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In recent years, much attention has been paid to the application of high-speed centrifugal pumps; still, the development of this pump faces several challenges. In order to obtain a more comprehensive understanding of the high-speed centrifugal pump, this paper reviewed the engineering application, technical challenges, and feasible solutions of this pump from the aspects of hydraulic design, including cavitation, hydraulic excitation, efficiency issue at an ultra-low specific speed, and the solution to these problems. The current state of the structural design of the high-speed centrifugal pump was briefly described in addition. For the faults in the existing high-speed centrifugal pump, some research studies on pump monitoring were presented. Finally, the status and shortcomings of the design of the pump were simply analyzed and summarized. It is hoped that this study can provide some references for the design and practical usage of high-speed centrifugal pumps.
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INTRODUCTION
Energy demand has been increasing with the acceleration of global industrialization. Electric power is the most widely used secondary energy, which plays a very important role in the development of society. At present, most of the electric power supply systems in the world have adopted the centralized power supply mode of large unit power generation and large grid interconnection. There are three ways to generate large-scale electric energy: coal-fired electric power generation, heavy-duty gas turbine and its combined cycle electric power generation, and nuclear electric power generation. As an important mode of thermal power generation, heavy-duty gas turbine and its combined cycle power generation take gas as a high-temperature working medium, steam as a low-temperature working medium, and the gas turbine exhaust as the heating source for power supply, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Power system (2011).
The transmission of medium is the premise of stable operation of the power supply system, which is achieved by the pump. A high-speed centrifugal pump has the characteristics of small volume and high head, which is often used for the transportation of the condensate in the system. The structure of a high-speed centrifugal pump, as shown in Figure 2, is mainly constructed by the motor, gearbox, and pump. The working principle of high-speed centrifugal pumps is similar to that of the ordinary centrifugal pump, but it obtains a high speed through the gearbox (Anmin Zhou, 2021).
[image: Figure 2]FIGURE 2 | Structure of the high-speed centrifugal pump (2011).
High head and high speed are the characteristics of a high-speed pump. However, its defects cannot be ignored. It is prone to cavitation, and the excitation problem is more serious (Berten, 2009; Huimin Li, 2019). At the same time, the inefficient problem will also have a great impact on the operation of the pump (Zuchao Zhu, 2007; Kraeva, 2010). In addition, the structural design also affects the performance of the pump. Thus, researchers have conducted in-depth research on the hydraulic design and structural improvement of high-speed centrifugal pumps. In this work, a comprehensive review concerning high-speed centrifugal pumps is discussed. Hydraulic Design of High-Speed Centrifugal Pumps elaborates on the hydraulic design of the pump, which includes the research on cavitation, pressure pulsation, and inefficient problem. Structural Design of High-Speed Centrifugal Pump describes the current state of the pump’s structural design. Vibration Monitoring System describes the pump fault diagnosis, and conclusions are presented in Conclusion.
HYDRAULIC DESIGN OF HIGH-SPEED CENTRIFUGAL PUMPS
The hydraulic problem is an important consideration in the design and operation of high-speed centrifugal pumps, which seriously restricts the development of pumps. It is closely related to the flow phenomena. Some feasible schemes are put forward by analyzing these phenomena.
Cavitation
Cavitation is widely seen in high-speed centrifugal pumps. It will be generated when the absolute pressure of the liquid is lower than the vaporization pressure. The phenomenon will be different with different fluid media when cavitation occurs, which means that the impact on the pump is also different (Songsheng Deng, 2019). Generally, a low-pressure area appears when the backflow vortex occurs at the pump inlet, and the velocity is high and fluctuates greatly. As to the mechanism of the backflow, Stepanoff (J, 1947) pointed out that the inertial force of the liquid increases the circular velocity of the liquid around the blade when the flow rate decreases to near zero. This eliminates the energy gradient necessary to maintain the flow, resulting in backflow. Fraser (Warren, 1981) held that the pressure gradient at some points is reversed when the dynamic head exceeds the centrifugal head, which may cause backflow. It is found that the backflow vortex in the inlet section is caused by the liquid flow near the outer edge of the blades. For backflow, Shuai Hu (2017) found that the backflow vortex is mainly related to the flow rate under the condition of low flow rate. Zhao J (2014) showed that there are four types of vortices in the impeller channel, as shown in Figure 3. It is clear that type C occupies the largest space, causing the main flow problem.
[image: Figure 3]FIGURE 3 | Vortex core in the inducer-impeller (Zhao J, 2014).
