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Abstract

:

This paper presents the matching characteristics of impellers and guide vanes of high capacity and pressure seawater desalination pumps by using computational fluid dynamics (CFD). The single-stage pump is numerically calculated, and its external characteristics are consistent with the test results of model pump. Taking this scheme as a prototype, the research is carried out from three aspects: (i) the impeller blade outlet width; (ii) the number of impeller and guide vane blades; and (iii) the area ratio of impeller outlet to guide vane inlet. The results indicate that the blade outlet width significantly affects the pump head and efficiency. Appropriately increasing the number of guide vane blades or changing the number of impeller blades can improve efficiency and expand the high-efficiency area. Additionally, increasing the throat area of the guide vane has the opposite effect on the large flow and small flow area of the pump. An optimized hydraulic model design scheme is obtained.
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1. Introduction


The centrifugal pump is used in high capacity and pressure seawater desalination engineering, with a complicated internal flow. The mechanical, hydraulic, and volume loss are closely related to the geometric parameters of the overflow components. Different parameter combinations have a great impact on the pump’s performance, which makes the design process complex and time consuming. Researchers have been concerned about how to determine and optimize geometric parameters to reduce energy consumption and improve performance [1,2,3,4].



Due to the wasteful human and material resources, long cycles, and other adverse factors, the model test seriously restricts researchers from making a significant breakthrough in optimizing geometric parameters. In recent years, with the improvement of computer performance and the development of technology, more and more scholars have used CFD technology to analyze the flow field, predict the performance, and optimize the parameters of pumps [5,6,7,8,9]. Ji et al. [10] used the Wray–Agarwal (WA) turbulence model to predict the internal and external characteristics of centrifugal pumps, which was in good agreement with the experimental results, proving the accuracy of the CFD method. Shojaeefard et al. [11] studied the effects of different impeller channel widths and outlet angles on centrifugal pump performance parameters. The experimental and numerical simulation results showed that the improved impeller can effectively improve the head and efficiency of the centrifugal pump. Wu et al. [12] studied the applicability of different turbulence models in the numerical calculation of centrifugal pumps based on the comparative analysis of test and numerical simulation. They analyzed the flow law inside the pump. Guo et al. [13] optimized the axial impeller shape, blade number, blade airfoil, inlet and outlet angle, and other parameters based on CFD analysis to improve the pump performance. Mojaddam et al. [14] optimized the impeller structure of the centrifugal pump and improved the efficiency and total head by discussing the length of the splitter blade, the leading edge position of the main blade and the splitter blade, and the distance between two adjacent splitter blades. Fu et al. [15] conducted pressure pulsation tests on impeller structures with different staggered angles, analyzing the time domain of pressure signal using the statistical method and fast Fourier transform (FFT) and successfully established the relationship between impeller staggered angle and pressure fluctuation. Alemi et al. [16] studied the influence of main geometric parameters of volute on pump performance and radial force, including velocity or angular momentum constant method design, section shape, and outlet diffuser shape, and found that a circular section volute with radial diffuser has a higher head and efficiency. Nataraj et al. [17] modified the key design parameters of the pump by using the central composite design and evaluated the characteristics of the pump by studying different impeller inlet diameters, blade outlet angles, and blade outlet widths. Jafarzadeh et al. [18] studied the influence of the number of blades on the pump efficiency and found that the blade position relative to the volute tongue has a great influence on the separation. Bellary et al. [19] used the three-dimensional Navier–Stokes analysis method to conduct single-objective optimization on the shape of impeller blades of centrifugal pumps. By changing the inlet and outlet angle of the blade to improve the hydraulic efficiency, it was found that adjusting the outlet angle has a greater impact on the efficiency than adjusting the inlet angle. Tan et al. [20] used CFX software to conduct an unsteady numerical simulation of the whole flow field in the pump under different guide vane outlet angles and found that the guide vane outlet angle has a great impact on the pump head and efficiency. When the outlet angle is 10°, the pump head and efficiency are the best. Li et al. [21] analyzed the influences of blade outlet width, blade outlet angle, and blade envelope angle on efficiency, and studied the matching characteristics of different volute tongue angles and optimized impellers. However, the above research mainly focuses on the optimization of pump structure geometric parameters.



The comprehensive performance of a high capacity and pressure pump is related to the performance of single flow passage components of impellers and guide vanes and their matching performance. Qi et al. [22] used large-eddy simulation (LES) to study the impact of different blade numbers in impellers and volutes matching on pump efficiency. They found that excessive blades increase the work performed by blade surface friction, resulting in reduced pump head and efficiency. Wang et al. [23] used fluent software to study different parameter combinations of impellers and guide vanes of centrifugal pumps and found that pump performance decreases with the increase in matching clearance between impeller and guide vane, and the best matching performance also changes under variable working conditions. Kong et al. [24] used the area ratio principle for reference to carry out numerical simulation of the single-stage impeller and radial guide vane and found that the throat area of the guide vane has a great impact on the performance of the centrifugal pump, and the appropriate optimal design of positive guide vane can improve the efficiency of centrifugal pump. Kaya [25] carried out an experimental study on the collocation of seven-blade guide vanes with three- or four-blade impellers. The study found that the matching of impeller and guide vane with different blade numbers had a remarkable influence on pump efficiency. Tsukamoto et al. [26] studied the pressure fluctuation inside the pump by numerical simulation. They pointed out that the interaction between impeller and guide vane is the main influencing factor of pressure fluctuation inside guide vane. It can be concluded that, regardless of whether the same impeller uses a different guide vane or the same guide vane uses a different impeller, the performance of the pump significantly changes. However, for a long time, people have been paying more attention to the single hydraulic performance of impeller and guide vane, but there is a lack of in-depth research on their matching relationship.



