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Abstract. 
Water jet propulsion technology has broad application prospects in the field of ships, and water jet technology is a kind of high and new technology that is booming and has a wide range of applications. However, there are a few studies on the effect of the external jet on the performance of the water jet propulsion pump, and it is urgent to carry out this research. In this paper, the standard k-ε turbulence model is used to carry out the numerical simulation study of the influence of the external jet on the hydraulic performance and flow field characteristics of the water jet propulsion pump device. This paper discusses the selection of calculation models, the division of grids and the setting of turbulence models, and an in-depth analysis of the calculation results. The research results show that when a high-speed water jet enters a moving water body, it will cause turbulence in the moving water body. With the increase of jet flow, the turbulence phenomenon will be improved. The average velocity of the outlet section of the nozzle is consistent with the change of the total pressure. The average vortex gradually decreases, the turbulent kinetic energy changes little, the turbulence dissipation first decreases and then increases, and the nozzle axial force changes more and more. The axial force and thrust of the device will obviously increase when the two water streams merge and spray, and they will increase with the increase of the jet flow rate. By revealing the influence mechanism of the external jet on the water jet propulsion pump device, it can provide a theoretical basis and guiding direction for further optimizing the hydraulic performance of the entire device.

1. Introduction
Due to the superiority of water jet propulsion technology, more high-speed ferries, commercial ships, and military vessels use water jet propulsion pump devices. Scholars at home and abroad have also conducted a large number of experimental studies and numerical simulation studies on the water jet propulsion pump device, which has made the water jet propulsion technology a breakthrough development in recent decades [1–3]. With the rapid development of CFD technology, numerical simulation has become an important research method and has been widely used in different research directions [4–7].
Water jet technology is a rapidly emerging new technology, and it has a broad prospect in the application of water jet thrusters. Zhang et al. [8] reviewed the two main applications of the current underwater gas-liquid two-phase propulsion technology-gas-liquid two-phase ramjet and bubble afterburner water jet propulsion engine theory and experimental research, and Point out its main development trend. Meng et al. [9] used fluid dynamics (CFD) technology to study the flow field structure evolution and mixing efficiency in jet mixing equipment, analyzed the parameters that affect the jet mixing efficiency, and summarized the mixing time correlations proposed by different researchers. Yu et al. [10] established two sets of models by means of comparative analysis and studied the thrust of water jet thrusters with and without pressure chambers using simulation analysis methods and experimental verification methods. The size of the pressure chamber has been drawn to the conclusion of the influence of the thrust of the water jet thruster. Wu et al. [11] carried out detailed experimental measurements on the three-dimensional flow structure and turbulence in the tip area of the water jet axial flow pump and combined the RANS method and the LES method to carry out deep CFD numerical calculations. Jiao et al. [12] conducted a hydraulic optimization design and performance study on the flow channel of the water jet propulsion pump. Kinnas and Lee [13] used the internally developed ship CFD program CFD SHIP-IOWA to conduct an in-depth study on the hydrodynamics and propulsion performance of the water jet propulsion ship system and used the overlapping grid technology to realize the longitudinal movement of the ship during navigation. Wang et al. [14, 15] proposed an optimized design method for pumps. He et al. [16] and Zhang et al. [17] studied the numerical calculation method of the pump and gave the corresponding experimental results. Wang et al. [18–20] studied the factors affecting pump performance through numerical calculations. Zhou et al. [21, 22] used the computational fluid dynamics method to analyze the water flow characteristics of the pump. Duan et al. [23] conducted numerical simulation research and prediction on the cavitation characteristics of water jet propulsion pumps. Jin [24] conducted three-dimensional design and numerical experiments on water jet propulsion pumps. Wang et al. [25] conducted a numerical simulation study on impinging water jets by selecting a turbulence model. Chang and Wang [26] used the K-flow turbulence model to predict the propulsion performance of water jets. Xia et al. [27] studied the hydraulic characteristics of the rotating stall of the water jet propulsion system and proposed corresponding suppression measures.
At present, there are a few studies on a high-speed water jet entering a moving water body at home and abroad, and the understanding of the effect of the external jet on the performance of the pump is not very clear. Therefore, it is necessary to conduct in-depth research on the performance of the water jet propulsion pump device with an external jet. This paper is based on the standard k-ε turbulence model to numerically simulate the flow field of a water jet propulsion pump device with an external jet and use the velocity, total pressure, vorticity, turbulent kinetic energy cloud image, and other flow field information data of the nozzle outlet section and the longitudinal section of the nozzle section. By intuitive observation of the internal flow characteristics of the nozzle section of the propulsion pump, this paper reveals the influence mechanism of the external jet and provides a theoretical basis and guiding direction for further optimizing the hydraulic performance of the entire device.
2. Water Jet Propulsion Pump Model and Numerical Simulation Method
2.1. Geometric Model and Computational Domain
This paper selects a certain type of water jet propulsion pump device as the research object. The water jet propulsion pump device is mainly composed of a water inlet channel, propulsion pump, nozzle, and reversing device. The water inlet channel is one of the main components of the water jet propulsion device, and its function is to transfer the water from the bottom of the ship to the propulsion pump. The propulsion pump is the core component of the water jet propulsion system. The mixed-flow pump type used in this article is composed of four parts: the impeller (6 pieces), the guide vane body (7 pieces), the inlet section, and the outlet section. It is mainly divided into two parts: the inlet passage and the propulsion pump. In order to study the effect of the external jet on the performance of the water jet propulsion pump device, a slight modification is made on the original selected model. A jet pipe is introduced from the small auxiliary pump through any guide vane (multiple guide vanes can be selected as required) into the impeller body and ejected jet through the water guide cone. The jet flow and the original water flow merge and eject, and the schematic diagram of the three-dimensional model of the water jet propulsion pump device with the jet flow is shown in Figure 1. (1) Figure 1 is only a schematic diagram of the model of the additional jet device. The specific auxiliary pump layout can be adjusted according to the actual situation. The focus of this article is not to study the additional jet device, but the research based on a device innovation. Study the phenomenon of a high-speed water jet entering a moving water body. (2) The idea of this additional jet device is to solve the problem that the ship needs to increase the instantaneous thrust when the hull space is limited. Therefore, when the space size is limited and two units cannot be arranged, considering the use of this additional jet device can increase the thrust and increase the sailing speed.
  
