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Abstract

:

The waterjet propulsion system has been widely used in the military and civil fields because of its advantages of in terms of high efficiency and energy savings. In order to study the three-dimensional cavitation flow in the waterjet propulsion pump, the cavitation process of the waterjet propulsion pump was simulated numerically using the Zwart–Gerber–Belamri cavitation model and the RNG (Renormalization Group) k-ε model. The simulation results of cavitation on the waterjet propulsion pump and pump system show that, in the initial stage of cavitation, vapors first collect on the leading edge of the suction surface of the blade near the rim of the impeller. As the total pressure at the impeller inlet decreases, the cavitation region expands toward the trailing edge and the vapor fraction volume gradually increases. In order to simulate the cavitation state of the waterjet propulsion pump under the actual working conditions, a numerical simulation of the entire waterjet propulsion pump system with inlet passage was carried out. After assembling the inlet passage, the flow pattern at the impeller inlet becomes uneven, leading to irregular changes in the cavitation region of the impeller. The potential danger regions of cavitation are the lip of inlet passage and the upper and lower connecting curved section of the inlet passage. The performance of waterjet propulsion pump system changes greatly when the net positive suction head available (NPSHa) value of the pump reaches the critical value.
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1. Introduction


Waterjet propulsion is largely used in the military and civil fields because of its simple transmission mechanism, low noise, and good maneuverability [1,2,3]. While compared to propeller propulsion waterjet propulsion can utilize the inflow stamping to increase the anti-cavitation capability at high speeds, cavitation problems may arise under some special conditions such as “low ship speed and high rotating speed” [4,5]. This special working condition usually occurs in the process of ship acceleration or turning. At this time, the net positive suction head of the waterjet propulsion system is obviously lower than the NPSHr (Net Positive Suction Head Required) of the pump at this speed, and the propulsion pump is prone to cavitation. Cavitation will cause an increase in shaft power, a reduction in flow rate, head, and efficiency, and a decrease in thrust. At the same time, it will also cause noise and vibration in the pump [6,7,8,9,10].



With the development of technology and the problems encountered in practical applications, there is an increasing demand for pump performance indicators in engineering, and cavitation has gradually become an important factor limiting the further improvement of pump performance [11,12]. Cavitation refers to the process of forming vapor bubbles in the low pressure region of the liquid flow field [13]. Previous studies have shown that the cavitation process occurring in hydraulic machinery is harmful, and its damage is mainly manifested in three aspects. First, cavitation can cause damage to the surface of hydraulic machinery materials [14,15]. Secondly, cavitation will lead to a significant reduction in hydraulic performance of hydraulic machinery [16,17]. Thirdly, cavitation not only affects the steady state fluid flow, but also affects the unsteady flow characteristics or dynamic response of the flow [18,19]. For a long time, scholars at home and abroad have started detailed and in-depth research on the mechanism of hydraulic machinery cavitation, and accumulated a large amount of knowledge and experience through the use of numerical simulations and experiments [20,21,22,23]. As early as 1917, Rayleigh [24] conducted a theoretical analysis of the cavitation. Rayleigh solved the flow problem of a spherical cavity infinite flow field with a vacuum or internal pressure constant and gave the Rayleigh bubble athletics equation. This laid the foundation for the modern numerical simulation of cavitation dynamics. Bal et al. [25] described a method for simulating the uniform motion of a two-dimensional or three-dimensional cavitating hydrofoil under a free surface. This method is suitable for 2D and 3D hydrofoils under fully wetted or cavitating flow conditions. Brennen et al. [26] simulated the unsteady cavitation flow in the two-dimensional potential flow and successfully predicted the occurrence of two-dimensional cavitation. Singhal et al. [27] and Schmidt et al. [28] performed full-flow numerical calculation and analysis of the cavitation of the axial flow pump under design conditions, and predicted the development of cavitation flow and cavitation occurrence region in the flow passage. Although numerical simulation technology can predict the occurrence and development of cavitation, the experiment is still one of the most efficient way to study cavitation. Gopalan [29] used the PIV (Particle Image Velocimetry) and high-speed photography to study the flow structure in the closure region of sheet cavitation. The results showed that the collapse of cavitation in the enclosed region is the main cause of the whirlpool disaster. Escaler et al. [30] evaluated the cavitation detection in actual hydraulic turbines based on analysis of structural vibrations, acoustic emissions, and hydrodynamic pressures measured in the machine. They validated the proposed technique by experimenting with real prototypes of different types of cavitation. Through the performance test of centrifugal pumps, Johnson et al. [31] described the hydraulic characteristics of centrifugal pumps in cavitation state more accurately and systematically.



As effective research methods for vibration, noise, and cavitation, numerical simulation and model tests have been adopted by many experts and scholars [32,33,34,35]. Experts and scholars have made great progress in the study of cavitation, but the cavitation problem under special conditions in the waterjet propulsion system is still an important factor that restricts the full play of its hydraulic performance. Moreover, the present research on cavitation of waterjet propulsion system mainly focuses on the cavitation characteristics of waterjet propulsion pump. There are few studies on cavitation of waterjet propulsion system with inlet passage. In particular, the influence of inlet passage on the cavitation performance of propulsion pump system and pump is worth further study. Hence, it is of great practical value and academic significance to study the cavitation process of the waterjet propulsion system with and without the inlet passage. In this paper, the cavitation characteristics of the whole flow field of the waterjet propulsion pump system were analyzed by means of a two-phase flow numerical simulation.




2. Methodology


2.1. Turbulence Model and Cavitation Model


During the development of cavitation flow, the fluid was treated as a vapor liquid mixture. The gas-liquid two-phase mixture model (Mixture model) was used for two-phase flow calculations in this paper. The mixture model assumes that the fluid is homogeneous, and the two-phase fluid components are assumed to share the same velocity and pressure. The continuity equation of vapor/liquid, momentum equation, and vapor volume fraction mass transport equation for the two-phase flow are generally expressed as follows:


    ∂  ρ m    ∂ t   +   ∂ (  ρ m   u j  )   ∂  x j    = 0  



(1)






    ∂  ρ m   u i    ∂ t   +   ∂ (  ρ m   u i   u j  )   ∂  x j    = ρ  f i  −   ∂ p   ∂  x i    +  ∂  ∂  x j     [   (   μ m  +  μ t   )   {    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3    ∂  u i    ∂  x j     δ  i j    }   ]   



(2)






    ∂  (   α v   ρ V   )    ∂ t   +   ∂ (  α v   ρ V   u j  )   ∂  x j    =  R E  −  R C   



(3)




where p is the mixture pressure, Pa;    ρ V    is vapor volume density, kg/m3;    u i    is the velocity in i direction, m/s;    u j    is the velocity in j direction, m/s;    f i    is the body force in the i direction;  μ  is the laminar viscosity; t is the time, s;    μ t    is the turbulent viscosity;    α v    is the volume fraction of vapor; and    R E    and    R C    respectively represent the source terms for evaporation and condensation, kg/(m·s). The mixture density    ρ m    is defined as follows:


    ρ m      =    ρ V   α v      +    ρ l  ( 1 −  α v  )   



(4)




where    ρ l    is the liquid volume density.