In this study, based on the excellent hydraulic model of seawater desalination high-pressure pump, the matching characteristics of the impeller and guide vane of a large seawater desalination high-pressure pump are discussed regarding three aspects: different outlet width of impeller blade, the number of impeller and guide vane blades, and area ratio of impeller outlet to guide vane inlet. We hope to provide some reference for the optimization design of independent desalination high-pressure pumps.




2. Calculation Model


2.1. Structural Form of the High-Pressure Pump


In this study, the single-stage pump was taken as the object of hydraulic research. According to the research of Wang et al. [27], a group of optimum hydraulic model design schemes was selected employing numerical calculations. The structure of the single-stage model pump is shown in Figure 1. The main geometric parameters of the impeller and guide vane are shown in Table 1.




2.2. Three-Dimensional Modeling


The liquid from the impeller flows directly to the outlet section after passing through the positive guide vane, so the guide vane in the single-stage pump model has only a positive guide vane and no anti-guide vane. The solid structure of impeller and guide vane is shown in Figure 2, and the flow computational domain is shown in Figure 3. The flow passage parts include the inlet section, impeller, guide vane, front and rear pump chambers, outlet section, and outlet extension section.




2.3. Meshing


ICEM software was used to mesh the fluid calculation domain of the single-stage pump model. Considering the influence of mesh quality on the calculation accuracy, all the structured hexahedral meshes were used in the simulation. Considering the applicability of the pump turbulence model and to ensure that the resolution of the boundary layer and the first grid spacing can bridge the viscous sublayer, the impeller, guide vane, and other flow passage parts were locally densified, and y+ was controlled within 100. y+ can be defined as    y +  = y  u τ  / υ  , where y is the thickness of the first cell from the wall surface and    u τ    is the wall frictional velocity. The inlet section and outlet extension section are divided into O-type structured grids, and the overall grid quality is above 0.4. The grid division of each fluid domain is shown in Figure 4 and the assembly diagram of fluid computing domain grid is shown in Figure 5.




2.4. Turbulence Model


The turbulence model adopts the standard k-ε model, which is widely used in centrifugal pump simulation, and its numerical results are in good agreement with the experimental results [28,29,30]. Standard k-ε was proposed by Launder and Spalding in 1972 [31]. The turbulent viscosity is solved by using the results of turbulent kinetic energy and turbulent dissipation rate, and the Reynolds Stress is finally solved according to the Boussinesq hypothesis.



Turbulent kinetic energy k equation:


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



(1)







Turbulent dissipation rate ε equation:


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



(2)




where, Gk is the generic term of turbulent kinetic energy k caused by average velocity gradient; C1 and C2 is the empirical constant, C1 = 1.44, C2 = 1.92; and σk and σε are Prandtl numbers corresponding to turbulent kinetic energy k and dissipation rate ε, respectively,    σ k     = 1.0 and    σ ε    = 1.3.



The turbulent viscosity,    μ t   , is computed by combining them and as follows:


   μ t  =  C μ  ρ    k 2   ε   



(3)




where Cμ is a constant, Cμ = 0.09




2.5. Grid Independence Verification


Table 2 shows the head of the single-stage pump model underrated condition calculated by changing the number of grids. As the number of grids increases, the change of head tends to be stable. When the grid number is close to 3.1 million, increasing the number of grids has little effect on the head variation, and the relative error is within ±1%, which meets the requirements of grid independence. Therefore, the grid number is about 3.1 million for numerical simulation.




2.6. Comparison between Numerical Simulation and Experiment


The hydraulic model mentioned above was processed into an entity and the external characteristics were tested after assembly. The test bench of the model pump was built, as shown in Figure 6. The test bench comprises a model pump, motor, liquid storage tank, vacuum pump, velocimeter, inlet and outlet valve, flowmeter, etc. The key parameters of the single-stage pump are: Qdes = 650 m3/h, H = 205 m, η = 83%, n = 2980 r/min, and the matching motor power is 442.8 kW. By calculation, the overall uncertainty of pump efficiency is 0.37%, the uncertainty of flow measurement is 0.57%, and the uncertainty of head is 0.23%. All the accuracy meets the standard requirements. It was mainly used for external characteristic tests of the high-pressure pump. The model pump site is shown in Figure 7.



The external characteristics of the high-pressure pump at rated speed were obtained, and the comparison diagrams of numerical simulation and experimental external characteristics curves were drawn as shown in Figure 8. The test results show that the efficiency of the model pump reaches 80.36% at the flow rate Q = 600 m3/h, and the head is 211.13 m. Then, with the flow rate increase, the efficiency continues to increase, and the maximum efficiency reaches 82.43% at the flow rate Q = 782 m3/h, and the head is 182.78 m. The flow continues to increase to Q = 840 m3/h, the head is 169.10 m, and the efficiency can still reach 77%. It indicates that the external characteristic results of the numerical calculation are consistent with the experimental results. Compared with the experimental data, the calculated head, efficiency, and power are all high, which is due to the neglect of the leakage of the impeller inlet, the gap between the impeller and the guide vane, and the relative error between the impeller and guide vane them being small. Under the condition of 1.0Qdes, the error of numerical simulation and test head is 4.2%, and the error under 1.2Qdes is 6.5%, which is within the allowable scope of the project, indicating that the accuracy of numerical calculation is high.



With the increase in the flow rate, the head and efficiency of numerical simulation and experimental measurement decrease significantly. At 1.4Qdes, the simulated head drops to 146.8 m, and the efficiency drops to 72%, which is not conducive to the operation and energy saving of the high-pressure pump. This shows that the hydraulic performance of this scheme still has a large room to improve after 1.3Qdes. To improve the performance of the pump, this study will start from the matching of impeller and guide vane flow field and analyze its influencing factors.





