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Abstract

:

In this study, entropy generation theory based on computational fluid dynamics (CFD) is used to study the influence of a pumping chamber type (guide vane and volute scheme) on the spatial distribution of hydraulic loss in a mixed-flow pump. The CFD data of the mixed-flow pump with a volute is validated by external characteristic test data under Q = 561.4–1598.6 m3/h. The results show that the efficiency and the head of the guide vanes scheme are lower under Q = 800–1200 m3/h, which resulted from a higher total entropy production (TEP) in the pumping chamber and outlet pipe. The high total entropy production rate (TEPR) inside the guide vanes can be found near the leading edge of the hub side and trailing edge of the rim side due to flow separation, which reduces the recovery efficiency of kinetic energy of the guide vanes. The high TEPR inside outlet pipe can be seen near the inlet, caused by back flow. However, the efficiency and head of the volute scheme are lower, under Q = 1200–1600 m3/h, owing to the fact that the volute cannot effectively convert kinetic energy into pressure energy and thus the high TEPR can be found near outlet of volute and inlet of outlet pipe. These results can provide useful suggestions to the matching optimization of the impeller and pumping chamber in a mixed-flow pump.






Keywords:


mixed-flow pump; pumping chamber; volute; guide vanes; entropy production












1. Introduction


The mixed-flow pump has the advantages of a large flow rate, a widely applicable head variation range, a broad efficient operation area, and difficult cavitation, and they are widely used in agricultural irrigation, urban water supply, and regional water transfer. A mixed-flow pump is divided into mixed-flow pumps with guide vanes and mixed-flow pumps with a volute according to the pumping chamber form [1]. Compared with a mixed-flow pump with guide vanes, a mixed-flow pump with a volute has a shorter axial size and rotation shaft length, resulting in a simple operation and sustainable operations in harsh environments [2]. However, the hydraulic design theory of traditional mixed-flow pump impeller was based on guide vanes, and thus the matching optimization of the impeller and volute lacks corresponding theoretical basis. The recovery efficiency of kinetic energy inside the impeller outflow is the key to determine the matching between pumping chamber and impeller. Therefore, the local high hydraulic losses in the mixed-flow pump with a volute and guide vanes should be compared and analyzed.



With the rapid development of computer technology, computational fluid dynamics (CFD) can produce a more in-depth flow, material and energy transfer analysis of the internal flow field of pumps [3], and the calculated results can provide an important reference for engineers [4,5]. Therefore, numerical simulations based on CFD have become the main research method for mixed-flow pumps. For example, Liu [6] and Han [7] numerically studied the tip leakage flow characteristics in a mixed-flow pump as a turbine, which provides a reference for the design of the tip clearance size. Li [8], Xu [9], and Ji [10] numerically predicted the distribution characteristics of external characteristic parameters and the internal flow fields of mixed flow pumps under a startup transition process, off-design condition, and a saddle zone, respectively. The calculated results have important engineering value for the safe operation of mixed flow pumps under unstable conditions. In addition, Kim [11,12] optimized the axial projection shape of a mixed flow pump impeller based on CFD technology, which significantly improved the cavitation performance and hydraulic performance of the mixed flow pump.



However, the literature on mixed-flow pumps mainly focuses on the analysis of internal pressure fields and velocity fields, and there is little research on the mechanisms of internal energy loss and energy transfer. Due to the continuous development of entropy generation theory, based on the second law of thermodynamics, more and more scholars have analyzed the spatial distribution characteristics of energy losses inside fluid machinery by using entropy generation as an evaluation index of energy loss. Bejan [13] found that the increase in entropy production in fluid motion was mainly due to the decrease in available energy, and first proposed the concept of minimizing entropy production. Spurk et al. [14] proposed an entropy balance equation for incompressible fluids. Herwig [15,16] and Kock et al. [17,18] used time-averaged equations and divided entropy production into four categories that led to entropy production and can be obtained through CFD post-processing. Hou [19] used range analysis based on entropy production to optimize a centrifugal pump. The area of high hydraulic loss inside the volute was significantly reduced after optimization. Guan [20] applied entropy production theory to analyze the internal hydraulic loss characteristics of a double-suction centrifugal pump under different flow rates. The results show that the location of high hydraulic loss in the volute shifted from inlet to the baffle and tongue with the increase in flow rate. Yang [21] studied the distribution of entropy rate in guide vanes of an axial flow pump under different flow rates. He found that the area of high hydraulic losses decreased with increase in flow rate, but it increased with the shortening of the axial distance from the outlet. In summary, the entropy generation theory based on CFD can visualize the internal energy loss of guide vanes and the volute, and provide a more intuitive reference for optimal designs. However, there is little public literature that uses entropy production theory to study the recovery efficiency of rotating kinetic energy in the pumping chamber of a mixed-flow pump. The relationship between the type of pumping chamber and the spatial distribution of hydraulic losses inside the mixed flow pump cannot be established. The lack of pumping chamber type’s influence on high hydraulic loss limits the development of matching design between impeller and different pumping chambers.