In addition, the low-pressure area is related to the liquid inlet pressure and temperature. Hu’s (Zhao J, 2014) simulation results showed that the low-pressure area gradually expands with the decrease in the inlet total pressure. Jin Jiang (2019) found that the bubbles in the impeller passage will suddenly increase when the temperature is greater than 90°C, while the increasing trend will weaken after the temperature is greater than 90°C.
Cavitation will have a great impact on the head. The head would drop precipitously when the cavitation coefficient decreases to a certain value (Xu Luo, 2018).
Inducer Design
At present, the most widely used solution to the cavitation problem is to add an inducer in front of the impeller. Debarpan Paul (2020) pointed out that the inducer is the most effective at the operating range of the pump and tends to lose its function under off-designed conditions. The type, structure, head, and installation position of the inducer all affect the anti-cavitation ability of the pump.
The anti-cavitation ability can be improved by selecting a reasonable type of the inducer type. The velocity pre-spinning at the exit of the splitter blade inducer weakens the backflow, but flow blockage occurred in the splitter blade inducer with the flow rate increase. Xilong Huang (2020) calculated the cavitation number of different inducers under different flow rates. It can be seen from Figure 4 that the splitter blade inducer is suitable for small flow rates, and the variable pitch inducer is better for large flow rates.
[image: Figure 4]FIGURE 4 | Curves of NPSH with the flow coefficient (Xilong Huang, 2020).
In terms of the structure of the inducer, Xiaorui Cheng (2020) proposed that the change of the inducer inclination angle has a great influence on the anti-cavitation ability. It is found that the volume fraction of the gas phase in the inducer is the minimum when θ = 2°. The outlet pitch of the inducer has a significant effect on the cavitation. Guohong Wu (2016) pointed out that increasing the outlet pitch of the inducer can decrease the circumferential velocity of the inducer outlet, and the fluid obtains more pressure energy. At the same time, it can reduce the impeller axial clearance of the low-pressure zone. The anti-cavitation ability of the inducer can be improved by changing the surface of the inducer blade. Huimin Li (2019) cut slots on the inducer and divided the large cavitation of the inducer into several small cavitations, which improves the anti-cavitation ability of the inducer. For the splitter blade inducer, Xiaomei Guo (2012) pointed out that the position of the short blade had a significant effect on cavitation. The optimum position of the short blade in the inducer is L= 0.45 D. For the position of the inducer, the relative angle of the inducer and impeller has a great influence on the efficiency and cavitation capacity. The gas phase ratio between the inducer and impeller varies significantly with the circumferential angle (Baofeng Yang, 2019). The inducer will produce a head. On the basis that no cavitation occurs in the impeller, the higher the head of the inducer, the greater is the inlet pre-spinning of the impeller, and the worse is the cavitation resistance of the impeller (Huimin Li, 2020).
Impeller Design
As the core structure of the pump, the internal flow state of the impeller directly affects the performance of the pump. The anti-cavitation ability can be enhanced by the design of the impeller.
The axial clearance of the blade has a significant effect on the cavitation. Lihong Zhang (2016) found that the low-pressure area at the blade’s back disappears with the increase in axial clearance, which enhances the anti-cavitation ability. The type of blade also affects the cavitation of the pump. The impeller blades are divided into two types: split blades and full blades. At a low flow rate, the blockage of the passage will decrease the inner pressure of the impeller. Jianping Yuan (2014) found that cavitation occurs in all passages of the 4 + 4 split blade pump, and part of the cavitation is serious, while the cavitation has not appeared in the full blades. The anti-cavitation ability can be improved by adding a balance hole on the impeller. The air bubble accumulates in the balance hole, which is then sheared away by the high-pressure fluid at the outlet of the impeller to improve the anti-cavitation ability. Hao Gao (2020) obtained the bubble distribution in the impeller by simulation, as shown in Figure 5. It can be seen that the balance hole can change the distribution of gas in the impeller directly.
[image: Figure 5]FIGURE 5 | Pressure and gas phase distribution diagrams of the pump before and after designing the hole (Hao Gao, 2020).
The specific area of the balance hole is an important factor that affects the anti-cavitation ability of the pump. The larger the area of the balance hole, the larger is the leakage of the balance hole, and the vortex is induced at the inlet of the centrifugal impeller. Cheng (Xiaorui Cheng, 2020; Xiaorui Cheng, 2020) designed balance holes with different specific areas in pumps and analyzed the flow field. The simulated streamlines in Figure 6 show that flow in the balance hole is smooth when the specific area of the balance hole K = 0.5 and K = 1.
[image: Figure 6]FIGURE 6 | Axial flow field distribution of the high-speed centrifugal pump with different balance hole-specific areas (Xiaorui Cheng, 2020).