3. Research on Matching the Performance of Impeller and Guide Vane


3.1. Influence of Blade Outlet Width


3.1.1. Scheme Design


The blade outlet width b2 is an important parameter affecting pump performance. The most direct influence of the change of blade outlet width on the liquid flow shape is that the size and speed of the liquid flow at the impeller outlet have changed, which has an impact on the flow field at the connection of impeller and guide vane and then brings about the change of pump performance. Choosing an appropriate blade outlet width can effectively improve the flow at the impeller outlet. In this study, four groups of different blade outlet width b2 schemes are designed for research. The three-dimensional modeling of the impeller is shown in Figure 9, and the scheme list is shown in Table 3. The four groups of schemes are numerically calculated in CFX.




3.1.2. Analysis of External Characteristic Results


Figure 10 shows the external characteristic curves of four groups of different blade outlet width schemes obtained by numerical calculation. The figure below shows that, with the increase in the width of the blade outlet, the pump head and efficiency change accordingly, and the overall change trend of the head is relatively consistent. Furthermore, the change of efficiency is quite different. From b2 = 24 mm to b2 = 30 mm, the head of the pump increases with the increase in b2 at the same operating point. For each scheme, the head decreases with increasing flow rate, and the decrease becomes gentle with the increase in blade outlet width. Comparing the efficiency, it can be found that, with the increase in the blade outlet width, from b2 = 24 mm to b2 = 28 mm, the efficiency of each scheme at each operating point increases, on the whole, while when b2 increases to 30 mm, the efficiency at 1.2Qdes not only decreases significantly but is also lower than other schemes. The comparison of each group shows that the head and efficiency are significantly improved when the blade outlet width increases from b2 = 26 mm to b2 = 28 mm, which indicates that the appropriate increase in blade outlet width can effectively improve the hydraulic performance of the high-pressure pump at high flow rates.




3.1.3. Internal Flow Field Analysis


Figure 11 shows the pressure distribution of impeller and guide vane at 1.2Qdes with different blade outlet widths. It shows a gradual increase in pressure from the inlet to the outlet of the impeller. At the interface between the impeller outlet and the guide vane inlet, the pressure is divided into high-pressure and low-pressure areas. The distribution is asymmetric along the radial direction. The reason is that the rotating work of the impeller makes the pressure in the impeller gradually increase along the flow direction. After the liquid flow enters the positive guide vane, part of the velocity energy is converted into pressure energy. The local high-pressure region is formed, and the pressure distribution is asymmetric due to the changing circumferential position of the impeller and the guide vane. As the blade outlet width increases, the pressure in the impeller increases gradually and further diffuses to the guide vane area. From b2 = 24 mm to b2 = 26 mm, the high-pressure zone in the guide vane decreases. Then, with the further increase in b2, the high-pressure zone in the guide vane increases, and the pressure value also increases with the increase in blade outlet width, which is also the reason why the water head increases with the increase in b2.



Figure 12 shows the velocity distribution of impeller and guide vane at 1.2Qdes with different blade outlet widths. Comparing the four schemes, it can be seen that, under different blade outlet widths, the streamline change law in the impeller passage is relatively consistent, and the flow velocity in the impeller changes in a comparatively even manner. From the impeller inlet to the outlet, the flow velocity increases uniformly. With the increase in b2, the flow velocity in the impeller decreases. In the b2 = 24 mm scheme, there is an obvious high-speed region at the transition between the impeller and the guide vane, and a large number of low-speed vortices appear in the guide vane passage, which indicates that the smaller the width of the blade outlet causes the blockage at the transition between the impeller and the guide vane, increases the hydraulic impact loss, and reduces the efficiency. With an increase in blade outlet width, the high-speed region at the transition disappears, the velocity distribution in the impeller tends to be further stable, and the vortex structure in the guide vane decreases, which indicates that the appropriate blade outlet width can effectively improve the liquid flow state at the transition. When b2 increases to 30 mm, a certain number of vortices appear in the low-speed region of the guide vane passage, which is not conducive to the flow of liquid in the guide vane, increasing hydraulic loss of liquid. From the external characteristic curve, it indicates that the hump appears in the external characteristic curve of b2 = 30 mm scheme, and the efficiency also decreases obviously, which indicates that the excessive increase in blade outlet width is not conducive to the flow of liquid in the transition.



The comparative analysis shows that increasing the width of the blade outlet can improve the pump head and bring a certain improvement to the pump efficiency. In addition, there is an optimal value of the width of the blade outlet b2. When it exceeds this value, the performance of the pump declines. For this paper, the scheme of choosing the width of the blade outlet b2 = 28 mm can effectively increase the pump head and improve the efficiency of the pump.





3.2. Influence of Impeller and Guide Vane Blade Number


3.2.1. Scheme Design


The number of blades is an important geometric parameter for the impeller and guide vane. To determine the influence law of the number of impellers and guide vanes on the pump performance, according to the above optimal blade outlet width scheme, three impellers with six, seven, and eight blades and three guide vanes with five, seven, and nine blades are designed respectively, forming nine schemes. The three-dimensional modeling of impeller and guide vane is shown in Figure 13, and the scheme list is shown in Table 4.




3.2.2. The Number of Impeller Blades Remains Unchanged


Figure 14, Figure 15 and Figure 16 are the external characteristic curves obtained by changing the guide vanes blades to five, seven, and nine, while keeping the number of impeller blades six, seven, and eight unchanged, respectively. It shows that the performance of the pump is greatly different with different impeller and guide vane numbers. It has been noted that, when the number of impeller blades remains unchanged, the head of the pump changes greatly with the increase in the number of guide vanes from five to seven. The head at the small flow rate of 0.8Qdes increases sharply, and the head curve decreases rapidly with increasing flow rate. A hump appears in N2 and N6 schemes, which indicates that the number of blades is unreasonable, which is not conducive to the flow of liquid in the pump. However, the head of the nine-blade guide vane is between that of five blades and seven blades guide vane, which indicates that too many guide vanes increase the friction loss and decrease the head. Comparing the efficiency, it is found that the increased range of pump efficiency decreases with the increase in the number of guide vanes from seven to nine. The efficiency of nine blade guide vanes in each scheme is between five blades and seven blade guide vanes, which is completely consistent with the change law of head, indicating that an increase in guide vanes number is detrimental to the improvement of pump performance, but causes the reduction of head and efficiency. Compared with each scheme, when the flow rate is less than 1.3Qdes, whether in N2, N5 or N8 schemes, the scheme of seven-blade guide vane matched with any impeller with blade number, and the head and efficiency were significantly higher than other working conditions. It can be concluded that, no matter the number of impeller blades is six, seven, or eight, the guide vane with seven blades can have a good matching performance.