In this study, a combination of simulation and experiment is used to deeply analyze the internal flow characteristics of guide vane mixed-flow pump and volute mixed-flow pump with the same impeller model, and compares the changes caused by different pressure chamber forms. Based on entropy generation theory, the hydraulic losses of the two mixed-flow pumps are calculated and the location of high hydraulic losses is obtained. The different flow loss mechanisms in the mixed-flow pump with guide vanes and a volute are explored.




2. Numerical Simulation Method


2.1. Three-Dimensional Geometry Model


In this study, the rotation speed of a mixed-flow pump with guide vanes and a volute were both 1450 r/min. The main parameters of the two mixed-flow pumps with the same impeller model were as follows: impeller diameter was D = 320 mm and number of blades was Z1 = 3. Creo software was used to complete the three-dimensional modeling of the two mixed-flow pump models, as shown in Figure 1.



The best efficiency point of the mixed-flow pump with guide vanes was Qd1 = 1400 m3/h and the specific speed was ns1 = 593.5. The number of guide vanes was Z2 = 7; the best efficiency point of the volute mixed-flow pump was Qd2 = 1200 m3/h, and the specific speed was ns2 = 593.0. The formula of pump performance parameters is as follows:


  H =    p  out   −  p  in     ρ g    



(1)






  η =   ρ g H Q   3600  P s     



(2)






   n s  =   3.65 n  Q d     0.5      H d     0.75      



(3)




where  H ,  ρ  and  g  stand for head, water density and gravitational acceleration, respectively.    p  out     and    p  in     are the total pressure of inlet and outlet.  η ,  Q  and   P s   are the pump efficiency, volume flow rate and shaft power.  n  and    Q d    represent for the rotation speed and volume flow rate of best efficiency;    H d    stands for the head under best efficiency point.




2.2. Mesh Generation


The grids were divided into structured grids and unstructured grids, according to the shape and storage data structure. Compared with unstructured grids, structured grids take up fewer computing resources and have a faster convergence rate. Structural meshing is a time-consuming and vital step in the pre-processing of numerical simulations. Reasonable meshing can ensure a higher calculation accuracy and better convergence of CFD. Therefore, this paper uses ICEM to divide the inlet and outlet channels and the volute parts of the two mixed-flow pumps into a structured grid. The Turbogrid was used to generate a structural grid of the guide vanes. The details of the grid are shown in Figure 2. In addition, the distribution of dimensionless coefficient Y+ on walls is shown in Figure 3. The mean Y+ of the impeller was 33.24, the average value of the guide vanes was 23.21, and the average value of the volute was 43.03, indicating that the near-wall surface in this work can meet the mesh size requirements of the selected turbulence model, and can better reflect flow field characteristics at the near-wall surface.




2.3. Conservation Equations and Boundary Conditions


In this paper, the unsteady Reynolds time-average equation was used as the governing equation, and the SST k-ω turbulence model was applied to enclose the governing equation. The boundary condition settings of the two mixed-flow pumps were the same: the working medium was water at 25 °C, the inlet boundary condition was set to mass flow, the outlet boundary condition was set to static pressure, and the reference pressure was 1 standard atmosphere; the impeller was set to the rotating domain. The inlet pipe, outlet pipe, volute, and guide vanes were all set as static domains. In addition, the results of the steady calculation were used as the initial condition for unsteady calculation. The interface between rotor and stator of the steady calculation was set to ‘Frozen Rotor’; the grid connection mode was selected as GGI, and the convergence residual value was set to 10−4. The interface between rotor and stator of the unsteady calculation was ‘Transient Rotor Stator’, and the convergence residual value was 10−5. The time step was 0.00034483 s and the total time was 0.537931 s.




