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Abstract

:

The axial flow pump is a low head, high discharge pump usually applicable in drainage and irrigation facilities. A certain gap should be reserved between the impeller blade root and the impeller hub to ensure the blade adjustability to broaden the high-efficiency area. The pressure difference between its blade surface induces leakage flow in the root clearance region, which decreases hydraulic performance and operational stability. Therefore, this study was carried out to investigate the effect of root clearance on mechanical energy dissipation using numerical simulation and entropy production methods. The numerical model was validated with an external characteristics test, and unsteady flow simulations were conducted on the axial flow pump under four different root clearance radii. The maximum reductions of 15.5% and 6.8% for head and hydraulic efficiency are obtained for the largest root clearance of 8 mm, respectively. The dissipation based on entropy theory consists of indirect dissipation and neglectable direct dissipation. The leakage flow in the root clearance led to the distortion of the impeller’s flow pattern, and the indirect dissipation rate and overall dissipation of the impeller increased with increasing root clearance radius. The inflow pattern in the diffuser was also distorted by leakage flow. The diffuser’s overall dissipation, indirect dissipation rate on the blade surface, and indirect dissipation rate near inlet increased with increasing root clearance radius. The research could serve as a theoretical reference for the axial flow pump’s root clearance design for performance improvement and operational stability.






Keywords:


axial-flow pump; root clearance radius; computational fluid dynamics; entropy production; energy dissipation












1. Introduction


The axial flow pump is a high flow rate pump with a low head, usually applied in drainage and irrigation engineering [1,2]. In this pump, the fluid approaches the impeller axially and leaves but with a swirling motion resulting from the impeller rotation. To effectively improve on its performance characteristics, an adjustable blade angle has been proven to widen the operating range of the axial flow pump, with an impeller tip clearance (radial clearance between impeller rim and impeller housing) [3,4,5] and root clearance (radial clearance between impeller hub and impeller root) [6]. However, the pressure difference between the suction side and the blade’s pressure side induces leakage flow in the tip clearance [7,8] and root clearance regions. This can generate flow blockage within the impeller passage [9,10], resulting in decreased hydraulic performance and operational stability [11,12,13]. In comparison, the tip clearance region is more susceptible to cavitation and clearance leakage vortices due to the large internal velocity circulation compared to the root clearance. Laborde et al. [14] studied the effect of clearance geometry, clearance height, and the operating condition on tip vortex cavitation in an axial flow pump by visual experiment. Farrell et al. [15] built a correlation of variables to predict the vortex minimum pressure. This was validated by experimental tests and other existing data from the literature. Zhang et al. [16] analyzed tip leakage flow structure and the evolution of tip vortex based on a modified filter-based turbulence model. Wu et al. [17,18] performed the particle image velocimetry test to study the tip leakage flow structure and the formation process of tip leakage vortex in the water-jet pump. Although circumferential velocity was low, and the flow was relatively stable in the axial flow pump’s root clearance, excessive root clearance would also significantly impact the hydraulic performance. If the blade root clearance were rather too small, the blade’s adjustability would be affected, resulting in a reduction of the high-efficiency operation range. Considering the state of the art, the root clearance of the axial flow pump has not been extensively researched, and therefore there is the need to investigate further the flow losses and loss mechanisms in the blade root clearance of the axial flow pump.



In identifying and evaluating hydraulic loss distributions in pumps, entropy production analysis has become very popular since it can help the pump designer improve hydraulic performance. In the past, local entropy production based on empirical correlations was applicable to laminar flow problems only [19,20]. However, in 2003, Kock et al. [21,22] proposed a calculation model of local entropy production suitable for turbulent shear flows by Reynolds-averaging the entropy generation equation. The local entropy could be estimated from calculation results from Computational Fluid Dynamics (CFD) using a proposed calculation model without solving the transport equation. This method has been widely used to obtain the spatial distribution of hydraulic losses in pumps [23,24,25].



In this paper, the root clearance radius on energy dissipation in the axial flow pump was studied. The axial flow pump’s external characteristic test was first performed at two root clearance radii (0 mm and 2.7 mm) to validate the numerical model. The theory of entropy production was then applied to the unsteady calculation results with 4 root clearance radii (0 mm, 2.7 mm, 5 mm, and 8 mm) to identify the effect of the flow rate and root clearance radius on energy losses for each hydraulic component. Finally, the loss distribution and mechanism resulting from indirect dissipation within the impeller and diffuser were analyzed, and a reference was established for root clearance design in the axial flow pump.