3.2.3. The Number of Guide Vanes Remains Unchanged


Figure 17, Figure 18 and Figure 19 are the external characteristic curves obtained by keeping the number of guide vanes five, seven, and nine unchanged, but changing the number of impeller blades to six, seven, and eight, respectively. Figure 17 shows that, when the number of guide vanes is kept at five, the head and efficiency of the pump change significantly with different impeller numbers. In large flow area, the head increases, and the efficiency decreases with the number of impeller blades increasing. This is due to the increase in the number of impeller blades, which increases the impeller’s ability to work on the fluid and improves the pump’s head. The excessive number of blades increases the blade friction loss, reduces the flow channel area, and reduces efficiency because of the shape of the guide vane inlet. As shown in Figure 18, for the scheme with guide vane number of seven, the increase in impeller blades number increases the pump head and effectively eliminates the hump of the pump head characteristic curve. With the increase in impeller blades number, compared with the scheme with six blades, the high-efficiency area of the scheme with seven and eight blades is significantly expanded, and the maximum efficiency of the impeller with eight blades is also improved. Figure 19 shows that when each impeller with nine guide vanes, the performance improvement of the pump is not evident. When the nine-blade guide vane is combined with the six-blade impeller, the overall head and efficiency are low, indicating that matching impeller outlet and guide vane inlet passage are unreasonable. When the nine-blade guide vane continues to match the seven-blade and eight-blade impellers, the head and efficiency are improved, and the high-efficiency area of efficiency is expanded. The maximum efficiency of the eight-blade impeller is also improved. However, the head of the seven-blade impeller appears to hump, and the head of the eight-blade impeller decreases rapidly at 0.8Qdes. In terms of efficiency, the efficiency of the eight-blade impeller scheme is slightly lower than that of the seven-blade impeller scheme before the 1.2Qdes condition. At a certain flow rate, efficiency is improved and slowly decreases with the increase in flow rate.




3.2.4. Analysis of Internal Flow Field


Figure 20 and Figure 21 respectively show the pressure distribution and streamline distribution cloud diagram of an eight-blade impeller with different guide vane blade numbers under 1.2Qdes conditions. Figure 20 shows that the pressure distribution of each scheme is significantly different by changing the number of guide vanes in turn while keeping the number of impeller blades unchanged at eight. The pressure distribution in the impeller of the five-blade guide vane scheme is relatively uniform. When the number of guide vanes increases from five to seven, the pressure in the impeller outlet area increases and the high-pressure area in the guide vane increases obviously, and the pressure in the guide vane is divided into two parts: the high-pressure area near the guide vane outlet and the low-pressure area at the guide vane inlet. When the number of guide vane blades increases to nine, the pressure in the guide vane decreases, and a local sporadic high-pressure area is formed at the outlet edge of the guide vane. The pressure distribution trend in the impeller and guide vane is consistent with the external characteristic results. The number of five blades and the outlet throat area of the guide vane is great, which cannot form a good match with the liquid flow from the impeller, resulting in low overall head and efficiency. The seven-blade guide vane can form a good match with the impeller, the pressure in the impeller and guide vane increases, and the head and efficiency are improved. The seven-blade guide vane increases the friction loss and reduces the overflow area, reducing head and efficiency.



Figure 21 presents that the number of guide vanes is different, and the biggest difference among the schemes is the connection of the transition flow field between the impeller and the guide vane and the flow field distribution in the guide vane. When the number of guide vanes is five, the flow lines at the guide vanes inlet and in the flow passage are irregular divergent. The flow in each flow passage of guide vanes is uneven and unstable. The low-speed region appears in some impeller flow passages, indicating that the matching and convergence performance of the impeller and guide vane flow field are poor, with the number of the impeller and guide vane being unreasonable. When the number of guide vanes increases to seven, the impeller and guide vane flow state improves. The flow velocity in the impeller increases and is uniform and stable, the low-speed zone disappears, the flow velocity in the guide vane presents an obvious stratification phenomenon, and some regular low-speed vortices appear in each channel of the guide vane. When the number of guide vanes continues to increase to nine, there is obvious velocity stratification in some single passages of the impeller. The velocity at the outlet of the impeller decreases, the high-speed region in the guide vane decreases, and the low-speed vortex increases, especially at the outlet of the guide vane passage. Comparing the schemes of eight-blade impeller matching different guide vane blade numbers, it is concluded that a reasonable combination of impeller and guide vane blade numbers can improve the flow state of liquid flow in the impeller and guide vane and make the flow tend to be stable. The internal flow state of the eight-blade impeller with a seven-blade guide vane is the best.



Figure 22 and Figure 23 respectively show the pressure distribution and streamline distribution cloud diagram under 1.2Qdes conditions for the scheme in which a seven-blade guide vane matches with different impeller blade numbers. Figure 22 shows that the pressure is low at the impeller inlet and increases gradually from the impeller inlet to the outlet along the blade flow direction. Uneven pressure diffusion occurs at the impeller outlet and guide vane inlet, the pressure in the guide vane is stratified, and the pressure at the guide vane outlet is high. Figure 23 shows that, as the number of impeller blades increases, the variation law of flow velocity in the impeller passage is relatively consistent, and the distribution of vortex area in the guide vane passage is slightly different. Generally, with the increase in the number of impeller blades, the low-speed vortex in the guide vane passage shows a decreasing trend. The low-speed vortex decrease indicates the flow state improvement, which creates an opportunity to improve the pump performance. From the external characteristic curve, the overall head and efficiency of the three schemes are higher. The head presents a slightly increasing trend, which indicates that the pump head can be improved by appropriately increasing the number of impeller blades when the number of guide vanes remains unchanged. Comparing the three schemes indicates that a good matching relationship between the guide vane with seven blades and the impeller with different blade numbers, which is consistent with the conclusion of external characteristics.