Hydraulic Excitation
The second problem is hydraulic excitation. The excitation force is affected by the backflow and vortex. The research on the backflow and vortex has been provided in Cavitation. In addition, cavitation also has a great impact on it. Yeqiang Li (2017) simulated the distribution of the root-mean-square, as shown in Figure 7. Through comparison, it was found that the interaction becomes stronger in amplitude when cavitation occurs.
[image: Figure 7]FIGURE 7 | Prms on PS and SS of the blade (Yeqiang Li, 2017). (A) PS at non-cavitation. (B) PS at critical cavitation. (C) SS at non-cavitation. (D) SS at critical cavitation.
For the excitation force, Wei Dou (2013) proposed that the main exciting force of the impeller can be divided into constant force and pulse force, while the interference between the impeller and tongue generates the variable excitation force. Qiaorui Si (2020) found that the pressure fluctuation nearby the tongue position might cause the radiated noise.
Orifice Plate Design
The orifice plate is used to block the axial velocity of the backflow, which can suppress the backflow vortex. The main factors that affect the backflow are the orifice diameter, orifice thickness, orifice shape, and orifice position.
Xiaomei Guo (2011) simulated nine different schemes of the orifice plate design by the orthogonal method. It is concluded that the diameter of the orifice plate is the main factor affecting backflow, the thickness of the orifice plate is the second, and the distance between the orifice plate and the leading edge of the inducer is the third. Wenwu Song (2017) installed different kinds of orifice plates in the inlet section of the pump. It can be seen from Figure 8 that the backflow vortices are reduced after the orifice plate is installed, and the number of vortices in the C-type orifice plate is less.
[image: Figure 8]FIGURE 8 | Streamlines of different orifice plates and c-type orifice plate structures: (A) without orifice plate, (B) type A orifice plate, (C) type B orifice plate, (D) type C orifice plate, and (E) type D orifice plate (Wenwu Song, 2017).
In order to study the influence of the diameter of the c-type orifice plate, Chengfan Shi (2019) installed different diameters of the c-type orifice plate in the pump. It can be seen from Figure 9 that there is no axial backflow when the aperture is 1.0 and 0.8 R.
[image: Figure 9]FIGURE 9 | Structure of the orifice plate and streamline distribution of the inlet section (Chengfan Shi, 2019). (A) Without orifice plate. (B) D = 1.6R. (C) D = 1.4R. (D) D = 1.0R. (E) D = 0.8R.
For other types of orifice plates, Wenwu Song (2020) studied the effect of inclination angles of orifice plates on the backflow. As shown in Figure 10, the comparison shows that there are no vortices in the mainstream at 10°/0° and 20°/20°. It is pointed out that the suppression effect of the backflow vortex is obviously better when the angle is negative.
[image: Figure 10]FIGURE 10 | Orifice plate structure and sketch of the axial section (Song Wenwu, 2020).
Impeller Design
The structure of the impeller has a great influence on the pump. The inlet shape of the blade can change the flow condition and outlet velocity in the impeller. Qiang Li (2019) found that the highest amplitude of pressure pulsation is at the tongue. Also, it is pointed out that the vibration is caused by the interaction between the volute and the tongue. The pressure pulsation is affected by the splitter blades. Jun Liu (2013) designed three types of splitter blades and observed the flow field. From the results, the cross-section static pressure displays better uniformity in the impeller with splitter blades. Yuan Ye (2019) replaced the original impellers with two new types of impellers with splitter blades. The result shows that the pulsating pressure of the original scheme (Scheme 1) is obviously higher than the others.
Guide Vane Design
The guide vane is located between the impeller outlet and the volute. It is found that the guide vanes can change the interference between the impeller and the volute. Therefore, hydraulic excitation can be reduced by guide vanes’ design (Xiuxin Yang, 2017).
The vortex in the guide vane channel is related to the relative position between the impeller and the guide vane. From Baofeng Yang’s (2019) study, the vortex in the flow of different guide vanes and impellers is quite different. The number of guide vanes and impeller blades can affect hydraulic excitation. Rong Xue (2019) did research on the effects of the number of impeller blades and guide vanes on the pumps. It can be seen from Figure 11 that the vortex is related to the number of guide vane and impeller blades.
[image: Figure 11]FIGURE 11 | Velocity streamline of the high-speed pump under four computational cases (Rong Xue, 2019).