2.4. Entropy Production Theory


The transport equation of entropy production is based on the second law of thermodynamics, and the calculation formula is as follows [15,16,17,18]:


  ρ  (    ∂ s   ∂ t   + u   ∂ s   ∂ x   + v   ∂ s   ∂ y   + w   ∂ s   ∂ z    )  = d i v  (    q →  T   )  +  Φ T  +    Φ θ     T 2     



(4)




where  s  is specific entropy.  u ,  v  and  w  represent the velocity components in the x, y, and z directions of Cartesian coordinates, respectively.  T  is the thermodynamic temperature.   d i v  (    q →  T   )    indicates the reversible heat transfer.    Φ T    is the entropy production due to dissipation increase and      Φ θ     T 2      is the entropy production caused by the heat transfer.



Since the working medium inside the mixed-flow pump was set as constant temperature incompressible fluid [20,21],    Φ T    is the only source of entropy production inside the mixed-flow pump. In addition, the computational domain control equation is the Reynolds time-average equation, and hence the calculation formula of    Φ T    after time-averaged is as follows:


     (   Φ T   )   ¯  =    (   Φ D  +  Φ I   )    T ¯    



(5)






     Φ D     T ¯    =  μ   T ¯     {  2  [     (    ∂  u ¯    ∂ x    )   2  +    (    ∂  v ¯    ∂ y    )   2  +    (    ∂  w ¯    ∂ z    )   2   ]  +    (    ∂  u ¯    ∂ y   +   ∂  v ¯    ∂ x    )   2  +    (    ∂  v ¯    ∂ z   +   ∂  w ¯    ∂ y    )   2  +    (    ∂  u ¯    ∂ z   +   ∂  w ¯    ∂ x    )   2   }   



(6)






     Φ I     T ¯    =  μ   T ¯     {  2  [       (    ∂  u ′    ∂ x    )   2   ¯  +      (    ∂  v ′    ∂ y    )   2   ¯  +      (    ∂  w ′    ∂ z    )   2   ¯   ]  +      (    ∂  u ′    ∂ y   +   ∂  v ′    ∂ x    )   2   ¯  +      (    ∂  v ′    ∂ z   +   ∂  w ′    ∂ y    )   2   ¯  +      (    ∂  u ′    ∂ z   +   ∂  w ′    ∂ x    )   2   ¯   }   



(7)




where      Φ D     T ¯      and      Φ I     T ¯      are the direct entropy production rat (DEPR) and indirect entropy production rate (IEPR).    u ¯   ,    v ¯    and    w ¯    represent the time-averaged velocity components in the x, y, and z directions of Cartesian coordinates, respectively.   u ′  ,   v ′   and   w ′   represent the velocity fluctuation components in the x, y, and z directions of Cartesian coordinates, respectively, respectively.  μ  is the dynamic viscosity.



The velocity fluctuation cannot be obtained by solving the Reynolds time-average equation; therefore, Knock [17,18] proposed Equation (8), so that IEPR      Φ I     T ¯      can be obtained in CFD post-processing.


     Φ I     T ¯    =   ρ ε    T ¯     



(8)




where  ε  is the turbulent dissipation rate.



In addition, total entropy production rate (TEPR)      Φ T     T ¯     , indirect entropy production (IEP)    S  pro , I    , direct entropy production (DEP)    S  pro , D    , and total entropy production (TEP)    S  pro , T     can be calculated as follows:


     Φ T     T ¯    =    Φ I  +  Φ D     T ¯     



(9)






   S  pro , D   =    ∫ V       Φ D     T ¯    d V     



(10)






   S  pro , I   =    ∫ V       Φ I     T ¯    d V     



(11)






   S  pro , T   =  S  pro , D   +  S  pro , I    



(12)