The RNG k-ε (Renormalization Group k-ε) model can simulate the region of cavitation clearly and has better adaptability to the simulation of cavitation flow [36,37,38]. Therefore, under the assumption of mixture homogeneous flow model, the RNG k-ε model was selected to calculate the cavitation characteristics of the waterjet propulsion system.



The cavitation model is a mathematical model that describes the mutual transformation between the liquid volume and the vapor volume. The transport equation model is the most commonly used cavitation model, which mainly includes three types: the Zwart–Gerber–Belamri model [39], the Kunz model [40], and the Schnerr–Sauer model [41]. In this paper, the Zwart model in ANSYS-CFX software was selected to simulate and analyze the cavitation process.


    R e  =  F  v a p     3  α  r u c   ( 1 −  α v  )  ρ V     R B       2 3     (   P V  − P  )     ρ l          P <  P v    



(5)






    R c  =  F  c o n d     3  α v   ρ V     R B       2 3     (  P −  P V   )     ρ l          P >  P v    



(6)




where    P V    is the vapor pressure;   P   is the flow field pressure;    F  v a p     and    F  c o n d     are empirical coefficients for the vaporization and condensation processes, respectively;    α  r u c     is the non-condensable gas fraction in the liquid; and    R B    is the typical bubble size in the water. According to numerous literature discussions [42,43,44],    α  r u c     takes the value of 5 × 10−4;    R B    takes the value of 1 × 10−6 m; and    F  v a p     and    F  c o n d     take the values 50 and 0.01, respectively.




2.2. Geometric Model and Mesh Generation


As can be seen from Figure 1 that the propulsion pump is the core component of waterjet propulsion pump system, which consists of an impeller with six blades and a guide vane with seven vanes. Therefore, in order to ensure that the pump system has better anti-cavitation ability, it is necessary to require the pump itself to have a good anti-cavitation performance. As shown in Figure 1, the waterjet propulsion pump system is the main research object. The calculation domain of the waterjet propulsion pump system includes import extension, inlet passage, impeller, guide vane and nozzle. The inlet flow of the inlet passage is a non-uniform flow, so the inlet section needs to be extended by a distance to guarantee the accuracy and convergence of the calculation, as shown in the import extension in Figure 1a. The basic geometrical parameters of the waterjet propulsion pump system are shown in Table 1. The rotational speed of the waterjet propulsion pump is 700 r/min. D0 represents the inlet diameter of the impeller. Section P1 and Section P2 are respectively the inlet and outlet sections for calculating the head of the pump section.



The entire computational domain was divided into three parts to generate mesh, namely, the nozzle part, the propulsion pump part and the inlet passage part. Structured mesh with hexahedral cells can improve the computational efficiency of CFD (Computational Fluid Dynamics), so the meshes of the computational domain in this paper are divided into structured mesh by ICEM CFD software (ANSYS Inc., Pittsburgh, PA, USA). ICEM CFD is the integrated computer engineering and manufacturing code for computational fluid dynamics, which is a professional preprocessing software. Since both the impeller and guide vane are periodic meshes, the generated single channel meshes are rotated and duplicated to generate the computational domain of impeller and guide vane. Since different turbulence models have different requirements for grid Y plus values, the RNG k-ε model requires y+ values between 30 and 100. The grid size of the boundary layer was controlled to ensure that Y plus meets the requirements of turbulence model in this paper. The grid of the computational domain is shown in Figure 2.



The number of grids has a great influence on the calculation accuracy and the solution speed. In theory, the denser the calculation domain grid is, the higher the calculation accuracy is. However, in the actual calculation process, too many grids will greatly increase the calculation period and waste computing resources. In order to find the appropriate mesh size, a mesh sensitivity analysis was carried out. For this calculation model, the impeller is the core of the whole calculation domain. The mesh sensitivity of the propulsion pump section was verified by changing the size of the impeller mesh. As shown in Figure 3, when the grid number of the impeller reaches 1.6 × 106, the head of the pump section changes less. Equation (6) was used to calculate the head of the pump section. The calculated cross sections are sections P1 and P2 in Figure 1. Finally, the number of meshes of the impeller is 1.72 million, and the total number of calculation domain grids of the waterjet propulsion pump system is 5.23 million.


  H =    P  2 − 2   −  P  1 − 1     ρ g    



(7)




where P1-1 and P2-2 are the pressure of the sections P1 and P2, respectively, Pa;  ρ  is water density, kg/m3; and g is gravitational acceleration, m/s2.




2.3. Setting of the Boundary Condition


The unsteady cavitating turbulent flow was simulated using the high-performance computational fluid dynamics software (ANSYS CFX 14.5, ANSYS Inc., Pittsburgh, PA, USA) based on the Reynolds-averaged Navier–Stokes (RANS) equation with the RNG k- ε turbulence model. The total pressure condition was applied as outlet boundary condition, and mass flow rate was adopted as the outlet boundary condition. The process of cavitation was controlled by changing the total pressure of the inlet. Assuming that there are no bubbles in the inlet fluid, the volume fractions of the liquid phase and the vapor phase at the inlet were set to 1 and 0, respectively. No slip condition was applied at solid boundaries. The effect of temperature was not considered in the calculation [45]. The mixture model was chosen as the multiphase flow model, the Zwart model was chosen as the cavitation model, and the Rayleigh–Plesset equation was used to control bubble motion. Before the calculation of the cavitation model was embedded, the pump segment under the condition of no cavitation was calculated, and the calculation result was used as the initial value of the cavitation simulation to improve the convergence speed and calculation accuracy. When applying the cavitation model, two physical parameters were given: the vaporization pressure of the liquid at normal temperature (25 °C) PV = 3574 Pa, and the surface tension of the cavitation bubble, 0.074 N/m.