N5 (seven-blade impeller and seven-blade guide vane) and N8 (eight-blade impeller and seven-blade guide vane) have the best hydraulic performance compared to the other schemes. Considering that the number of impeller and guide vane should be reciprocal to avoid the resonance phenomenon in motion, N8 (eight-blade impeller and seven-blade guide vane) is selected as the best scheme.





3.3. Influence of Area Ratio of Impeller Outlet and Guide Vane Inlet


3.3.1. Scheme Design


The area ratio principle of centrifugal pump proposed by Anderson of Britain in 1938 pointed out that the ratio of impeller outlet flow area to pump throat area is the main factor affecting pump performance. It was found that the area ratio principle is not only applicable to volute centrifugal pumps, but also applicable to the segmental pump. Therefore, the area ratio principle is used to study the matching characteristics of the impeller and guide vane in this Section.



For the radial guide vane centrifugal pump, the calculation formula of throat area of radial guide vane is as follows:


   F d  = Z  a 3   b 3   



(4)







The calculation formula of impeller outlet area can be expressed as:


   F 2  = π  D 2   b 2  s i n  β 2  × 0.95  



(5)







Therefore, the area ratio formula of radial guide vane centrifugal pump is as follows:


   Y d  =    F 2     F d    =   π  D 2   b 2  s i n  β 2  × 0.95   Z  a 3   b 3     



(6)







According to the formula, the three parameters affecting the throat area of the guide vane are the number of positive guide vane Z, the plane width    a 3    of the inlet throat of the guide vane, and the outlet width b3 of the inlet throat of the guide vane. The relationship between the three is as follows:


   Z d  =   π s i n 2  a 3    l n  [   (   a 3  +  δ 3   )    cos  a 3     R 3    + 1  ]     



(7)






  S =  a 3   b 3  =  Q   Z d   v 3     



(8)




where S is the throat area of the guide vane single channel.



In general, the determination of Zd requires that the wet circumference of the throat is as small as possible to make the section of the channel close to the square, that is, that the width of the guide vane inlet b3 and the width of the throat plane    a 3    are equal or similar.



Keeping the impeller parameters unchanged, by changing the value of    a 3    and b3 to change the area of the guide vane throat, four groups of guide vanes were designed using the difference method, recorded as guide vane 1 to guide vane 4. They are respectively matched with the impeller with eight blades selected in the upper section, and four groups of schemes are obtained, recorded as M1–M4 respectively, as shown in Table 5. The 3D modeling of the guide vane is shown in Figure 24.




3.3.2. Analysis of External Characteristic Results


Figure 25 shows the external characteristic curves of the four different throat area schemes. From the changing trend of M1 to M4, it shows that, with the increase in the guide vane throat area, the pump head and efficiency show opposite changes law at large flow and small flow. In the large flow area, with the increase in throat area, the head and efficiency of the pump show an increasing trend,    H   M 3    >  H   M 4    >  H   M 2    >  H   M 1     ,    η   M 3    >  η   M 4    >  η   M 2    >  η   M 1     . The head and efficiency of M3 are higher than that of M4, indicating that the larger throat area of the M4 scheme does not promote the continuous improvement of pump performance, and the throat area of the guide vane also has an optimal value. However, in the small flow, the changing trend is just the opposite,    H   M 4    <  H   M 3    <  H   M 2    <  H   M 1     ,    η   M 4    <  η   M 3    <  η   M 2    <  η   M 1     . With the increase in the throat area of the guide vane, the efficiency of each scheme in the large flow area is significantly improved, the high-efficiency area becomes wider, and the highest efficiency point moves to the right and increases.



As shown from Figure 25, with the increase in the guide vane throat area, the decline in head and efficiency curve at large flow rate becomes slow. After 1.2Qdes, the head and efficiency of the M2, M3, and M4 schemes are significantly improved compared with the M1 scheme. At the same time, at a low flow rate of 0.8Qdes, the increase in guide vane throat area leads to a decrease in the head and efficiency of the M2, M3, and M4 schemes, which is unacceptable to the pump state in actual operation. A comprehensive comparison of each scheme shows that the M3 scheme has the best performance and efficient wide area, which can meet the requirements of the head and efficiency of the high-pressure pump. Next, the internal flow characteristics of different schemes under different conditions is studied, and the reasons for the performance differences of each scheme are analyzed.




3.3.3. Analysis of Internal Flow Field


The external characteristic curve Figure 25 shows that the changing trend of the M2, M3, and M4 schemes is relatively consistent after the throat area of the guide vane is increased, and there is little difference in head efficiency, so the internal flow characteristics of M1 and M3 are only analyzed in this Section. Figure 26 and Figure 27 show the distribution cloud diagram of the turbulent kinetic energy of the M1 and the M3 schemes under different flow conditions. The magnitude of turbulent kinetic energy reflects the magnitude and range of fluctuating diffusion and viscous dissipation loss to a certain extent. The figure indicates that, at 0.8Qdes, the turbulent kinetic energy is larger, and the flow state is poor; with the flow rate increases to 1.0Qdes, the turbulent kinetic energy decreases, which indicates that the flow condition of 1.0Qdes was improved. When the flow rate continues to increase to 1.2Qdes, the turbulent kinetic energy in the outlet area of the guide vane increases obviously, which indicates that the fluid is undergoing intense energy exchange and the flow is very unstable. It can be seen from the distribution of turbulent kinetic energy under different flow conditions that the flow rate has a great influence on the turbulent kinetic energy. Under small flow conditions, the flow in the impeller is unstable, the liquid flow impact loss is great, and the turbulent kinetic energy is high, resulting in the low efficiency of the pump. Under large flow rate conditions, the increase in liquid flow velocity, impact loss, pulsation diffusion, and viscous dissipation also increase, and the efficiency of the pump decreases.