Inefficient Problem
The pump’s specific speed will have a great impact on the efficiency. A high-speed centrifugal pump with a specific speed of less than 80 is called an ultra-low specific speed high-speed centrifugal pump, which has the characteristics of low efficiency. To solve the problem of low efficiency, four methods are proposed, which are the enlarged flow rate design method, area ratio method, no-overload design method, and complex impeller design method (Junhu Yang, 2006; Zuchao Zhu, 2007; Yang Wang, 2012; Zhongqiang Ma, 2015; Qiang, 2017). The most widely used method earlier is the enlarged flow rate design method and splitter blade design.
Enlarged Flow Rate Design Method
The enlarged flow rate design method is to design the pump with enlarged parameters, which is the most direct and effective way to improve efficiency. It is expressed as a formula as follows:
[image: image]
[image: image]
In order to obtain the most accurate amplification factor, Junhu Yang (2005) introduced the equation in the general expression of the enlarged flow rate design method:
[image: image]
[image: image]
According to the dimensionless efficiency curve, Yongyan Ni (2008b) pointed out that the efficiency would decrease in the small flow region. The only flow amplification coefficient is obtained according to the equation.
[image: image]
[image: image]
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Protopopov A (2019) proposed a multi-index optimization method for the low flow rate. The appropriate value can be found through the head and cavitation of these points.
It is necessary to make changes to the structure such as the inducer and impeller in the design of the enlarged flow rate design method. Generally, the exit position angle [image: image] and impeller diameter [image: image] do not change. For the parameters of other parts, Zuchao Zhu (2007) designed the pump based on the design idea of the enlarged flow rate design method, as shown in Table 1.
TABLE 1 | Inducer design.
[image: Table 1]Complex Impeller Design Method
This method is based on the idea of changing the internal flow field of the impeller, using the splitter blade to scour the wake, which can effectively prevent the further development of the wake (Baolin Cui, 2007; Heng, 2019).
The splitter blades have been widely used in the design of ultra-low specific speed high-speed centrifugal pumps. Xueyi Qi (2009b; a) pointed out that the order of precedence affecting the efficiency is the number of short blades, the relative position of the radial inlet, the circumferential offset, and the deflection angle. As shown in Figure 12, the splitter blade can improve the efficiency of the pump, and the effect is better at a large flow rate. The method of the splitter blade structure is obtained by adjusting the value of the long blade space cylindrical coordinate points.
[image: Figure 12]FIGURE 12 | Performance curve of the head and efficiency (Xueyi Qi, 2009b).
STRUCTURAL DESIGN OF THE HIGH-SPEED CENTRIFUGAL PUMP
The structure of a high-speed centrifugal pump plays a key role in the operation of the pump. The key to realizing the high head is motor power and speed. With the increased demand for industrial production, the head is higher and higher, the power is bound to become higher, the structure will be more compact, and the material will be more outstanding. In order to ensure the stability of the pump, the structure needs to be reasonably designed.
Gearbox Design
The gearbox is widely used in a high-speed centrifugal pump. The impeller obtains high speed by the gearbox. There are two kinds of gears in the gearbox: the single step gear and double step gear. The single step gear is based on the gear tooth ratio for the speed-up process. The double step gear drives with an intermediate shaft in the middle.
In the gear design, the small modulus involute spur gear is used to reduce wear. Compared with the helical gear, it has the characteristics of small vibration, low noise, and long life. B Guilbert (2019) found that both thin-rimmed gear geometry and operating conditions must be accounted for. Moreover, it is very important to study the influence of vibration. The vibration will cause a greater impact on the gear (Zhongxu Cui, 2020). Min Yang (2016) pointed out that there are swing, torsional vibrations, and bending in the vibration mode of the gearbox. Anmin Zhou (2021) pointed out that the frequency response in two directions was composed of the fp component, fg component, fm component, and 2fm component. It is found that there is an obvious jumping phenomenon in the x direction when the transmission ratio is 1.25.
Bearing Design
Hydraulic excitation, cavitation, wear structure defects, the fault of the lubricating oil system, and other problems will have a certain impact on the bearing, which may cause a bearing problem, such as abnormal bearing temperature, or bearing fracture. The research on the bearing is of great significance to the design of the pump.
There are many types of bearing. Jie Zhou (2015) compared polymer-lined thrust bearings with babbitt-lined bearings. It is pointed out that the thrust bearing is better in terms of load-bearing. Hongping Zhou (2015) obtained the temperature distribution of the ceramic ball bearing, which lays the foundation for the further study of bearing. Rong Xue (2019) presented a new type of hydrodynamic bearing using working fluid as a lubricant, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Details of hydrodynamic bearings (Rong Xue, 2019).