3. Experiment


3.1. Establishment of the Test Bed


The test bed of waterjet propulsion system is shown in Figure 4. The test bed consists of two closed loops. The main function of the first loop is to ensure the water circulation of the test bed and provide the bottom speed. The main function of the second loop is to test the performance of the waterjet propulsion pump. The size and shape of impeller and guide vane in the test device are consistent with the numerical model. The head, flow rate, torque, and speed were tested to obtain the hydraulic performance of the waterjet propulsion pump. The pump is driven by a DC electromotor (Changchuan, Nanjing, Jiangsu, China) at speeds varying from 700 rev/min to 2400 rev/min and equipped with an auxiliary axial pump to regulate the flow rate. The test rig has two electromagnetic flowmeters (Shanghai Guanghua Instrument Co., Ltd., Shanghai, China) with an absolute accuracy of ±0.5%. These flowmeters are used to test the flow rate of the main circulation pipeline system and second circulation pipeline system. The head of the waterjet propulsion pump is measured by the differential pressure transmitter (Yokogawa Sichuan Instrument Co., Ltd., Chongqing, China) with an absolute accuracy of ±0.2%.




3.2. Test Verification


The external characteristics of the pump system was calculated for the numerical model without cavitation. Figure 5 shows the comparison of test results and numerical simulation results. As shown in Figure 5, under the design flow condition, the difference between the numerical prediction result of the head and the experimental result is the smallest. At the design flow rate, the head difference between the test data and the numerical data is 1.2%. The comparison between numerical simulation results and experimental results shows the numerical results are relatively reliable.





4. Results and Discussion


The most important factors affecting cavitation are pressure and velocity, so the cavitation number  σ  is used as a parameter to characterize the possibility of cavitation,  σ , defined as:


  σ =    P s  −  P V     1 2  ρ  U 2     



(8)




where    P s    is the reference static pressure, which is expressed as the pump inlet pressure in this study;    P V    is the vapor pressure; and U is the reference velocity, which is expressed as the inlet tip speed.



The net positive suction head (NPSH) is the difference between the total head of the liquid at the pump inlet and the pressure head when the liquid is vaporized. The net positive suction head-available (NPSHa) refers to the excess energy of the liquid at the pump inlet that exceeds the vaporization pressure at that temperature.


  N P S  H a  =    P s    ρ g   +    v s 2    2 g   −    P  c a v     ρ g   =    P a    ρ g   −  H x  −  ∑   h s    −    P  c a v     ρ g    



(9)




where      P s    ρ g     is the pressure head of pump inlet section;      v s 2    2 g     is the velocity head of pump inlet section;      P  c a v     ρ g     is the vaporization pressure value;      P a    ρ g     is the atmospheric pressure;    H x    is the actual water suction head of the pump; and    h s    is the hydraulic loss from the intake surface to the pump inlet.



Since the calculation model is based on the center of the impeller, the installation height is 0. The NPSHa of the propulsion pump is calculated by the following formula:


  N P S  H a  = (  P  l o c a l   −  P V  ) / ρ g  



(10)




where Plocal is total pressure of inlet section.



4.1. Cavitation Characteristics of Impeller in Waterjet Propulsion Pump


The propulsion pump is the core component of the waterjet propulsion pump system. Therefore, to ensure that the pump system has better anti-cavitation capability, it is necessary to require the pump itself to have excellent anti-cavitation performance. The analysis and research on the cavitation characteristics of the propulsion pump can provide reference for the study of the cavitation performance of the whole waterjet pump system. This paper predicts the cavitation characteristics of the impeller by analyzing the cavitation form, cavitation occurrence region and development trend of the impeller, and the influence of cavitation on head and efficiency of the propulsion pump. As shown in Figure 6, the propulsion pump inlet is extended for a distance to guarantee the accuracy and convergence of the calculation, and the outlet section is connected to the nozzle. The inlet of the extension section is chosen as the inlet of the overall calculation domain, and the nozzle outlet is the outlet of the overall calculation domain. The setting of the boundary conditions is not changed.



Based on the calculation results of the performance curve, the design flow rate Qbep corresponding to the highest efficiency point was chosen for the simulation calculation of the cavitation flow. During the process of gradually reducing the total pressure of the inlet section from 0.5 atm to 0.1 atm, the pressure distribution of the working surface and suction surface of impeller blade and the change of the area of the cavitation region were simulated. The pressure distribution on the suction surface of the impeller under different NPSHa is shown in Figure 7. The blue region represents the lowest air content region, and the red region represents the highest air content region. The air content represents the number of vacuoles per unit volume on the blade surface. In the figure, the blue region represents the low pressure region and the red region represents the high pressure region. It can be seen from the figure that when the value of NPSHa is greater than 1.87 m, the low pressure region is mainly concentrated at the leading edge of the blade. When the NPSHa value decreases, the area of the low pressure region along the edge of the airfoil gradually increases, indicating that the area and possibilities of the cavitation occurrence become larger.



Pressure distribution on pressure surface of blade with different NPSHa values as shown in Figure 8. When the NPSHa value is less than 0.96 m, the region on the pressure surface of the blade which is lower than the vaporization pressure begins to appear and the region becomes larger gradually. As the NPSHa value decreases, the low pressure region on the pressure surface of the blade gradually develops from the hub near the blade leading edge to the rim.



Figure 9 shows the vapor volume fraction distribution of suction surface of propulsion pump blade in different cavitation stages. The overall distribution trend of vapor volume fraction is consistent with the pressure distribution curve, and cavitation occurs in the low pressure region. The red region indicates the existence of the largest vapor volume fraction in this region, while the blue region indicates the existence of the smallest vapor volume fraction in this region. It can be seen from the figure that the cavitation of the impeller in the propulsion pump first appears around the leading edge of the blade suction surface. The flow pattern at the inlet of the impeller has a great effect on the cavitation performance. When the NPSHa value is equal to 1.87 m, the cavitation mainly collects on the leading edge of the blade suction surface near the rim of the impeller. The vapor volume fraction near the rim is the largest. With the decrease of the total pressure, the vapor region gradually spreads along the blade trailing edge and hub direction. When the NPSHa value is equal to 1.38 m, cavitation begins to appear in the middle of the surface of the blade, and the cavitation area accounts for about half of the area of the suction surface of the blade. In the process of reducing the NPSHa value from 2.41 to 0.76, the maximum vapor volume fraction appeared at the leading edge of the blade near the rim, and as the NPSHa value decreased, the maximum vapor volume fraction area gradually expanded toward the blade trailing edge along the water flow direction. As the total pressure of the inlet further decreases, the vapor region gradually spreads to the entire blade. At the same time, the maximum vapor volume fraction area is gradually moving towards the outlet side of the blade. From Figure 9h, it can be seen that when the NPSHa value is reduced to 0.76 m, the suction surface of impeller blade is basically covered by bubbles, and cavitation has been fully developed. As shown in Figure 10, when suction surface cavitation develops completely, bubbles begin to propagate towards the trailing edge of the blade pressure surface. When the cavitation develops completely, the cavitation occupies almost the entire blade surface. At this time, the cavitation will block the flow passage and destroy the continuity of liquid flow in the impeller, resulting in the decrease of pump efficiency and head. In summary, according to the classification of cavitation types in the pump, it can be seen that the main type of blade cavitation shown in the figure is airfoil cavitation.