2. Numerical Simulation


2.1. Computational Domain


Figure 1 shows that the axial flow pump model consists of an elbow inflow runner, an axial flow impeller, a diffuser, and an outflow runner. In this paper, the pump performance, and four kinds of root clearance radius (0 mm, 2.7 mm, 5 mm, 8 mm) of impeller were designed. The main design and geometry parameters of the pump model are shown in Table 1, and the specific speed was calculated based on Equation (1) [26]:


    n s  =   3.65 n  Q  des   0.5      H  des   0.75       



(1)




where     n s     and n stand for the specific speed and shaft rotational speed, respectively, Qdes presents the design volume flow rate, and Hdes is the design pump head.



In order to precisely analyze the detailed flow loss distributions within the gap position, ANSYS ICEM was used to generate high-quality structural hexahedral grids for the inflow runner, impeller, and outflow runner. Turbogrid was used to generate grids of the diffuser automatically. Figure 2 presents the mesh of the calculation domain. The average Y+ of impeller and diffuser were 10.1 and 10.9, respectively. For the inflow runner and outflow runner, the average Y+ values were 5.0 and 15.4, respectively. In ensuring the simulation’s speed and accuracy, a grid independence analysis of the pump was conducted in Figure 3. When the total number of grid nodes of pump exceeded 5.6 million, the calculation results were seen to be stable, and the relative error of the efficiency was within 0.15%. Therefore, to ensure the calculation accuracy and save calculation resources, the number of grid nodes of inflow runner, impeller, guide vane, and outflow runner was finally controlled at 1.8 million, 1.2 million, 1.5 million, and 1.5 million, respectively.




2.2. Boundary Condition


In this study, 25 °C was chosen as the temperature of the working fluid. The governing equation was Reynolds Averaged Navier–Stokes (RANS) equation, which is defined as follows:


     ∂   v ¯  j    ∂  x j    = 0   



(2)






     ∂ ( ρ   v ¯  i  )   ∂ t   +   ∂ ( ρ   v ¯  i    v ¯  j  )   ∂  x j    = −   ∂  p ¯    ∂  x i    +  ∂  ∂  x j    ( μ   ∂   v ¯  i    ∂  x j    −   ρ  v i ′   v j ′   ¯  ) + ρ  f i    



(3)




where i and j stand for cartesian direction;      ∂   v ¯  j    ∂  x j    = 0    and    p ¯    present the time-average speed and time-average pressure, respectively;   ρ   and   μ   stand for the fluid density and the dynamic viscosity.      ρ   v ′  i    v ′  j   ¯     is the Reynolds stress and    ρ  f i     is the source item.



The SST k-ω turbulence model [27,28] was used to enclose the Equation. It was a Baseline (BSL) k-ω model with a limiter to the formulation of eddy-viscosity. The Baseline (BSL) k-ω model can be described as follows:


     ∂(ρk)  ∂t  +  ∂(ρ v j  k)  ∂ x j    = ∂  ∂ x j    [(μ+   μ t     σ  k3    )  ∂k  ∂ x j    ]+ P k  − β '  ρkw+ P  kb    



(4)






     ∂(ρω)  ∂t  +  ∂(ρ v j  ω)  ∂ x j    = ∂  ∂ x j    [(μ+   μ t     σ  ω3    )  ∂ω  ∂ x j    ]+2ρ(1− F 1  ) 1   σ  ω2  ω    ∂k  ∂ x j      ∂ω  ∂ x j    + α 3   ω k   P k  − β 3  ρ ω 2  + P  ωb   



(5)







The coefficient     σ  k 3      is a linear combination of     σ  k 1      and     σ  k 2     ;     σ  ω 3      is a linear combination of     σ  ω 1      and     σ  ω 2     ;       α 3     is a linear combination of     α 1     and     α 2    ;     β 3     is a linear combination of       β 1     and     β 2    .     P  k b      and     P  ω b      are buoyancy production terms;     μ t     is turbulence viscosity.



The calculation method of linear combination is as follows:


    Φ 3  =  F 1   Φ 1  + ( 1 −  F 1  )  Φ 2    



(6)




where     σ  k 1      = 1.176,     σ  ω 1      = 2,     β 1     = 0.075,     α 1     = 5/9,     β ′     = 0.09,     σ  k 2      = 1,     σ  ω 2      = 1/0.856,       α 2     = 0.44,     β 2     = 0.0828. The F1 is a blending function of the wall distance, the value of which is 1 near the wall and decreases to 0 outside the boundary layer.



