavitation behavior of an axial flow pump were studied experimentally and numerically. The numerical pump head showed good agreement with the experimental pump head. Two different flow patterns of TLV cavitation under different tip clearance sizes were obtained by experiments. The effects of the tip clearance size on the tip flow field, generation of vorticity, pressure distribution in the blade passage, and the vortex core pressure were studied systematically. The conclusions were obtained as follows:



(1) There are mainly two obvious leakage vortex structures in the tip region with the consideration of the tip clearance. The larger the size of the tip clearance, the larger the size of the vortex structure. By comparing the direction and value of the leakage velocity in the tip region, it was found that the strength of the leakage vortex can be suppressed by inhibiting the direction and velocity of leakage flow in the flow passage. The pressure distribution of the different radial coefficient sections shows that with the increase of the tip clearance, the influence range of TLV on the pressure distribution in the tip region increases, resulting in a decrease of the work capacity of the impeller in the tip region.



(2) Based on the experimental results, it was found that the inception of TLV cavitation occurs in the TLV of the axial flow pump. By comparing the pressure of the TLV core under different gaps numerically, it was found that the position and intensity of TLV cavitation are different. From the experimental image, we can see that with the decrease of the cavitation number, the size of the strength of TLV under tip clearance gradually increases. In the tip region, the thin leakage vortex band becomes a triangular cavitation cloud. It also becomes unstable with the increase of the blade chord coefficient. Under a large gap, the TLV is larger in size and stronger in strength when the leakage vortex fully develops.



The present research revealed the effect of the tip gap on the pump performance, strength of the tip leakage vortex, and induced cavitation, as well as the pressure in the tip region. The results provide a more detailed insight on the tip leakage flow in an axial flow pump with different tip clearances, and a deeper understanding of the process of the design of axial flow pumps. Generally speaking, a smaller tip gap results in better efficiency. The exact correspondence between the gap size and the induced pump performance needs to be carried out through an optimization design in future work.
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Figure 1. Schematic illustration of the model pump structure. 
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Figure 2. Schematic illustration of the axial flow pump loop. 
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Figure 3. High-speed imaging system setup. 
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Figure 4. Mesh of the axial flow pump. (a) Computational domain; (b) Surface mesh of the components; (c) Mesh distribution around tip clearance; (d) Mesh distribution around the blade surface. 
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Figure 5. Comparison of the external performance. 






Figure 5. Comparison of the external performance.



[image: Processes 07 00935 g005]







[image: Processes 07 00935 g006 550] 





Figure 6. Comparison of tip cavitation patterns at different cavitation numbers: (a) τ = 0.5 mm; (b) τ = 1.5 mm. 
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Figure 7. Definition of the chord parameters. 






Figure 7. Definition of the chord parameters.



[image: Processes 07 00935 g007]







[image: Processes 07 00935 g008 550] 





Figure 8. Pressure distributions on the blade tip. 
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Figure 9. Schematic of streamline at plane λ = 0.5. 
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Figure 10. Mean streamline at different chordwise planes: (a) λ = 0.1; (b) λ = 0.5; (c) λ = 0.9. (r* is the dimensionless radial location of the blade). 
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Figure 11. Mean streamline in the tip gap region at different tip gap sizes. (a) τ = 0.5 mm, r* = 0.995; (b) τ = 1.5 mm, r* = 0.985. 
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Figure 12. Distribution of radial planes. 
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Figure 13. Contours of the mean pressure at different radial planes. (a1) r* = 0.9, τ = 0.5 mm, (a2) r* = 0.9, τ = 1.5 mm; (b1) r* = 0.75, τ = 0.5 mm, (b2) r* = 0.75, τ = 1.5 mm; (c1) r* = 0.5, τ = 0.5 mm, (c2) r* = 0.5, τ = 1.5 mm. (P* is the mean pressure coefficient). 






Figure 13. Contours of the mean pressure at different radial planes. (a1) r* = 0.9, τ = 0.5 mm, (a2) r* = 0.9, τ = 1.5 mm; (b1) r* = 0.75, τ = 0.5 mm, (b2) r* = 0.75, τ = 1.5 mm; (c1) r* = 0.5, τ = 0.5 mm, (c2) r* = 0.5, τ = 1.5 mm. (P* is the mean pressure coefficient).



[image: Processes 07 00935 g013]







[image: Processes 07 00935 g014 550] 





Figure 14. Pressure coefficient of the vortex core with different blade chord coefficients. (P* is the mean pressure coefficient). 
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Figure 15. Pressure distribution at different chordwise planes. (a) λ = 0.1; (b) λ = 0.3; (c) λ = 0.5; (d) λ = 0.7; (e) λ = 0.9. (P* is the mean pressure coefficient; r* is the dimensionless radial location of the blade). 
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Table 1. Mesh information.
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	Tip Clearence
	Total Mesh Nodes
	Impeller Mesh Nodes
	Gap Mesh Nodes
	Mean y+ of Blades
	Mean y+ of Out Wall





	τ = 0.5 mm
	10,081,811
	5,534,874
	30
	3.07
	25.63



	τ = 1.5 mm
	10,498,773
	5,951,796
	40
	2.10
	26.80
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