Figure 11 presents the static pressure distribution along the chord on the suction and pressure surfaces of the blades under three spans at different NPSHa values. As can be seen from the figure, the static pressure on the hub side is lower than that on the rim side, and the pressure distribution at the span of 0.9 times shows that the rim produces a lower pressure zone lower than the vaporization pressure (Pv = 3574 Pa) earlier than the hub. As the value of NPSHa decreases, the continuous development of cavitation causes the velocity and pressure distribution in the impeller passage to change, resulting in a decrease in the pressure of the blade working face and an increase in the area of the low pressure region.



Figure 12 shows the pressure variation from hub to rim with different NPSHa values. The calculation results show that the pressure close to the hub edge is less than the rim edge. The pressure at the same point of the blade surface increases as the value of NPSHa increases.



As shown in Figure 13, the figure presents the distribution of the vapor volume fraction in the impeller passage (facing the incoming flow direction). The figure shows that the vapor in the impeller flow passage first appears at the rim. Moreover, the vapor mainly occurs on the leading edge of the blade, and the vapor gradually extends toward the trailing edge as the value of NPSHa decreases. As shown in Figure 13c–e, the vapor at the hub first appears near the trailing edge of the airfoil root, and its gas content is significantly higher than the rim. When the value of NPSHa is 0.76m, the maximum vapor volume fraction of the rim is about 51.69%, and the maximum value of the gas content of the hub is 97.11%. The reason may be due to the large distortion of the blade root airfoil and the flow separation of the water flow, resulting in a local low pressure region.



The pump efficiency η, shaft power N, and head H were used to define the hydraulic characteristics of the waterjet propulsion system. The calculation formula is as follows:


  η =   30 ρ g Q H   π n M   × 100 %  



(11)




where T is the torque of blades, N∙m, n is the rotating speed of the impeller, r/min, Q is the flow rate, m3/s, and N is the shaft power, kW.



The cavitation performance curve of the pump under the designed flow rate is shown in Figure 14. As shown in Figure 10, the main type of blade cavitation is airfoil cavitation. When the NPSHa value decreases from 2.41 m to 1.47 m, cavitation can be found on the blade surface of the impeller. However, compared with Figure 14, it is found that the head and efficiency curves do not decrease sharply but increase slightly in this process, which is caused by the complexity and instability of cavitation flow. When the pump operates between the initial cavitation condition and the critical cavitation condition, the lift coefficient of the supercavitation will increase slightly as NPSHa gradually decreases toward the critical value, and the development of blade cavitation will lead to a certain degree of increase of the pump head before the breakdown cavitation condition. However, the increase of lift and the development of cavitation will also cause cavitation oscillation and damage the flow passage parts of the pump. Hence, pumps are generally not allowed to operate between these two conditions. As shown in Figure 14, the NPSHa corresponding to the critical cavitation point K is 1.29 m, and the head decreases by 3.28%. In fact, when the value of NPSHa is 1.27 m, it can be seen from the vapor fraction distribution of Figure 9 that cavitation has developed to a certain extent. When the value of NPSHa is less than 1.29 m, the head and efficiency of the pump drops sharply as the total pressure at the inlet decreases further. When the NPSHa value is reduced from 1.29 m to 1.21 m, the pump head is reduced by 23.23%. When the NPSHa value is less than 1.29 m, with the further decrease of NPSHa value, the cavitation rapidly covers the suction surface of the blade and gradually extends to the pressure surface, thus blocking the impeller passage and making the pump unable to work normally.




4.2. Cavitation Characteristics of Impeller in Waterjet Propulsion Pump System


In order to understand the cavitation characteristics of the water jet propulsion pump system more comprehensively, the waterjet propulsion pump equipped with inlet passage was calculated and analyzed. Figure 15 is the comparison between the cavitation characteristic curves of waterjet propulsion system and that of the waterjet propulsion pump at the designed flow rate. The figure shows that the head and efficiency of the pump have decreased after assembling the inlet passage. The flow rate of the pump has not changed under the same inlet condition, so the NPSHr of the pump remains unchanged. After assembling the inlet passage, the hydraulic loss and installation height increase, which reduces the NPSHa of the pump system and makes the cavitation performance of the pump worse.



Figure 16 shows the distribution of the vapor volume fraction on the suction surface of the blade in the waterjet propulsion pumping system. Compared with Figure 10, the cavitation form in the impeller is still airfoil cavitation after assembling the inlet passage. When the inlet passage was assembled, the distribution of cavitation region on the blade surface becomes uneven due to the influence of the flow pattern of the inlet passage. As shown in Figure 16, under the same NPSHa conditions the area of cavitation region on different blade surfaces is different, and the degree of cavitation development is also different. Comparing Figure 16a,b, it can be seen that when the NPSHa value is 1.71 m, the cavitation of the No. 3 blade develops the fastest, and the cavitation was first discovered at the rim of the No. 3 blade near the leading edge. This phenomenon is mainly due to the impeller rotation and the uneven distribution of the flow pattern at the outlet of the inlet passage. With the decrease of NPSHa value, cavitation began to appear in the rim position near the leading edge of the blade, except for blade No. 3. It can be seen that the cavitation characteristics of impeller blades are changed after assembling the inlet passage due to the influence of the passage. With the decrease of NPSHa, the cavitation on the suction surface of the blades gradually extends from the leading edge to the trailing edge. When the NPSHa value decreases from 2.03 m to 1.30 m, it can be seen from Figure 16 that cavitation gradually occurs in the impeller blade during this process. When the NPSHa value is 1.3 m, 50% of the suction surface of the No. 2 and No. 3 blades are covered by vapors. At the same time, it can be seen from Figure 15 that the head and efficiency of the pump system are declining in this process. However, the head and efficiency of the pump device in Figure 13 have a certain upward trend when the NPSHa value decreases from 1.30 m to 1.15 m. Compared with Figure 16d,e, it can be seen that the distribution of vapors on suction surface of the No. 2, No. 3, and No. 4 blades becomes uneven. As can be seen from Figure 16h, when the cavitation is fully developed, the regions with large vapor volume fraction are mainly concentrated in the middle and trailing edges of the blades. Therefore, cavitation erosion is more serious in the middle and trailing edges of suction surfaces of blades.