2.5. Validation of Numerical Simulation


In order to verify the accuracy of the numerical simulations, the external characteristic tests of the mixed-flow pump with a volute were completed on a closed test bench, as shown in Figure 4. The test bench was divided into upper and lower layers. The height of upper layer was 4.6 m and that of lower layer was −2.6 m. The mixed-flow pump with a volute, motor, torque meter and differential pressure sensor were located on the upper layer. An auxiliary pump and a flow meter were located on the lower layer. The operating flow of the mixed-flow pump was controlled by electric valves. The flow rate, rotating shaft power, and head were measured using an intelligent electromagnetic flowmeter, JCL2 intelligent torque speed sensor (1–500 N·m), and EJA intelligent differential pressure transmitter (0–25 m), respectively. The measurement uncertainty of flow rate    E Q   , shaft power    E T   , and head    E H    was less than 0.2%, 0.14% and 0.1%, respectively. The measurement uncertainty of the test bench    E S    was less than 0.26% calculated by    E S  =    E Q    2  +  E T    2  +  E H    2     , which meets the requirements of SL140-2006.



The calculation and test results of the external characteristics of the mixed-flow pump with a volute are shown in Figure 5. The efficiency of the volute mixed-flow pump reached its maximum value under the designed flow rate, but the efficiency dropped sharply with the increase in the flow rate. Therefore, analyzing the internal flow characteristics of the volute mixed-flow pump under a large flow rate and determining the mechanism of the sharp drop in efficiency is of great significance to broaden the operating range of volute mixed-flow pumps. In addition, the maximum relative error between the calculation and the test head was less than 1% and the maximum relative error between the calculation and test efficiency was less than 4%. The maximum relative error between the calculation value and the experimental value was less than 5%, which shows that the numerical simulation method used in this paper meets the requirements, and that the calculation results are reliable.





3. Analysis of Calculation Results


3.1. Comparison of Pump Performance


The comparison of pump performance between the mixed-flow pump with guide vanes and a volute can be shown in Figure 6. The  H  and  η  of the guide vanes mixed-flow pump are lower than that of the volute mixed-flow pump under   Q = 800 − 1200   m3/h, but the  H  and  η  of the guide vanes mixed-flow pump are higher than that of the volute mixed-flow pump under   Q = 1200 − 1600   m3/h. The relative deviation of  H  and  η  between the mixed-flow pump with guide vanes and volute both increased with the increase in flow rate under   Q = 1000 − 1600   m3/h. The minimum relative deviation of  H  and  η  were −0.05% and −6.89%, respectively. The maximum relative deviation of  H  and  η  were 0.23% and 22.14%. The results illustrated that the recovery efficiency of kinetic energy of volute is slightly higher than that of the guide vanes under smaller flow rate, but the recovery efficiency of kinetic energy of the volute was significantly lower than that of the guide vanes under large flow rate. In addition, from the point of view of the mixed-flow pump with a volute, the head plays an important role. Therefore, the high local energy losses in the two types of the mixed-flow pump should be compared and analyzed to widen the high efficiency range of the volute mixed-flow pump without significantly reducing the head.




3.2. TEP Disstribution in Different Pump Components


In this study, the energy losses were evaluated by the entropy production, which was divided into IEP and DEP. The distributions of IEP and DEP of different components in the guide vanes mixed-flow pump are shown in Figure 7a,b. The IEP of the guide vanes and the impeller is much higher than that of other hydraulic components at small flow rates and the designed flow rate. The IEP of the guide vanes and outlet pipe decreases with an increase in flow rate due to the fact that the circumferential velocity decreased with the increase in flow rate. The IEP of impeller firstly decreases and then increases with an increase in flow rate, and it reaches the minimum value under Q = 1000 m3/h, where the impeller had the highest work efficiency. The IEP of inlet pipe increases with an increase in flow rate caused by that axial velocity increased with the flow rate increasing. In addition, the DEP is significantly lower than the IEP of each pump component. The DEP of the inlet pipe and outlet pipe is so low that it can be negligible. The DEP of the impeller increases with the increase in the flow rate, and the DEP of the guide vanes decreases first and then increases with an increase in flow rate.