Bearing is affected by the unbalanced force. The analysis of Y X Bai (2016) shows that the capacity, maximum deformation, and pressure of water film are consistent with the increasing trend in radial clearance. It is pointed out that a reasonable selection of radial clearance is the key to improving the bearing performance.
Sealing Design
The sealing system is very important for the whole system. As the speed of the impeller increases, its requirements for sealing performance become higher. The mechanical seal is one of the key parts of the pump. Through its reasonable design, the leakage, vibration, and lubrication problems of the pump can be solved.
In terms of the sealing design, Sundyne’s high-speed centrifugal pump is superior in sealing performance. It has three types of seals: the single seal, double seal, and tandem seal. Three kinds of sealing methods are used in different occasions to ensure the stable operation of the pump (2011). Through research, it is found that there are a number of factors that can affect the seal. Xudong Peng (2019) pointed out that the rotating speed, medium pressure, and circulation of the sealing medium all affect the temperature of the sealing bearing end face. Yancheng Yu (2014) pointed out that the leakage of the mechanical seal was caused by the bad following performance of the high-speed mechanical seal and the failure of the auxiliary seal ring.
Motor Design
The motor can provide power for the whole system, which is the basis of realizing the function of the pump. The gearbox is complex, expensive, and difficult to maintain. Thus, new methods are proposed to achieve high speed, such as the high-speed permanent magnet synchronous motor (HPSM). The HPSM is more efficient in performance. In addition, the volume of the system is also smaller than the general use of the gearbox, which can achieve high efficiency (Gang-Hyeon Jang, 2018). In the HPSM study, Simon M. Barrans (2017) presented a model that considers both the radial and axial interactions between the magnet and the jacket during design interference. Wan Yuan (2017) established a stress analysis model for a brushless electric motor rotor under high centrifugal force, rotor heating, and accelerated impact, which can provide a reference for the rotor design. Gang-Hyeon Jang (2018) designed a high-speed brushless electric motor for high-speed centrifugal pumps, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Structure of a high-speed PMSM. (A) 2D model. (B) 3D shape of the PMSM model (Gang-Hyeon Jang, 2018).
VIBRATION MONITORING SYSTEM
Pump failure is inevitable in operation. There are four types of failures in a high-speed centrifugal pump, which are the motor problem, seal problem, lubrication problem, and abnormal vibration. The motor overload problem is a widely seen motor failure, which is caused by the motor itself, the gearbox, or the stuck shaft. The cause of the seal problem is that the particles are mixed into the sealing cavity, the sealing parts are worn, or the sealing surfaces of the moving and static rings are not uniform. Oil seal leakage, excessive oil consumption, abnormal oil temperature, or bearing gear wear will lead to lubrication failure. The reason for vibration can be summarized as the following two parts: one is the vibration caused by hydraulic excitation. The other is caused by mechanical factors, such as unreasonable design, large assembly clearance, and rotor mass unbalance. In addition, the aforementioned problems will also cause vibration.
Pump vibration is affected by many factors. Research studies show that the failure of the pump is closely related to its vibration. Also, it is found that the research on vibration data can indeed be used to diagnose the early faults. In the study of vibration, Miloš Milovančević (2018) analyzed the vibration of the pumping aggregate and made a comparative study of three different soft computing methods. By setting the vibration monitoring at the same position of the bearing, according to the vibration frequency analysis, the possible cause of the faults can be obtained (Ni Yongyan, 2008a).
CONCLUSION
This article highlights the research on the designs and issues of high-speed centrifugal pumps, including the hydraulic problem such as cavitation, hydraulic excitation, inefficiency, and their solution, and the current state of the gearbox, bearing, seal, and motor. All of them are critical to the pump design and application. The following ideas will be of great help to the further development of the pump.
1) The biggest challenges for high-speed centrifugal pumps are cavitation and hydraulic excitation. There is a mutual influence between cavitation and hydraulic excitation, which should be taken into account when conducting research on each of them.
2) The enlarged flow rate design method, area ratio method, no-overload design method, and complex impeller design method can be used to solve the low-efficiency issue at an ultra-low specific speed. A combination of these methods can be considered to further improve efficiency.
3) Combining the new structural design with the pump design can improve the practicability of the pump. The innovation of speed-increasing methods, seal structure, bearing structure, and motor can solve the structural problems.
4) The material of the pump has a great impact on the performance and life of the pump. The improvement of the pump will require higher properties of the material. The application of new materials can greatly improve the design of the pump.
5) The rapid and accurate diagnosis of pump failure is of great significance to industrial production. The on-line monitoring of pump failure can improve the practicability of the pump and make the system more intelligent. The failure analysis and classification are of great significance to the establishment of the on-line monitoring system.
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