Compared with schemes M1 and M3, the turbulent kinetic energy under 0.8Qdes condition increases with the throat area of the guide vane, resulting in the low efficiency of scheme M3 at 0.8Qdes. As flow increases, the turbulent kinetic energy of the two schemes at 1.0Qdes decreases, and the efficiency increases. When the flow rate increases to 1.2Qdes, the turbulent kinetic energy of the M1 scheme is higher than that of the M3 scheme, and the corresponding external characteristic is that the efficiency of M1 decreases at 1.2Qdes and is lower than that of the M3 scheme. A comparative analysis shows that the throat area of guide vane has a significant influence on fluid flow. A too small throat area increases the impact loss and reduces the pump performance. Appropriately increasing the throat area can improve the liquid flow state, reduce the liquid flow impact loss and diffusion loss, expand the high-efficiency area of the pump, and move the highest efficiency point to the large flow area. Therefore, for the matching of impeller and guide vane, choosing an appropriate throat area can effectively improve the pump performance, which is extraordinarily significant in the hydraulic design.



This shows that a comprehensive consideration of the throat area of scheme M3 matches the impeller with the best hydraulic performance, which improves the head of the pump at a large flow and effectively widens the high-efficiency area at large flow and improves the pump performance.






4. Conclusions


In this study, the matching characteristics between different geometric parameters of impellers and guide vanes are considered. The matching characteristics of the impeller and guide vane of a large-scale seawater desalination high-pressure pump were studied regarding three aspects: outlet width of impeller blade, the impeller and guide vane blade number, and area ratio impeller outlet to guide vane inlet. The main conclusions are as follows:




	
The single-stage pump model is numerically calculated and processed into a solid pump for the experimental study. The results show that the numerical simulation results are in good agreement with the test results. Under 1.0Qdes condition, the error of numerical simulation and test head is 4.2%. Under 1.2Qdes condition, the error is 6.5%, which is within the allowable engineering range, indicating that the accuracy of numerical calculation is high;



	
Increasing the width of the blade outlet can improve the pump head and bring a certain improvement to the pump efficiency. In addition, there is an optimal value of the width of the blade outlet b2. When it exceeds this value, the performance of the pump declines. For this paper, the scheme of choosing the width of the blade outlet b2 = 28 mm effectively increased the pump head and improved the efficiency of the pump;



	
Under certain conditions, appropriately increasing the number of guide vane blades or changing the number of impeller blades can improve efficiency and expand the high-efficiency area. However, too many guide vane blades reduce the flow passage area and increase the diffusion loss, resulting in reduced head and efficiency. A comprehensive comparison shows that the eight-blade impeller with a seven-blade guide vane is well matched, with excellent hydraulic performance, high head, and efficient wide area;



	
The increase in the throat area of the guide vane has the opposite effect on the large flow and small flow area of the pump. In the small flow area, the head and efficiency of the pump decrease with the increase in throat area. In the large flow area, the pump’s performance is improved, the highest efficiency point moves to the right, and the high-efficiency area expands. Compared with each scheme, the M3 scheme is adopted, and the performance of the pump is the best, which meets the design requirements.
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Nomenclature




	Dj
	Impeller inlet diameter, mm



	D2
	Impeller outlet diameter, mm



	Dh
	Impeller hub diameter, mm



	b2
	Blade outlet width, mm



	β2
	Blade outlet angle, °



	φ
	Blade envelope angle, °



	Z
	Number of impeller blades



	D3
	Diameter of positive guide blade base circle, mm



	b3
	Axial inlet width of positive guide vane, mm



	a3
	Inlet width of the positive guide vane plane, mm



	b4
	axial outlet width of the positive guide vane, mm



	a4
	Outlet width of the positive guide vane plane, mm



	D4
	Outlet diameter of positive guide vane, mm



	Zd
	Number of positive guide vanes



	H
	Head, m



	η
	Efficiency
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Figure 1. Structure diagram of single-stage pump model. 
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Figure 2. Three-dimensional modeling of main overflow components. (a) Guide vane entity, (b) Guide vane water body, (c) Impeller entity, (d) Impeller water body. 
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Figure 3. Fluid computing domain of single-stage model pump. 
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Figure 4. Meshing of main flow through components. (a) Impeller, (b) Guide vane, (c) Front pump chamber, (d) Rear pump chamber, (e) Outlet section. 
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Figure 5. Assembly meshing in the fluid computing domain. 
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Figure 6. Schematic diagram of the test bench. 
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Figure 7. Model pump installation illustration. 
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Figure 8. Comparison of external characteristics of numerical simulation and test. 
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Figure 9. Four groups of impellers with different blade outlet widths. (a) b2 = 24 mm, (b) b2 = 26 mm, (c) b2 = 28 mm, (d) b2 = 30 mm. 
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Figure 10. External characteristic curve of different blade outlet widths. (a) Q-H, (b) Q-η. 
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Figure 11. Pressure distribution of impeller and guide vane with different b2 value. (a) b2 = 24 mm, (b) b2 = 26 mm, (c) b2 = 28 mm, (d) b2 = 30 mm. 
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Figure 12. Velocity distribution of impellers and guide vanes with different b2 values. (a) b2 = 24 mm, (b) b2 = 26 mm, (c) b2 = 28 mm, (d) b2 = 30 mm. 
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Figure 13. Three-dimensional modeling of impeller and guide vane. (a) 6-blade impeller, (b) 7-blade impeller, (c) 8-blade impeller, (d) 5-blade guide vane, (e) 7-blade guide vane, (f) 9-blade guide vane. 
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Figure 14. Characteristic curves of various schemes when the impeller blade number is 6. (a) Q-H, (b) Q-η. 
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Figure 15. Characteristic curves of various schemes when the impeller blade number is 7. (a) Q-H, (b) Q-η. 
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Figure 16. Characteristic curves of various schemes when the impeller blade number is 8. (a) Q-H, (b) Q-η. 
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Figure 17. Characteristic curves of different schemes when the guide vane number is 5. (a) Q-H, (b) Q-η. 
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Figure 18. Characteristic curves of different schemes when the guide vane number is 7. (a) Q-H, (b) Q-η. 
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Figure 19. Characteristic curves of different schemes when the guide vane number is 9. (a) Q-H, (b) Q-η. 
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Figure 20. Pressure distribution of different guide vane schemes under the 8-blade impeller. (a) 5-blade guide vane, (b) 7-blade guide vane, (c) 9-blade guide vane. 
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Figure 21. Velocity distribution of different guide vane schemes under the 8-blade impeller. (a) 5-blade impeller, (b) 7-blade impeller, (c) 9-blade impeller. 
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Figure 22. Pressure distribution of different impeller blade numbers under the 7-blade guide vane. (a) 6-blade impeller, (b) 7-blade impeller, (c) 8-blade impeller. 