Figure 8 shows the distribution of IEP and DEP of different pump components in the mixed-flow pump with a volute. As shown in Figure 8a, the IEP of the impeller and volute is much higher than that of the inlet pipe and outlet pipe at small flow rates and the best efficiency point. The IEP curves of the impeller and inlet were similar to that in Figure 7a. The IEP of the impeller first declines and then rises with the increase in flow rate, and the IEP of the inlet pipe rises with the increase in flow rate. Although the circumferential velocity decreased with increasing flow rate, the recovery efficiency of kinetic energy of volute is low under large flow rates. The IEP of the volute firstly decreases sharply and then increases slightly with the increase in flow rate. The IEP of the outlet pipe increases with the increase in flow rate. As shown in Figure 8b, the DEP inside the mixed-flow pump with a volute is also significantly lower than the IEP. The IEP of the volute remain stable with an increase in flow rate, while IEP of the other hydraulic components rises with the increase in flow rate.



Figure 9 shows a comparison of the TEP between the mixed-flow pump with guide vanes and a volute under three flow rates. Since the inlet pipe was located upstream of the pumping chamber and impeller, the TEP of the inlet pipe was low and not affected by the type of pumping chamber. Although the impeller was also located upstream of the pumping chamber, the TEP of impeller were different in two types of mixed-flow pump due to the fact that interference effect between the impeller and pumping chamber was closely related to the type of pumping chamber. In addition, the type of pumping chamber and the operating flow rate played key roles in the TEP of the pumping chamber and outlet pipe. Under Q = 800 m3/h, there is little difference in the TEP between the volute and the guide vanes due to the similar ability to recover rotational kinetic energy. The TEP of the impeller and outlet pipe in the mixed-flow pump with guide vanes is higher than that with a volute. The relative deviations of the impeller and outlet pipe between the mixed-flow pump with guide vanes and a volute were 3.2% and 360.2%, respectively. Under Q = 1200 m3/h, the TEP of the impeller, pumping chamber and outlet pipe in the mixed-flow pump with guide vanes is higher than that with a volute. The relative deviations of impeller, pumping chamber and outlet pipe between the mixed-flow pump with guide vanes and a volute were 1.3% 22.4% and 63.0%, respectively. Under Q = 1600 m3/h, the TEP of the impeller, pumping chamber and outlet pipe in the mixed-flow pump with guide vanes is lower than that with a volute caused by that the guide vanes have a higher ability to recover rotating kinetic energy under large flow rates. The relative deviations of impeller, pumping chamber and outlet pipe between the mixed-flow pump with guide vanes and a volute are −2.2% −54.7% and −82.7%, respectively.




3.3. TEP Rate Distribution of Impeller-Pumping Chamber Interface


The rotor and stator interference (RSI) between impeller and pumping chamber improve flow instability and produce additional velocity losses. Thus, the intensity of the interference caused by the type of pumping chamber plays a key role in the distribution of velocity and TEP rate. The velocity circulation at impeller outlet can represent the strength of rotational kinetic energy inside the impeller outflow. The velocity circulation  Γ  and radial coefficient   r *   can be calculated as follows:


  Γ =    ∮ L      v u   →     ⋅ d  l →   



(13)






  r * =    r c  −  r h     r s  −  r h     



(14)




where    v u    stands for absolute circumferential velocity, and L and   d  l →    are the length of the calculated ring and unit length, respectively.    r c   ,    r h    and    r s    are the calculated radius, hub radius and rim radius, respectively.



The comparison of radial distribution of  Γ  at the impeller outlet between guide vanes and volute scheme was shown in Figure 10. The radial coefficient can be calculated by. When Q = 800 m3/h,  Γ  rises with the increase in r* under both guide vanes and volute schemes.  Γ  under guide vanes scheme is obviously lower than that under volute scheme within r* < 0.4, but  Γ  under guide vanes scheme is slightly higher than that under the volute scheme under the remaining r*. The  Γ  curves under Q = 1200 m3/h are similar to that under Q = 800 m3/h.  Γ  under guide vanes scheme is evidently lower than that under the volute scheme within r* < 0.2. When Q = 1600 m3/h,  Γ  declines firstly and then increase with the increase in r* under both guide vanes and volute schemes. There is no evident difference in the radial distribution of  Γ  between the two schemes. Figure 11 shows the spatial distribution of TEPR at the impeller outlet due to RSI between the impeller and pumping chamber. When Q = 800 m3/h, the evident high TEPR can be found near the hub under both guide vanes and volute schemes. The area of high TEPR under the guide vanes scheme is larger than that under the volute scheme. When Q = 1200 m3/h, the area of high TEPR becomes small under two schemes, but the area of high TEPR under the guide vanes scheme is still larger than that under the volute scheme. When Q = 1600 m3/h, the distribution of TEPR under the guide vanes scheme is similar to that under the volute scheme, and there is no obvious high TEPR. The results shown that the RSI between impeller and guide vanes is stronger under Q = 800 and 1200 m3/h, which leads to more velocity losses and TEPR near the hub side of the impeller outlet, compared with the RSI between impeller and volute.