In order to improve the prediction accuracy of k-ω model for 3D flows, the shear stress transfer model (SST) should be applied to limit the formulation of eddy-viscosity.


    υ t  =    α 1  k   max (  α 1  ω , S  F 2  )     



(7)






    υ t  =    μ t   ρ    



(8)




where F2 is a blending function similar to F1.



Inlet and outlet boundary conditions were set as “Mass flow rate” and “Opening”, respectively. The reference pressure was 1 atm, and the outlet relative pressure was 0 atm. The no-slip wall and automatic wall function [29] was adopted as the wall condition for each hydraulic component. In addition, the roughness of the impeller and diffuser was set as 0.0125 mm, and that of the inflow runner and outflow runner was set as 0.05 mm.



Five flow conditions, 0.8 Qdes 0.9 Qdes 1.0 Qdes 1.1 Qdes and 1.2 Qdes were analyzed based on unsteady calculation. The time step and total time were set as 0.000373134s and 0.447761s, respectively. The interface condition between rotor and stator was set as “Transient rotor stator” [30], and the interface condition between stators was set as “None”. In each time step, when the residual value of convergence was less than 5 × 10−5 or the number of iteration steps reached 10, the calculation would stop. In addition, the advection scheme and transient scheme were set as “Upwind” and “second order Backward Euler.”




2.3. Entropy Production Theory


The entropy production model’s derivation was based on the entropy transport equation (Equation (9)), which was applied to the single-phase incompressible fluid [27].


   ρ (   ∂ s   ∂ t   +  v 1    ∂ s   ∂ x   +  v 2    ∂ s   ∂ y   +  v 3    ∂ s   ∂ z   ) = div (   q →  T  ) +  ϕ T  +    ϕ θ     T 2      



(9)




where s is the specific entropy;     v 1    ,     v 2    ,     v 3     are the velocity components in Cartesian direction: x, y, z; T is the temperature.    div (   q →  T  )    stands for reversible heat transfer term.      ϕ θ     T 2      and    ϕ T    present the entropy production by heat transfer and the entropy production by dissipation.



An isothermal heat transfer rate was set to render the system into a thermal equilibrium state. Hence,       ϕ θ     T 2       and    div (   q →  T  )    were neglected.



Because all calculated results were based on RANS equation,     ϕ T     should be time-averaged.      (   ϕ T   )   ¯    can be divided into the entropy production by direct dissipation       ϕ D   T     and entropy production by indirect dissipation       ϕ I   T    .       ϕ D   T     and       ϕ I   T     are defined as follows.


       ϕ D     T ¯     =  μ   T ¯    ⋅  [  2  {     (    ∂    v 1   ¯    ∂ x    )   2  +    (    ∂    v 2   ¯    ∂ y    )   2  +    (    ∂    v 3   ¯    ∂ z    )   2   }  +    (    ∂    v 1   ¯    ∂ y   +   ∂    v 2   ¯    ∂ x    )   2  +    (    ∂    v 3   ¯    ∂ x   +   ∂    v 1   ¯    ∂ z    )   2  +    (    ∂    v 2   ¯    ∂ z   +   ∂    v 3   ¯    ∂ y    )   2   ]    



(10)






       ϕ I     T ¯     =  μ   T ¯    ⋅  [  2  {       (    ∂ v    ′  1    ∂ x    )   2   ¯  +      (    ∂ v    ′  2    ∂ y    )   2   ¯  +      (    ∂ v    ′  3    ∂ z    )   2   ¯   }  +      (    ∂ v    ′  1    ∂ y   +   ∂ v    ′  2    ∂ x    )   2   ¯  +      (    ∂ v    ′  3    ∂ x   +   ∂ v    ′  1    ∂ z    )   2   ¯  +      (    ∂ v    ′  2    ∂ z   +   ∂ v    ′  3    ∂ y    )   2   ¯   ]    



(11)




where       v 1   ¯    ,       v 2   ¯    ,       v 3   ¯     are time-average velocity;    v    ′  1    ,    v    ′  2    ,    v    ′  3     are instantaneous velocity fluctuation.