Figure 22. Pressure distribution of different impeller blade numbers under the 7-blade guide vane. (a) 6-blade impeller, (b) 7-blade impeller, (c) 8-blade impeller.



[image: Jmse 10 00115 g022]







[image: Jmse 10 00115 g023 550] 





Figure 23. Velocity distribution of different impeller blade numbers under the 7-blade guide vane. (a) 6-blade impeller, (b) 7-blade impeller, (c) 8-blade impeller. 
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Figure 24. Three-dimensional modeling of the four guide vanes. (a) Guide vane 1, (b) Guide vane 2, (c) Guide vane 3, (d) Guide vane 4. 
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Figure 25. External characteristic curve of the different throat area schemes. (a) Q-H, (b) Q-η. 
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Figure 26. Turbulence kinetic energy distribution of M1 scheme under different flow conditions. (a) 0.8Qdes, (b) 1.0Qdes, (c) 1.2Qdes. 
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Figure 27. Turbulence kinetic energy distribution of M3 scheme under different flow conditions. (a) 0.8Qdes, (b) 1.0Qdes, (c) 1.2Qdes. 
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Table 1. Main geometric parameters of the impeller and guide vane.
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	Symbol
	Impeller
	Symbol
	Guide Vane





	Dj
	222 mm
	D3
	402 mm



	Dh
	139 mm
	b3
	33 mm



	b2
	27 mm
	a3
	25.8 mm



	D2
	400 mm
	b4
	43.6 mm



	β2
	25°
	a4
	38.4 mm



	φ
	130°
	D4
	560 mm



	Z
	6
	Zd
	9
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Table 2. Calculation of head under different grid numbers.
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	Scheme
	Total Number of Grids
	Head H (m)





	1
	2,755,852
	185.6



	2
	3,106,242
	202.3



	3
	3,625,141
	203.7



	4
	4,356,823
	202.8
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Table 3. Blade outlet width scheme.
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	Scheme Number
	1
	2
	3
	4





	b2
	24 mm
	26 mm
	28 mm
	30 mm
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Table 4. Scheme list.
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	Scheme
	Number of Impeller Blades
	Number of Guide Vanes





	N1
	6
	5



	N2
	6
	7



	N3
	6
	9



	N4
	7
	5



	N5
	7
	7



	N6
	7
	9



	N7
	8
	5



	N8
	8
	7



	N9
	8
	9
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Table 5. List of different guide vane throat area schemes.
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	Scheme
	Guide Vane
	a3/mm
	b3/mm
	Fd/mm
	Yd





	M1
	1
	29
	30
	6090
	2.319



	M2
	2
	29
	33
	6699
	2.108



	M3
	3
	29
	36
	7308
	1.932



	M4
	4
	34
	36
	8568
	1.648
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
(c) (d)





media/file52.png





media/file39.jpg
so g
w H
oy M
00 ) 00
@ )






media/file18.png
(a) (b) (c) (d)





media/file21.jpg
Pressure (Pa)
2.466E+06

21336406
1.800E+06
1.468E+06
1.135E+06
8.022E+05
4.695E+05
1.368E+05
-1.960E+05
-5.288E+05
86156405 @ (b)






media/file44.png
(c)

(b)





media/file26.png
Velocity (m/s)
49 1

36.9

24.8

12.6

0.5






media/file57.jpg
@

(b)

©





media/file55.jpg
@

®)





media/file7.jpg
(@

(b)

(e)

(©






media/file10.png
celrrhidisenile
Chhogaeaw






media/file49.jpg
(@) (b) ©





media/file11.jpg
Velocimeter

Outlet value

Flowmeter

Prossure tap

Motor

Liquid storage tank

Vacuum pump

l; Inlet value
i

T Model pump






media/file6.png
Outlet extension

Inlet section

Outlet section

Guide vane  Impeller





media/file36.png
H/m

260

240

220

200

180

160

140

120

m N7
e N8
A N9
A
I : I . 1 : I : I 1 I
0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.90

0.85 -
0.80 |
0.75 -
0.70 -

< 0.65

0.60

0.55
0.50
0.45

0.40

i m N7
® N8
" A NO
1 1 1 1 1 1 1
0.8 0.9 1.0 1.1 1.2 1.3 1.4
Q/Qdes






media/file15.jpg
400

350

300

250

Him

200

150

100

50

400

500

600
O

700

800

900

2000-

500

100

80

60

0%

40

20





nav.xhtml


  jmse-10-00115


  
    		
      jmse-10-00115
    


  