3.4. TEP Rate Distribution of Pumping Chamber


The inflow and outflow directions of the guide vanes were parallel to the rotation axis. However, the inflow direction was parallel to the rotation axis, and the outflow direction was perpendicular to the rotation axis in the volute. Therefore, the mechanism of transforming kinetic energy into pressure energy between the guide vane and volute is different. To compare the conversion capability of kinetic energy between guide vanes and volute, the impeller outflow was divided into axial velocity and circumferential velocity, and pressure was used as the evaluation unit of kinetic energy and pressure energy in this study. The axial kinetic pressure (AKP) and circumferential kinetic pressure (CKP) can be calculated as follows:


  AKP = 0.5 ρ  v m    2   



(15)






  CKP = 0.5 ρ  v c    2   



(16)




where    v m    is the average axial velocity and    v c    is the average circumferential velocity.



The distributions of AKP, CKP and static pressure (SP) on the inlet and outlet of two pumping chamber under different flow rates are shown in Figure 12. In the guide vanes, the AKP and SP on the inlet is lower than that on the outlet. The relative increase ratios between the outlet and inlet of AKP were 116.2%, 84.7% and 8.4% under 800 m3/s, 1200 m3/s, 1600 m3/s, respectively. The relative increase ratios between the outlet and inlet of SP were 0.5%, 5.1% and 4.8% under 800 m3/s, 1200 m3/s, 1600 m3/s, respectively. However, the CKP on the inlet is significantly higher than that on the outlet. The relative decrease ratios between the outlet and inlet of CKP were 85.3%, 87.2% and 83.8% under 800 m3/s, 1200 m3/s, 1600 m3/s, respectively. The results shown that the guide vane not only converts part of CKP into SP, but also converts part of CKP into AKP. The conversion efficiency between kinetic energy and pressure energy is the highest under design flow rate. In the volute, the AKP is higher than that on the outlet and the relative decrease ratios between the outlet and inlet were 98.3%, 95.9% and 97.4% under 800 m3/s, 1200 m3/s, 1600 m3/s, respectively. The CKP and SP on the inlet are higher and lower, respectively than that on the outlet, under Q ≤ 1200 m3/s. The relative decrease ratios of CKP between the outlet and inlet were 97.1% and 83.0% under 800 m3/s and 1200 m3/s. The relative increase ratios of SP between the outlet and inlet were 30.2% and 15.6% under 800 m3/s and 1200 m3/s. However, the CKP and SP on the inlet are lower and higher, respectively than that on the outlet, under Q = 1600 m3/s. The results explained that all almost kinetic pressure was converted into static pressure and energy dissipation under 800 m3/s and 1200 m3/s, which results in low kinetic pressure inside the volute outflow. However, the volute cannot effectively convert kinetic pressure into SP.



The radial coefficients of the guide vanes and the axial coefficients of the volute were defined as shown in Figure 13. To obtain the spatial distributions of energy losses during the energy conversion of the guide vanes, we studied the distributions of velocity and TEPR in three sections parallel to the outflow direction, as shown in Figure 14. When Q = 800 m3/s, the flow is unstable and large-scale vortex can be found inside the guide vanes. The high TEPR can be seen near trailing edge due to the flow separation under R* = 0.2 and 0.9. There is a large vortex in the channel between the vanes under R* = 0.55, which hinders the main flow and leads to a high TEPR. When Q = 1200 m3/s, the high TEPR can found near the trialing edge and leading edge under R* = 0.2, and the TEPR in the channel between the vanes is high under R* = 0.55. When Q = 1600 m3/s, the flow field inside the guide vane is stable, and there is no obvious high TEPR. The distributions of velocity and TEPR in three sections parallel to the outflow direction of the volute were shown in Figure 15. When Q = 800 m3/s, there is a large area of high TEPR near the inlet due to flow separation The area of high TEPR is the largest under R* = 0.55, and that is the smallest under R* = 0.9. When Q = 1200 m3/s, the flow inside the volute is very stable and there is no evident high TEPR. When Q = 1600 m3/s, there is no evident flow separation near the inlet, but there is high TEPR near the outlet due to back flow. The area of high TEPR increases with the increase in R*.