The uneven distribution of cavitation region in impeller is related to the flow pattern at the inlet of impeller. The cavitation development in impeller is affected by the change of inlet structure after assembling the inlet passage. Figure 17 shows the velocity distribution contour of the passage outlet with different NPSHa values. It can be seen form the figure that the flow velocity distribution at the outlet of the flow passage is not uniform. The flow velocity around the wall of the flow passage is high, while that near the drive shaft is low. According to the law of conservation of energy, the flow velocity around the wall of the passage is high, so the corresponding low pressure region will first occur at the rim of the blade, which results in the initial position of cavitation near the leading edge of the blade. The red color region in Figure 17a represents the high-speed region, so the region where the blade under high-speed impact first produces cavitation in Figure 16d.



The inlet passage has a great influence on the flow pattern of impeller inlet, mainly because the inlet shape of the passage is irregular, especially the lip. The lip curvature changes greatly, so the flow pattern at the flow passage inlet is uneven, and the lip is the most prone part of cavitation in the passage. Moreover, there is a diffusion section between the impeller inlet and the outlet of the runner, and the diffusion angle affects the influent flow pattern. At the same time, the curved section in front of the impeller inlet causes a change in the flow rate, and the curved section is also a potential region where cavitation occurs. It can be seen from Figure 18 and Figure 19 that critical cavitation occurs at the lip location. As NPSHa decreases, the cavitation region of the curved connecting section on the lower side of the drive shaft gradually increases, and the cavitation region begins to appear on the upper and lower sides of the drive shaft.





5. Conclusions


	
Under the designed flow rate condition, vapors in the process of cavitation initiation first accumulate on the leading edge of the blade’s suction surface, which is close to the impeller rim. With the decrease of inlet total pressure, the cavitation region extended towards the trailing edge and the vapor fraction volume become gradually larger. When the value of NPSHa is equal to 1.38 m, vapors begin to appear in the middle of the blade surface, and the area of cavitation region accounts for about half of the surface area of the blade suction surface. When the value of NPSHa is equal to 0.76 m, the cavitation is fully developed. The suction surface and pressure surface of the blade are covered by vapors and the impeller passage is blocked, which makes the pump unable to work properly.



	
After assembling the inlet passage, the flow pattern at the impeller inlet is affected by the passage, resulting in the uneven distribution of the cavitation region of the impeller. This is more disadvantageous to the cavitation performance of the waterjet propulsion pump. The potential danger regions of cavitation are the lip of inlet passage and the upper and lower connecting curved section of the inlet passage. The occurrence time of cavitation in impeller is prior to that in the inlet passage.
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Figure 1. Three-dimensional schematic diagram of the waterjet propulsion pump system. 1. Nozzle; 2. Guide vane; 3. Impeller; 4. Inlet passage; 5. Import extension; 6. Guide vane blades; 7. Impeller blades; 8. Guide vane hub; 9. Impeller hub; 10. Shaft; P1. Impeller inlet section; P2. Guide vane outlet section. 
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Figure 2. Grid of the computational domain by using ICEM CFD software. 
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Figure 3. Mesh sensitivity analysis. 
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Figure 4. Test rig. 
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Figure 5. Comparison of calculation and experiment result. * Qd represents the design flow rate; and Hd represents the head of the waterjet propulsion pump system under the designed flow rate condition. 
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Figure 6. Three-dimensional schematic diagram of the waterjet propulsion pump. 
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Figure 7. Pressure distribution on suction surface of blade with different net positive suction head-available (NPSHa) values. 
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Figure 8. Pressure distribution on pressure surface of blade with different NPSHa values. 
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Figure 9. Vapor volume fraction distribution on suction surface of blade. 
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Figure 10. Vapor volume fraction distribution on pressure surface of blade. 
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Figure 11. Static pressure distribution at different spans on blade surface. 
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Figure 12. Pressure variation from hub to rim with different NPSHa values. 
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Figure 13. Vapor volume distribution of impeller rim and hub. 
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Figure 14. Cavitation characteristic curve of pump under design flow condition. 
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Figure 15. Cavitation characteristic curve of the waterjet propulsion system. 
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Figure 16. Distribution of vapor volume fraction on suction surface of blade. 
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Figure 17. Velocity distribution contour of the passage outlet with different NPSHa values. 
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Figure 18. Vapor volume distribution in the inlet passage with different NPSHa values. 






Figure 18. Vapor volume distribution in the inlet passage with different NPSHa values.



[image: Processes 07 00690 g018]







[image: Processes 07 00690 g019 550] 





Figure 19. Cavitation volume distribution in the inlet passage with different NPSHa values. 
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Table 1. Basic geometrical parameters of the waterjet propulsion pump system.
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	Geometric Parameter
	Value
	Geometric Parameter
	Value





	Inlet diameter of the impeller D0
	1 D0
	Outlet diameter of the impeller D1
	1.19 D0



	Outlet diameter of the nozzle D2
	0.55 D0
	Height of the inlet passage H1
	1.2 D0



	Height of the import extension H2
	0.9 D0
	Length of the import extension L1
	4 D0



	Number of the impeller blades Z2
	6
	Number of the guide vane blades Z1
	7



	Dip angle of the inlet passage  θ 
	28°
	Rotational speed n (r/min)
	700











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(@NPsts=157m @St Lam

(ONPsts-138m (ONPsHa= 117

(@ NPSHa=086m ) NPSHe=076m





media/file8.jpg
H/H,

1.6

141 1
12 g
10 g
L i S 1
—m—Head-CFD
06 . , . .
02 0.4 0.6 08 10

90,

12





media/file48.jpg
¢ |

(a) NPSHa =115m (b) NPSHa =105 m





media/file39.jpg
(& NPSHa=115m (6 NPSHa=105m

(8) NPSHa= 088 m (W) NPSHa = 071 m





media/file27.png
60,000 ] 50,000
50,000 - 1o
1% 40,000
14 g
—40,000 <45 - !
o ] /] i
> g & 30,000
0 : !‘ 13edd !333,* o ! i
43 L0gt 2 A S 7
£ 30,000 < 3% : R R 5 1o A3y
@ 1¢ gi’h utlal’;*; @ 14 .Aq.l"
9 14 iy} ‘7 @ 20,000 448543
& ] * 12t % ¥ & 1 ' "
20,000 44" sttt % 1i
13 tea et ' 1 ' ! ] A
1: % 1 ]?
3 " ..‘%....'..:.‘J ’ , g ! ] Span=0.55 10'000 .‘ é ‘ ...... & Spaﬂ-_-u.ss
10,000 ‘i g 157% :
14 1 " 1 + Span=0.1 by . : 4 Span=0.1
14 sasmrsrtarsrunnpggaoph s o ! ] “ss o
0 ]  { + Span=0.9 0 'i : : b 1 + Span=0.9
L L L UL AL L LI L L L L L L DL L L L L L |
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Streamwise (0-1) Streamwise (0-1)