  





media/file54.png
H/m

280

260

220

200 -
180 -
160 -
140 -
120 -

100

240

80

M1
M2
M3
M4

4 b o n

0.90

0.85

0.75

0.70 -
< 0.65 -
0.60 -
0.55 -
0.50 -
0.45 -

0.40

0.80

M1
M2
M3
M4

4 > o n






media/file2.png
Mechanical seal

Bracket assembly assembly Guide vane

% Impeller

! Inlet section of

pump body

Il

P01 A

|
Pump body outlet section Pump shaft L mi






media/file53.jpg
oL o 0 L
(a) (b)





media/file24.png
(d)





media/file1.jpg
Mechanical seal
Bracket assembly ~ assembly

|17

Pump body outlet section

Pump shaft

Guide vane
Impeller

Inlet section of
pump body





media/file12.png
Outlet valu
Flowmeter
(A L N\
‘
[ Liquid storage tank
fie N V7
. - ssure tap
Velocimeter 4t /
Il Inlet value / Vacuum pump
i VAl
Motor :ﬂ: J; i
\ Model pump






media/file9.jpg





media/file42.png
220

200

180

/m

140

120

100

T 160

A

. : \.\.\-

® N3

® N6

A N9
I . 1 . I . 1 . 1 1 1
0.8 0.9 1.0 1.1 1.2 1.3 14

Q/Qdes

(a)

0.80

0.75

0.65

< 0.60

0.55

0.50

0.45

0.40

A
[ ]
[ |
mE N3
® N6
A N9
1 I 1 1 1 1 1
0.8 0.9 1.0 1.1 1.2 1.3 14
Q/Qdes






media/file22.jpg





media/file56.png
Turbulence Kinetic Energy (m?/s?)

2.616E+02
2.354E+02
2.093E+02
1.831E+02
1.570E+02
1.308E+02
1.046E+02
7.848E+01
| 5.232E+01
| 2.616E+01
" 2.321E-04

(a)

(b)

(c)





media/file47.jpg





media/file38.png
H/m

190

180

170

160

150

140

130

120

m NI
o N4
A N7
I . I . I I I I I
0.8 0.9 1.0 1.1 1.2 1.3 1.4
Q/Qdes

0.80

0.75

0.70

0.65

= 0.60

0.55

0.50

0.45

0.40

B NIl
o N4
A N7

Q/ Qdes
(b)






media/file17.jpg
|

@ ®) © @





media/file30.png





media/file51.jpg





media/file35.jpg
(@)

0.

00,
(b)






media/file48.png





media/file27.jpg





media/file3.jpg
(d)

(0)





media/file19.jpg
o)

00,

(@

00,

()






media/file23.png
Pressure (Pa)
2.466E+06

2.133E+06
1.800E+06
1.468E+06
1.135E+06
8.022E+05
4.695E+05
1.368E+05
-1.960E+05
-5.288E+05
-8.615E+05 (a) (b)






media/file58.png
Turbulence Kinetic Energy (m?/s?)

2.883E+02
2.595E+02
2.306E+02
2.018E+02
1.730E+02
1.442E+02
1.153E+02
8.649E+01

| 5.766E+01
| 2.883E+01
' 2.335E-04





media/file40.png
H/m

260

240

220

200

180

160

140

120

0.90

0.85

0.75

0.70
< 0.65

0.60

0.55

0.45

0.40

0.80

0.50

)
= N2
® N5
A N8
1 1 1 | | 1 1
0.8 09 1.0 1.1 1.2 13 1.4
Q/Qdes






media/file33.jpg
~
o N

00

(b)






media/file32.png
240

220

200

/m

T 180

160

140

120

0.90

0.85

0.75

0.70

=065

0.60

0.55
0.50
0.45

0.40

0.80

(]
@
® NI
e N2
A N3
I . I . 1 I I 1 I
0.8 0.9 1.0 1.1 1.2 1.3 14
Q/Qdes

(b)






media/file28.jpg
OO0





media/file14.png
;,\Model pimp

\s." -_, ..' S | - .
. 5 :.‘ "7 14 ¢ ;;.~
Inlet vgzjueSu 1 o4 3
[
’

.c.-&; ‘ ‘ ;\-- .






media/file41.jpg
00,
@






media/file37.jpg
00,

(b)






media/file46.png
Velocity (m/s)
86.55

64.92

43.29

21.65

0.02





media/file45.jpg





media/file29.png





media/file16.png
400 2000+ 100

A EXP-H ® EXP-p = EXP
50l A CFD-H ® CFD-p = CFD-y | :
: 1 80
300 | 1 1500
- 250 i 160
T S| e
200 41000{ <
150 |- 140
100 F 1 500
_ 120
50 |- -
O | y | y | y | 1 | y | O _ O
400 500 600 700 800 900

O/m>*h!





media/file20.png
280 0.90
260 | 0.85 |-
0.80 |
240 | i
! 0.75
220 | i
I 0.70
200 | [
S _ ~0.65 |-
180 - 0.60 | °
160 | 0.55 | A b,=28
ol 0.50 | v b,=30
- 0.45 |-
120 | i
S R R TS T B 040 b}m—opr-vmvw--—--—-+r-—-oa=T]—"-"-T-—"--7—"—-m—-—v—
0.8 0.9 1.0 1.1 1.2 1.3 1.4 0.8 0.9 1.0 11 192 13 14
Q/Qdes Q/Qdes

(a) (b)





media/file50.png
Velocity (m/s)
58.78

44.09

29.41

14.72

0.03






media/file5.jpg
Outlet extension

Inlet secfion

Outlet section

Guide vane  Impeller





media/file31.jpg
sas i

o . N

il P
e e
(@) (b)






media/file25.jpg
(b)






media/file0.png





media/file8.png
(d) (e)





media/file43.jpg





media/file34.png
H/m

0.90

0.85

0.80

0.75
0.70
= 0.65

0.60

0.55
0.50

0.45

0.40