3.5. TEP Rate Distribution of Outlet Conduit


The recovering efficiency of kinetic energy in the pumping chamber determined the velocity distribution at the inlet of the outlet pipe. The inflow direction perpendicular to the inlet was defined as the positive direction of the normal velocity. The distributions of normal velocity on the inlet of two outlet pipes at different flow rates were obtained, as shown in Figure 16. Under Q = 800 m3/s, the normal velocity presents an axisymmetric distribution under the guide vanes scheme, and there is a large area of backflow near the wall of the outlet pipe. Compared with the guide vanes scheme, the distribution of normal velocity has no evident characteristics, but the distribution uniformity is higher, under the volute scheme. Under Q = 1200 m3/s, the distribution uniformity of normal velocity improves and there was no evident backflow under the two schemes. Under Q = 1600 m3/s, the normal velocity distribution uniformity under the guide vane scheme is further improved, but the normal velocity distribution uniformity under the volute scheme reduces and an evident reflux area can be found.



Figure 17 shows the distribution of TEPR in the outlet pipe between the guide vanes and volute scheme. The TEPR inside the outlet pipe decreases gradually with the flow direction both under the guide vanes and volute scheme, but the position of the high TEPR was closely related to the flow rates. Under Q = 800 m3/s and 1200 m3/s, the TEPR near the inlet under the guide vanes scheme is higher than that under the volute scheme, owing to the fact that there is secondary flow near the inlet under the guide vanes scheme. Under Q = 1600 m3/s, the volute cannot effectively convert kinetic energy into pressure energy, resulting in a large area of backflow at the inlet of the outlet pipe. Therefore, the TEPR near the inlet under the volute scheme is higher than that under the guide vanes scheme.





4. Conclusions


In this paper, the distribution of hydraulic losses during the recovery of rotating kinetic energy in two kinds of pumping chambers (guide vane and volute) of mixed-flow pumps were compared and analyzed using entropy production theory and CFD technology. The following conclusions were drawn:



(1) The efficiency and head under the volute scheme are higher than that under the guide vanes scheme, within Q = 800–1200 m3/h, but the efficiency and head under the volute scheme are lower than that under the guide vanes scheme, within Q = 1200–1600 m3/h.



(2) Compared with the RSI between impeller and volutes, the RSI between the impeller and guide vanes is stronger, which lead to high TEPR and velocity losses near the hub side of the impeller outlet, under small and design flow rates.



(3) Under small and design flow rates, the area of a high TEPR and the recovery efficiency of kinetic energy in the guide vanes are larger and lower than that in the volute, respectively, due to the serious flow separation near the suction side of the vanes. Under a large flow rate, the recovery efficiency of kinetic energy of the volute is lower than that of the guide vanes, caused by the backflow and high TEPR near the outlet of the volute.



(4) The area of a high TEPR caused by backflow in the outlet pipe under the guide vanes scheme is higher at 800m3/h and 1200 m3/h, but that under the volute scheme is higher under 1600 m3/h.