Because the    v    ′  1    ,    v    ′  2    ,    v    ′  3     cannot be obtained when solving the RANS equation, Kock et al. [22] proposes another method and the          ϕ I     T ¯          can be calculated as follows:


         ϕ I     T ¯       =   ρ ε    T ¯      



(12)







The overall dissipation of each hydraulic component can be obtained by integrating the dissipation rate over the whole fluid-producing domain as follows:


    P D  =    ∫ V     ϕ D   d V      



(13)






    P I  =    ∫ V     ϕ  I  d V      



(14)




where PD represents direct power loss, and PI represents indirect power loss.





3. Test Measurement


3.1. Test Equipment


The closed test bench adopted a double-floor vertical structure, as shown in Figure 4. The flow meter was located on the −2.6 m floor, and the pressure transducers and torque meter were located on the 4.2 m floor. The basic parameters of test equipment are shown in Table 2. In addition, the flowmeter was arranged horizontally, and the length of straight pipes was greater than five times the pipe diameter. The test measuring point of the head was located on the inlet and outlet water tank.




3.2. Test Validation


Figure 5 shows the external characteristic test results of an axial flow pump with two different root clearance radii (0 mm and 2.7 mm). The hydraulic efficiency and head were defined as follows:


   η =    (   P  o u t   −  P  i n    )  Q    P m      



(15)






     H =    P  o u t   −  P  i n     ρ g     



(16)




where     P  o u t      and     P  i n      present the total pressure at the outlet of outflow runner and inlet of inflow runner, respectively.     P m     stand for the motor input power,   ρ   and   g   are the fluid density and gravitational acceleration.



For the pump with a root clearance of 2.7 mm, the pump head was lower than that without root clearance under all flow rates, and the drop of performance parameters caused by root clearance increased with increasing flow rate. Under the part-load condition, the pump efficiency with 2.7 mm root clearance was slightly higher than that without root clearance, but the pump efficiency with 2.7 mm root clearance was significantly lower than that without root clearance under design condition and over-load condition. The experimental (EXP) results proved that the root clearance radius has a significant influence on hydraulic pump performance.



In order to verify the accuracy of numerical simulation, the experiment data with a root clearance of 0 mm was compared with calculated results in Figure 6. Under part-load flow rates, the simulated head and efficiency were lower than test data, but the simulated head and efficiency were higher than experiment data under design and over-load flow conditions. In addition, the maximum relative deviation between the measured results and the calculated data was less than 3% under the design flow rate. This shows that the numerical simulation results could accurately predict the pump’s internal flow characteristics, and the numerical simulation results are reliable.





4. Analysis of Calculation Results


4.1. Comparison of Pump Performance


Figure 7 shows the hydraulic performance of the pump under different root clearance radii. As shown in Figure 7a, the hydraulic efficiency under 0.8 Qdes did not fluctuate obviously with the increase of root clearance radius. However, the hydraulic efficiency under 1.0 Qdes and 1.2 Qdes decreased with increasing root clearance radius, and the maximum drop in efficiency was 2.5% and 6.8% at 1.0 Qdes and 1.2 Qdes, respectively. In Figure 7b, the pump head decreased with increasing root clearance radius under all flow conditions, while a head drop of 2.6%, 5.6%, and 15.5% occurred at 0.8 Qdes, 1.0 Qdes, and 1.2 Qdes, respectively. In conclusion, under 0.8 Qdes, the root clearance radius had no significant effect on the hydraulic performance of the axial flow pump device, but under 1.0 Qdes and 1.2 Qdes, the hydraulic performance decreased significantly as the root clearance radius increased. This was consistent with the test results above.



To illustrate why the hydraulic performance decreased with increasing root clearance radius, the entropy production theory was applied to the unsteady calculated results to analyze the additional energy losses caused by leakage flow in root clearance. Firstly, each hydraulic component’s overall dissipation without root clearance under different flow rates was shown in Figure 8. Figure 8a shows the distribution of overall indirect dissipation PI. Due to the small rotational kinetic energy inside the inflow runner, the PI of this component was much lower than that of other hydraulic components. In addition, the PI of impeller and outflow runner was minimal near the design condition, and that of diffuser decreased with flow rate was increasing. Figure 8b shows the distribution of overall direct dissipation PD. As shown in the figure, the PD of the impeller was significantly higher than that of other hydraulic components, the effect of the flow rate had little influence on the PD. Compared with PI, the PD was so small that could be ignored, so the following section only analyzed the distribution of PI in axial flow pump.