(g) NPSHa =0.96 m (h) NPSHa =0.76 m





media/file44.png
clele

(a) NPSHa = 1.30 m (b) NPSHa =1.15m (c) NPSHa=1.05m (d) NPSHa = 0.88 m






media/file26.png
Pressure [ Pa ]

Pressure [ Pa ]

Pressure [ Pa ]

100,000 80,000 —
s 70,000
80,000 :
1® 60,000 -
"@ 50,000 =
a :
£ 40,000
w -
" 2
[} o
: & 30,000 4
H‘ 20,000 -
20,000 —-§+ e SPan=0.55 : e SPan=0.55
1 10,000 -
_g 4 Span=0.1 ] 4 Span=0.1
0 + Span=0.9 03 ol
| L T 1 T LI T 1 7 LI
0 0.2 0.4 0.6 0.8 1 4 0
Streamwise (0-1) Streamwise (0-1)
(@) NPSHa=2.41m (b) NPSHa =22 m
70,000 i 80,000
14 1s
60,000 i3 70,000 :
1 60,000 -*
50,000 —1 ﬁiﬁg ] i (48tead
XE: ] FELs L
. + m::iﬁ‘ B .. g 50,000 % “.“ﬁ*‘ ........................
40,000 - R -.’e. e Ry — e # 1N
: ”, P L e 3 M e
g : » 40,000 ’ .. ‘ A8 .. ...
: 2 ] Pl oo8? ’
30,000 - Bivs . . o ooty NN SNRRURRURURUNS SUUIRNRNRUROR ST Y | AWl T -] ] r.“ 4
- o - 4 ‘ .‘ “.
- . & 30'000 - O ... L Ry § ot R
1 :{' ‘*‘“ "
20,000 ; 1 p+ ')
:! 20,000 ok -.... A’
13 ® SPan=0.55 1 [ ® SPan=0.55
10,000—: I 4 Span=0.1 10,000 : - 4 Span=0.1
x + 3
e 4
0 '3"’ + Span=0.9 . + Span=0.9
LI L L R T T T T T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Streamwise (0-1) Streamwise (0-1)
(c) NPSHa=1.87 m (d) NPSHa=1.62 m
70,000 s 60,000
60,000 — 50,000 —
50,000 - ]
: .;.40,000 : "‘.ulﬂt.
40,000 o ] ..t'}u'!,’. 1’55,}
J Qo ) 0'..‘ 9‘82:"‘ e W
= = 30,000 e -
] 2 - ROCLPY LY !
el | ¢ ! o' .u!"‘ 1 oy
: ] 1 s
- t 20'000 .A.” l' : : t: ......
20,000 - ) $d i :!1
! ® SPan=0.55 i N if‘ = SPan=0.55
. 10,000 .
10,000 — 4 Span=0.1 18 “.’!‘: : s Span=0.1
: 14 ed.t ‘
02 : + Span=0.9 0] o + Span=0.9
BRI RN B ES s L L G L L i L, GG L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Streamwise (0-1) Streamwise (0-1)

(e) NPSHa =1.38 m (f) NPSHa=1.17 m





media/file12.jpg
(a) NPSHa

(B)NPSHa=22m





media/file35.png
1.47m 241m
3.5 : —1 : : , 100
50 k- x ~— 13.28%
B ‘\\ - 80
ritical cavitation point K
25k
J60%
2.0 | E
-
4402
1.5 &
1.0 | —a-+ Head 120
—a&— Efficiency .
GS L 1 N | M i L 1 M I]
05 08 10 13 1. 18 20 23 (25 28 30

NPSHa(m)






media/file5.png
1.10

o

1.00

0.95

gg 090:

0.85

o e

075 [ S A

ool Lo .=

08 09 10 11 12 13 14 15 16 1.7 18 19
Grid Number/(million)





media/file45.png
Velocity [m s™-1]

o0 0.7 7 L. L. . F, T T
% “o % T % B 8 6 % G





nav.xhtml


  processes-07-00690


  
    		
      processes-07-00690
    


  




  





media/file11.png
Outlet

Waterjet propulsion pump

Inlet





media/file41.png
Vapor Yolume Fraction

9.469x10"
8.522x10"
7.575x10"
6.628x10"
5.682%x10"
4.735x10"
3.788x10"
2.841x10"
1.894%x10"
9.649x107?
1.000%10%

Vapor Volume Fraction

9.433%10"
8.480%10"
7.546x10"
6.603x10"
5.660%10"
4.716x10"
3.773x107
2.830%10"
1.887%107
9.433x%107

1.000%10-"%

(e) NPSHa=1.15m (f) NPSHa = 1.05 m

Vapor Volume Fraction Vapor Yolume Fraction

9.640%10" 9.751x10"
8.676x10" 8.776x10"
7.712%10" 7.801%10"
6.748x%10" 6.826%10"
5.784%10" 5.851x10"
4.820x10" 4.875x10"
3.856x10" 3.900%10"
2.892x10" 2.925x10"
1.928x10" 1.950x10"
9.640x10? 9.751x107?
1.000%10-% 1.000%10™

(g) NPSHa = 0.88 m

(h) NPSHa =0.71 m





media/file37.png
3.70 100
335 - 90
3.00 7 80
265 F 41 70
230 - &0
1.95 - -1 50
1.60 =1 40
1.25 7130
090 g Head-pump sysfem —O— Efficiency-pump syslﬂn: 20
055 L TE— Head-pump —u— Efficiency-pump 110
u_:“ 1 M 1 L i 1 i 1 M 1 M L M 1 0
05 07 09 11 1|3 1.5 1.7 19 21 23 25

NPSHa(m)

Efficiency (%)





media/file46.jpg
(a) NPSHa=130m" (b) NPSHa=1.15m

(©) NPSH- (d) NPSHa=0.88m
Vapor Volume Fraction
-

LR





media/file10.jpg
Waterjet propulsion pump





media/file16.jpg
(@) NPSHa =138 m

(<) NPSHa =096 m

I

(b) NPSHa =117 m

P

(d) NPSHa =076 m





media/file3.png
(a) Propulsion pump part (b) Inlet passage part





media/file22.jpg





media/file0.jpg
»

(a) Waterjet propulsion pump system (b) Propulsion pump





media/file34.jpg
35 T T T T 100
55 328%
AN 1s0
ritical Cavitation point K
25
= {00 E
z 3
5 z
20
H H
2 Jud
15 =
5 1
10 —=a-— Head 20
—A— Efficiency
0s L L L 0
05 08 1.0 13 5 18 20 23 25 28 30

NPSHa(m)






media/file18.jpg
(@) NPSHa=241m (b) NPSHa=22m

(O NPSHa=157m (@) NPSHa=162m





media/file9.png
H/H,

1.6

1.4

1.2

1.0

0.8

F m— Head—EXp

_—=—HeadCFD

0.6
0.2

0.4

0.6

00,

0.8

1.0

1.2





media/file42.jpg
(@) NPSHa=130m.