These results can provide a reference for the optimal design of mixed-flow pumps with a volute.
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Nomenclature




	 H  (m)
	Pump head



	 η  (%)
	Pump efficiency



	 ρ  (kg/m3)
	Water density



	 g  (m/s2)
	Gravitational acceleration



	   p     in       (Pa)
	Total pressure of inlet



	   p     out       (Pa)
	Total pressure of outlet



	   P s    (W)
	Shaft power



	 Q  (m3/h)
	Volume flow rate



	   Q d    (m3/h)
	Best efficiency point



	    H d    
	Pump head under best efficiency point



	 u  (m/s)
	Velocity component in the x direction of Cartesian coordinates



	 v  (m/s)
	Velocity component in the y direction of Cartesian coordinates



	 w  (m/s)
	Velocity component in the z direction of Cartesian coordinates



	  d i v  (    q →  T   )    [W/(K·m3)]
	Reversible heat transfer term



	   Φ T    [W/K·m3)]
	Entropy production due to dissipation increase



	     Φ θ     T 2      [W/(K·m3)]
	Entropy production caused by the heat transfer



	 s  [J/(K·kg)]
	Specific entropy



	   Φ I    (W/m3)
	Indirect dissipation rate



	   Φ D    (W/m3)
	Direct dissipation rate



	   Φ T    (w/m3)
	Total dissipation rate



	   S  pro , I     (W/K)
	Indirect entropy production



	   S  pro , D     (W/K)
	Direct entropy production



	   S  pro , T     (W/K)
	Total entropy production



	 T  (K)
	Temperature



	 ε  (W/kg)
	Dissipation rate of turbulent kinetic energy



	    E Q    
	Measurement uncertainty of flow rate



	    E T    
	Measurement uncertainty of shaft power



	    E H    
	Measurement uncertainty of head



	    E S    
	Measurement uncertainty of test bench



	 Γ  (m2/s)
	Velocity circulation



	L (m)
	Length of calculated ring



	   v u    (m/s)
	Absolute circumferential velocity



	   r c    (m)
	Calculated radius



	   r h    (m)
	Hub radius



	   r s    (m)
	Rim radius



	    r *    
	Radial coefficient



	   v m    (m/s)
	Average axial velocity



	   v c    (m/s)
	Average circumferential velocity







Abbreviation




	CFD
	Computational fluid dynamics



	IEP
	Indirect entropy production



	DEP
	Direct entropy production



	TEP
	Total entropy production



	TEPR
	Total entropy production rate



	AKP
	Axial kinetic pressure



	CKP
	Circumferential kinetic pressure



	SP
	Static pressure
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Figure 1. A 3D schematic diagram of (a) mixed-flow pump with guide vanes and (b) mixed-flow pump with a volute. 
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Figure 2. Schematic diagram of the detailed grid of the (a) impeller blade, (b) guide vanes, and (c) volute. 
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Figure 3. Y+ value of each component. 
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Figure 4. Test bench of a mixed-flow pump with a volute. 
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Figure 5. Comparison of test and calculated results of the mixed-flow pump with a volute. 
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Figure 6. Comparison of the (a) head and (b) efficiency of the mixed-flow pump under guide vanes and volute scheme. 
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Figure 7. The distribution of (a) IEP and (b) DEP in mixed-flow pumps with guide vanes. 
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Figure 8. The distribution of (a) IEP and (b) DEP in the mixed-flow pump with a volute. 
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Figure 9. The comparison of TEP of pump components between guide vanes and volute scheme under (a) 800 m3/h, (b) 1200 m3/h, and (c) 1600 m3/h. 
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Figure 10. The average radial distribution of  Γ  at impeller outlet under (a) Q = 800 m3/h, (b) Q = 1200 m3/h, and (c) Q = 1600 m3/h. 
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Figure 11. The distributions of TEPR at impeller outlet under (a) Q = 800 m3/h, (b) Q = 1200 m3/h, and (c) Q = 1600 m3/h. 
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Figure 12. The distributions of kinetic pressure and static pressure on the inlet and outlet of the (a) guide vanes and (b) volute. 
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Figure 13. The axial sections of the impeller and pumping chamber. 
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Figure 14. The distribution of TEPR and velocity in the guide vanes at (a) 800 m3/h (b) 1200 m3/h and (c) 1600 m3/h. 
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Figure 15. The distribution of TEPR and velocity in the volute at (a) 800 m3/h (b) 1200 m3/h and (c) 1600 m3/h. 
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Figure 16. Distribution of normal velocity on the inlet of the outlet pipe at different flow rates. 
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Figure 17. The distribution of TEPR and velocity in the section of the outlet pipe under the guide vanes and volute scheme at (a) 800 m3/s, (b) 1200 m3/s and (c) 1600 m3/s. 
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