Figure 9 shows the PI of four hydraulic components with four root clearance radii at 1.0 Qdes. As shown in the figure, the PI of each hydraulic component from high to low is as follows: impeller, outflow runner, diffuser, and inflow runner. The effect of root clearance radius on PI in inflow runner was not obvious, and that of other hydraulic components increased with root clearance radius increasing, which explained why the hydraulic performance decreased with increasing root clearance radius. In addition, the maximum increases in PI in the impeller, diffuser, and outflow runner caused by the increase of root clearance radius were 3%, 5%, and 8%, respectively.




4.2. Analysis of Inner Flow Dissipation


To understand the reason for the rise in overall dissipation with increasing root clearance radius, the internal velocity distribution and indirect dissipation rate within the impeller passage and diffuser passage were analyzed under different root clearance radii. Figure 10 shows the cylindrical cross-section for the impeller and diffuser at a specific blade height position Span, which is defined as follow:


   Span =  (  r −  r h   )  /  (   r t  −  r h   )    



(17)




where, r is the calculated ring radius,     r h     and     r t     are the the hub radius and radius of the impeller rim.



Figure 11 shows the distribution of the relative velocity vector within the cross-section of the impeller passage with Span = 0.015 at 1.0 Qdes. In the impeller passage without root clearance, the inlet angle matched the inlet edge of the blade better, and the fluid moved closer to the blade profile. There was only a small range of backflow at the trailing edge of the blade. The pressure difference between the pressure side and the blade’s suction side causes the leakage flow to appear in the blade root clearance. In addition, the collision between the root leakage flow and the main flow leads to the deviation of the flow direction near the impeller inlet and outlet to the circumferential direction. The degree of deviation for the flow direction increased with the increasing root clearance radius.



Figure 12 shows the relative velocity distribution in the cross-section of the impeller passage at Span = 0.015 under 1.0 Qdes. In the impeller passage without root clearance, the low velocity caused by the wake vortex can be found near the trailing edge of the suction side, and the high velocity was obtained near the leading edge of the blade suction side. In the passage with root clearance, the low velocity near the trailing edge of the suction side was offset horizontally, causing leakage flow, thereby reducing the high-velocity area near the trailing edge of the suction side.



Figure 13 shows the distribution of indirect dissipation rate in the cross-section of impeller passage at Span = 0.015 under 1.0 Qdes. In impeller passage without root clearance, the dissipation rate near the blade’s trailing edge was higher due to the wake vortex, but there was no obvious high dissipation region. When the blade root clearance appeared in the impeller passage, a high dissipation region appeared near the trailing edge of the blade due to the impact of the leakage flow and the mainstream flow. The larger the clearance radius is, the greater the leakage velocity, resulting in a more obvious flow instability. Therefore, the area of the high dissipation region near the trailing edge of the blade increases with increasing root clearance radius.



The standard deviation of relative velocity represents the fluctuation and stability of velocity in the last period. It was defined as:


    V ¯  =  1 N    ∑  i = 1  N    V i      



(18)






    V  sd   =       ∑  i = 1  N     (  V i  −  V ¯  )  2     N      



(19)




where Vi is the velocity at every time step;    V ¯   . is the average velocity in a single rotation cycle; Vsd is the standard deviation velocity in a single rotation cycle; N represents the sampling times of velocity data in a single rotation cycle.



Figure 14 shows the standard deviation of the velocity distribution within the impeller passage with four root clearance radii at Span = 0.015. In the impeller passage without root clearance, the internal flow field was relatively stable, and there was no high fluctuation intensity of velocity. In the impeller passage with 2.7 mm root clearance, the velocity fluctuation near the impeller outlet became stronger due to the influence of leakage flow in root clearance. When the root clearance continued to increase, the velocity fluctuation intensity in the blade passage decreased gradually, while the velocity fluctuation intensity at the impeller outlet increased. This result shows that the leakage flow in root clearance leads to the enhancement of rotor-stator interaction between the impeller and diffuser and worsens the diffuser’s inflow condition.



Figure 15 shows the distribution of the velocity vectors in the guide vane passage with four root clearance radii. After passing through the impeller, the fluid generated a large amount of rotational kinetic energy, which caused some flow separation near the leading edge of the guide vane since the inlet angle of the guide vane was large. Furthermore, the inflow direction was obviously affected by the clearance radius of the blade root. The guide vane’s inlet angle gradually deviated to the horizontal direction with increasing blade root clearance radius, which could affect the flow of the fluid between the guide vanes. The flow pattern inside the guide vane was expected to deteriorate with the increase of the root clearance radius, particularly at 5 and 8 mm, where an obvious backflow phenomenon at the inlet of the guide vane occurs.