(b) NPSHa =115 m

(©NPSHa=105m

vy

(@) NPSHa =038 m





media/file19.jpg
railing
edge

(@ NPst

() NPsiH

(8) NPSHa=096m () NPSHa=076m





media/file23.png
Vapor Volume Fraction

9.571x10"
8.613=10"
7.656x10"
6.699x10"
5.742x10"
4.785x10"1
3.828x101
2.871x101
1.914x10"
9.571x10%
1.000x101¢

(a) NPSHa = 0.96 m

Vapor Volume Fraction

9.711x10"
8.740%10"
7.769%10"
6.798x10"
5.827x10"
4.855%10"

| 3.884x10"
! 2.913x10"
1.942x10"
9.711x10°
1.000%10*

. al |

(b) NPSHa = 0.76 m





media/file40.png
Vapor Volume Fraction

9.282x10"
8.354x10"
7.426%10"
6.498x10"
5.569x10"
4.641x10"
3.713%10"
2.785x10"
1.856x10"
9.282x10?
1.000%10°

Vapor Volume Fraction

8.931x10
8.038x10"
7.145x10"
6.251x10
5.358=10"
4.465x10"
3.572x10"
2.679x10"
1.786x10"
8.931x10*
1.000x10"%

Vapor Volume Fraction

9.449%10"
8.504x10"
7.559%10"
6.614x10"
5.669%10"
4.725x10"
3.780%10"
2.835x10"
1.890x10"
9.449x107?
1 000x40-18

(a) NPSHa = 2.03 m

(c) NPSHa = 1.54 m

Vapor Volume Fraction

9.189x10"
B.270x10"
7.391x=10"
6.432x10"
5.513=10"
4.594x10"
3.675x10"
2.757=10"
1.838x10"
9.189x10*
1.000x10%

(b) NPSHa =1.71 m

(d) NPSHa =1.30 m





media/file36.jpg
Head(m)

Efficiency(%)

370 100
335 490
300 /—0 1%
265 0
230 q60
195 150
160 | 1%
125 30
0901 Head-pump system Efficiency-pump system | 20
055 [ —%— Head-pum, Efficiency-pump di
T |I| 13 1‘5 1?7 1‘9 ZII 213 29

NPSHa(m)





media/file15.png
Pressure
Contour 1

6.622x10¢
5.960x10¢
5.298x10¢
4.635x10°
3.973x10¢
3.311=10¢
2.649x10¢
- 1.987x10¢
" 1.324%10¢
E 6.622x10°
[Palﬂ.ﬂﬂﬂ

Pressure
Contour 1

6.182x10¢
5.564x10¢
4.945%10¢
4.327%10¢
3.709x10¢
3.091=10¢
2473=10¢
- 1.895x10¢
- 1.236x%10¢
h 6.182x1(F
[PaIO.ODD

Pressure
Contour 1

5.160x10¢
4.644x 104
4.128=10¢
3.612x10¢
3.096x10¢
2.580x10¢
2.064x10¢
- 1.548x10¢
" 1.032x10¢
E 5.160%10°
[Pa]D.DDD

(c) NPSHa =1.87 m

(e) NPSHa=1.38 m

(e) NPSHa =0.96 m

Pressure
Contour 1

6.310x10¢
5.679x104
5.048x104
4.417=104
3.786x10¢
3.155=10¢
2.5924=10¢
' 1.893x10¢
S 1.262x10¢
6.310x1(F

0.000
[Pa]

Pressure
Contour 1

5.952x10¢
5.357=10¢
4.762%10¢
4167%10¢
3.571=10¢
2.976x10¢
2.381=10¢
- 1.786x10¢
- 1.190=10¢
h 5.952x1F
[PEIO.DDD

Pressure
Contour 1

4.499x10¢
4.049x10¢
3.599x10¢
3.149x104
2.699x104
2.249x104
1.799%10¢
- 1.350%10¢
" 8.997x10¢
4.499x10°

0.000
[Pa]

(d) NPSHa = 1.62 m

(h) NPSHa = 0.76 m





media/file32.png
ANSYS ANSYS

Vapor Volume Fraction i Vapor Volume Fraction
9.0828-001 5.170e-001
8.174e-001 / 4.653e-001
7.266e-001 4.136e-001
6.358e-001 3.619e-001
5.449¢-001 3.102e-001
4.5410-001 2.585e-001
3.633e-001 . 2.068e-001
2.7256-001 Rim , 1,551e-001
1.816e-001 1.034e-001
9.082e-002 & 5.170e-002

1.000e-015 A 1.000e-015

Leading edge

P Flow direction

e |
Trailing edge
Vapor Volume Fraction g g Vapor Volume Fraction

9.082x10"7 5170=x107
8.174x10" 4.653=x10"
7.266x107 4,136x10"
6.358x10" 3.619x107
5.449x107 3.102x107
4.541x10" / 2.585x10"
3.633x107 . 2.068x10"

) Rim )
2.725x10 1.551=10
1.816x10" 1.034x10
9.082x104 5170x107
1.000%108 1.000=10-1%

Leading edg

_Flow
<
(a) NPSHa =2.41 m (b) NPSHa = 1.38 m
Vapor Volume Fraclion Vapor Yolume Fraction

9.025%10" 9.571x10"
8.122x10" 8.613x10"
7.220x10" 7.656x10"
6.317=10" 6.699x10"
5.415x10 5.742x10"
4.512x10" 4.785x10"
3.610x10" 3.828x107
2.707x107 2871=x107
1.805%10" 1.914x10"
9.025%10% 9.571x10*®
1.000%107 SO0l

(c) NPSHa=1.21m (d) NPSHa = 0.96 m





media/file28.jpg
10+

° ° °
= s &
T T T

Span Normalized

o
>
T

0.0 1w

LS

.