Figure 16 shows the distribution of indirect dissipation rate at Span = 0.015 in the diffuser passage at 1.0 Qdes. When there is no root clearance in the diffuser passage, a high indirect dissipation rate occurred at the leading edge of the suction side as a result of flow separation. The backflow near the diffuser inlet could hinder the inlet flow of the guide vane into the blade passage, and the recirculation area near the diffuser inlet gradually increases with increasing root clearance. So, the indirect dissipation rate near the leading edge of the suction side and diffuser inlet decreased and increased with root clearance increasing, respectively.



Figure 17 shows the distribution of indirect dissipation rate on the surface of the diffuser blades at 1.0 Qdes. At the diffuser inlet, the blade surface’s indirect dissipation rate gradually decreased from the leading edge of the blade towards the trailing edge, as shown in Figure 17a. Particularly near the hub, the indirect dissipation rate of the blade surface was very high. Since the leakage flow in the blade root clearance would worsen the inflow condition of the guide vane, thereby affecting the stability of the flow field in the guide vane channel, the area of the high dissipation zone near the hub is increased with increasing blade root clearance radius. For the diffuser outlet, the blade surface’s overall indirect dissipation rate was low, and the indirect dissipation rate gradually decreased from the leading edge to the trailing edge, as shown in Figure 17b. In addition, the indirect dissipation rate near the guide vane hub was also low, and only a small area of high dissipation rate existed near the leading edge.





5. Conclusions


In this paper, the unsteady internal flow state of the axial flow pump under four root clearance radii (0 mm, 2.7 mm, 5 mm, 8 mm) was calculated to establish the influence of root clearance radius on hydraulic performance. The external characteristics test of an axial flow pump with root clearance radii 0 mm and 2.7 mm was completed to verify the numerical simulation method’s reliability. In addition, the entropy production theory was adopted to determine the turbulence dissipation distribution within the flow domain in the axial flow pump. These conclusions were drawn to provide a reference for mixed flow pumps with similar specific speed:



In the axial flow pump, both the hydraulic efficiency and head decreased with root clearance radius increasing, and the decline magnitude rose with increasing flow rate. At 0.8 Qdes, the effect of root clearance on hydraulic efficiency and the head was not obvious. With an increase in flow rate, the effect of root clearance became obvious. The maximum reductions in the head and hydraulic efficiency were 15.5% and 6.8%, with the root clearance of 8 mm at 1.2 Qdes, respectively.



	(1)

	
The overall direct dissipation PD of each hydraulic component was negligible, compared with overall indirect dissipation PI. In addition, the PI of the inflow runner was much lower than that of the impeller, outflow runner, and diffuser. The PI of outflow runner decreased with decreasing flow rate, whereas that of impeller and diffuser reach a minimum value at 0.9 Qdes and 1.1 Qdes, respectively.




	(2)

	
Driven by the pressure difference on the blade surface, the leakage flow in the root clearance led to the distortion of the flow pattern in the impeller, and the impeller-diffuser interaction became stronger. The indirect dissipation rate near the trailing edge of the blade and the PI of the impeller increased with increasing root clearance.




	(3)

	
The flow pattern inside the diffuser was unsteady due to deterioration of inflow conditions caused by leakage flow from the root clearance. Therefore, both the indirect dissipation rate at the leading edge of the blade and near inlet and PI of the diffuser increased with increasing root clearance radius.




	(4)

	
The hydraulic losses increased with increasing root clearance. However, if the root clearance is too small, the range of blade adjustment will be reduced, thereby narrowing the high-efficiency region range. The research results can reference the axial flow pump’s root clearance design and help designers find a balance point between the range of blade adjustment and hydraulic performance.
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Nomenclature




	  Q   (m3/s)
	Flow rate



	    Q  des      (m3/s)
	Design flow rate



	  H   (m)
	Head of axial flow pump device



	    H  des      (m3/s)
	Design head of axial flow pump device



	  η   (%)
	Efficiency of axial flow pump device



	    η  des      (%)
	Design efficiency of axial flow pump device



	  n   (r/min)
	Rotating speed



	    n s     (°)
	Specific speed of axial flow pump device



	    V  sd      (m/s)
	Standard deviation of relative velocity



	T (K)
	Temperature



	Pm (W)
	Motor input power



	  ρ  (kg/m3)
	Water density



	  ε  
	Dissipation rate of turbulence energy



	     v ¯  1    (m/s)
	Average velocity component in x direction



	     v ¯  2    (m/s)
	Average velocity component in y direction



	     v ¯  3    (m/s)
	Average velocity component in z direction



	   v  ’ 1    (m/s)
	Velocity fluctuation component in x direction



	   v  ’ 2    (m/s)
	Velocity fluctuation component in y direction



	   v  ’ 3    (m/s)
	Velocity fluctuation component in z direction



	S [J/(K·kg)]
	Specific entropy



	PD (W)
	Direct power loss



	PI (W)
	Indirect power loss



	Rt (mm)
	Root clearance radius



	   V ¯    (m/s)
	Average velocity of the node in a single rotation cycle



	rh (mm)
	Hub radius



	rt (mm)
	Impeller rim radius



	3D
	Three-Dimensional



	RANS
	Reynolds Averaged Navier–Stokes



	CFD
	Computational Fluid Dynamics



	EXP
	Experiment
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Figure 1. 3D model of the axial flow pump device. 
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Figure 2. Mesh of axial flow pump device. 
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Figure 3. Grid independence of pump device without root clearance. 
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Figure 4. Photo of the axial flow pump device. 
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Figure 5. Comparison of simulated pump performance under different root clearance radii. 
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Figure 6. Comparison of pump performance between simulated data and test results (Rt = 0 mm). 
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Figure 7. Comparison of simulated (a) hydraulic efficiency and (b) head under different root clearance radii. 
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Figure 8. Distribution of (a) power loss due to indirect dissipation and (b) power loss due to direct dissipation of different hydraulic components without root clearance under five flow rates. 
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Figure 9. Distribution of power loss due to indirect dissipation at 1.0 Qdes for varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm, 8 mm). 
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Figure 10. The cylindrical cross-section for impeller and diffuser. 
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Figure 11. Distribution of velocity vector at Span = 0.015 in impeller passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes). 






Figure 11. Distribution of velocity vector at Span = 0.015 in impeller passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes).



[image: Processes 08 01506 g011]







[image: Processes 08 01506 g012 550] 





Figure 12. Velocity contour at Span = 0.015 in impeller passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes). 
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Figure 13. Distribution of the indirect dissipation rate at Span = 0.015 in the impeller passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes). 
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Figure 14. Standard deviation of the velocity distribution at Span = 0.015 in the impeller passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes). 
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Figure 15. Velocity vectors at Span = 0.015 in guide vane passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes). 
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Figure 16. Indirect dissipation rate at Span = 0.015 in guide vane passage with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm 8 mm; Q = 1.0 Qdes). 
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Figure 17. Distribution of indirect dissipation rate (a) from diffuser inlet and (b) from diffuser outlet on the surface of diffuser blades with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm, 8 mm; Q = 1.0 Qdes). 






Figure 17. Distribution of indirect dissipation rate (a) from diffuser inlet and (b) from diffuser outlet on the surface of diffuser blades with varying root clearances (Rt = 0 mm, 2.7 mm, 5 mm, 8 mm; Q = 1.0 Qdes).



[image: Processes 08 01506 g017]







[image: Table] 





Table 1. Main parameters of the axial flow pump device.
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Design Parameters (CFD Results Under Rt of 0 mm)




	
design flow rate (m3/s)

	
0.308

	
Rotational speed (r/min)

	
1340




	
Design head (m)

	
4.44

	
Specific speed

	
887.4




	
Geometry Parameters




	
Impeller blade number

	
3

	
Diffuser blade number

	
6




	
Impeller diameter (mm)

	
300

	
Outlet diameter of diffuser (mm)

	
312.8




	
Tip clearance (mm)

	
0.3

	
Root clearance radius (mm)

	
0/2.7/5/8
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Table 2. Basic parameters of test equipment.
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	Equipment name
	Instrument Model
	Measuring Range
	Measurement Uncertainty





	Intelligent electromagnetic flowmeter
	OPTIFLUX2000F
	0 ~ 1800 m3/h
	≤±0.2%



	Smart differential pressure transmitter
	EJA
	0 ~ 10 m
	≤±0.1%



	Intelligent torque speed sensor
	JCL1
	0 ~ 200 N·m
	≤±0.1%
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