L L L

—u— NPSHa=1.62m"|
—=— NPSHa=1.87m
—a— NPSHa=2.31m |

L

30000

35000 40000 45000
Pressure(Pa)

50000 55000





media/file14.png
Pressure
Contour 1

7.277=10¢
6.549x10*
5.821x10¢
5.094x10*
4.366x10*
3.638=104
2.911x104
2.183x10*
1.455=10*
7.277=10°

0.000
[Pa]

(a) NPSHa =2.41 m

Pressure
Contour 1
6.893x10¢

6.204x10*
5.515x10¢
4.825x10°
4.136x10°
3.447x10°
2.757=10°
2.068x10°
1.379=10%
6.893x10°
0.000

[Pa]

(b) NPSHa =2.2 m





media/file49.png
¢ o

(a) NPSHa =1.15 m (b) NPSHa = 1.05 m






media/file2.jpg
() Propulsion pump part (b) Inlet passage part





media/file6.jpg
()
&
X [ 1 |G Pressure gauge
_— QF Redistribution device
Mixed-flow pumping system
X Discharge valve Centrifugal pump @
)
&)

Electromagnetic flow meter





media/file24.jpg
(ONPSHa-157m @S- 1@2m

Myﬁm -: :: i






media/file29.png
'. '. '. ! ! !
1.0 fo - e
T /./
0.8 e / 4T — .
! . - m
3 o -
= wa Vs e 2
S 06 e fo .
£ o - T ‘
5 / VAN
: I :
s04 - / : / ——————————————————————————————— -
3 ! / =
- /S Va Vi |
0.2 -/' ------- /' /—-—NPSHaclszm-
| - ’ M. .| —=—NPSHa=1.8m-
0.0 I././ ____________________ ./ _____ —=— NPSHa=2.31m |
.’ .’ g
30000 35000 40000 45000 50000 55000

Pressure(Pa)





media/file1.png
3

(a) Waterjet propulsion pump system (b) Propulsion pump





media/file20.png
Vapor Yolume Fraction Vapor Volume Fraction

9.053x10" 8.813x10"
8.148x10" 7.932%x10"
7.243%x107 7.061x10"
6.337x10" 6.169x10"
5.432x10" 5.288x10"
4.527=10" 4.407x10"
3.621x107 3.525x10"
2.716x107 2.644x107"
1.811%10" 1.763%10"
9.053%10* 8.813%107?
1.000%x10% 1.000x10%
(@) NPSHa=2.41 m (b) NPSHa=22m

Vapor Volume Fraction Vapor Volume Iraction

9.353x10" 8.979x10"
8.418x10" 8.082x10
7.482%10" 7.184x10"
6.547x10" 6.286x101
4.676x10" 5.388x10
3.741x10" 4.490x101
2.806%10" 3.592x10
2.806x10" 2.694x10"
1.871x10" 1.796x10
9.353%107? 8.979x10*
1.000x10% 1.000x10®

(c) NPSHa=1.87 m (d) NPSHa = 1.62 m





media/file7.png
Electromagnetic flow meter

T

I%Z .................. Pressure gauge
Tank ? Redistribution device
Mixed-flow pumping system
F3X Dixbarge v Cansitgtpump ()
0\
2/

Electromagnetic flow meter





media/file33.png
Vapor Yolume Fraction
9.711x10"

8.740x10"
7.769x107
6.798x10"
5.827x10"
4.855x107
3.884x10"
S2.913%107
1.942x10"
9.711x10*
1.000%10-"

(e) NPSHa=0.76 m





media/file47.png
Diffusion sectlon

Lip

(a) NPSHa=1.30m

(¢) NPSHa=1.05m (d) NPSHa=0.88m

Vapor Volume Fraction

0,0 0 0, 0 0 0.0, 0,0 O
Q) Q7 2 3 e 8y 6, 2 @5 O
D % G B G s >





media/file38.jpg
(@) NPSHa =203 m

(ONPSHa=154m

(@) NPSHa=130m





media/file31.jpg
Vapor Volume Fraction
9.711x101

8.740x10"
7.769x10"
6.798x10"
5.827x10"
4.855x107
3.884x10°
2913x10°
18426107
9.711x10°
1.000x10°%

(e) NPSHa=0.76 m





media/file25.jpg
Mmﬁi‘;:..l

() NPSHa =

pr—

076m





media/file17.png
Pressure
Contour 2

6.182x107
5.564x10°
4.945x10*
4.327x10°
3.709x10°
3.091x10°
2.473x10°
1.855x10*
1.236x10°
6.182x10°

0.000
[Pa]

Pressure
Contour 1

5.160x10¢
4.644x104
4.128=104
3.612x10¢
3.096x10¢
2.580x10¢
2.064x10¢
1.548x10¢
1.032x10¢
5.160x10°

0.000
[Pa]

(a) NPSHa = 1.38 m

(c) NPSHa =0.96 m

Pressure
Contour 1

5.952x10*
5.357=10*
4.762x10%
4.167=10%
3.571=10¢
2.976x10*
2.381=10*
1.786x104
1.190x10*
5.952x10°
0.000
a

Pressure
Contour 2

4.499x10%
4.049x10%
3.599x10¢
3.149x10¢
2.699x10*
2.249x10¢
1.799x104
1.350%10%
8.997x10¢
4.499x10°

0.000
[Pa]

(b) NPSHa=1.17 m

(d) NPSHa = 0.76 m





media/file4.jpg
110

1.05

1.00 ot /l—l—-

i

0.95

=
0.90

y
085

0.80

0.75

—=—Head

070 N il i L HE L
08 09 10 11 12 13 14 15 16 17 18 19

Grid Number/(million)






media/file30.jpg
(@NPSHa=121m

©)NPStHa=138m

(@) NPSHa =09 m





media/file43.jpg
Velocity [ms"-1]

0007)\390077
> &, Qo B oY
o%o;b%"eo%@%%





media/file21.png
Vapor Volume Fraction

9.109x=10"
8.198x10
7.287=10"
6.377=10"
5.466x101
4.555x10
3.644x101
2.733x101
1.822x10
9.109x10*
1.000x10®

Vapor Volume Fraction

9.571x10"
8.613x10"
7.656%10"
6.699x10"
5.742x10"
4.785%10"
3.828x107
2.871x10"
1.914x107
9.571x10%
1.000%10"%

(e) NPSHa =1.38 m

(g) NPSHa = 0.96 m

Nannr Yolume Fraction

9.223x107
8.300=10"
7.378x10"
6.456x10"
5.534x10"
4.611=10"
3.689x107
2.767x10"
1.845x10"
9.223%x10%
1.000x107

Vapor Volume Fraction

9.711x10"
B.740x10
7.769x10"
6.798x10
5.827x10
4.855x10
3.884x10
2.913x10"
1.942x10
9.711x10*
1.000=10%

(f) NPSHa = 1.17 m

(h) NPSHa = 0.76 m