Figure 1: Schematic diagram of the geometric model of the water jet propulsion pump device with additional jet.


Affected by the hull boundary layer, incoming flow velocity, and pressure, the water flow entering the inlet passage is uneven. Therefore, when selecting the calculation fluid area, the fluid in the area around the inlet of the inlet passage at the bottom of the ship should also be included. Therefore, the calculation area includes three parts: the propulsion pump, the inlet passage, and the hull area, as shown in Figure 2(a). Take a circular cross section at the water guide cone of the impeller and define it as the outlet of the additional jet, as shown in Figures 2(b) and 2(c).
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(c)
Figure 2: Computational domain. (a) Overall picture. (b) Partial enlarged view. (c) Partial enlarged view.


2.2. Mesh Generation
The quality of the grid is very important to the numerical simulation results of the water jet propulsion pump device. In this paper, ICEM CFD software is used to divide the entire calculation domain into a structured grid. The water inlet channel, the bottom area of the ship, the impeller, the guide vane, and the nozzle are all hexahedral structured grids, as shown in Figure 3. After the above grid is divided into blocks, each block is output as a CFX file, and each part is merged in the CFX preprocessing, and the boundary area and solution conditions are set and finally calculated.
  
(a)
  
(b)
  
(c)
  
(d)
Figure 3: Block structured grid of water jet propulsion pump device. (a) Inlet passage. (b) Impeller. (c) Guide vane. (d) Nozzle.


2.3. Turbulence Model and Boundary Conditions
In this paper, the standard k-ε turbulence model is used to solve the complex flow field in the water jet propulsion pump device with an external jet. Among them, the inlet of the device model is set as the speed inlet, which is initially set to 10 m/s; the outlet is the average static pressure outlet; set the reference pressure to 1 atm; set the interface to transfer the values between the components; set the solid wall to the nonslip boundary condition, and use the standard function to process. The speed is initially set to 700 r/min, and the calculated residual control value is set to 10−5.
2.4. Grid Independence Analysis of the Impeller Domain
In theory, the more the number of grids in the model, the smaller the solution error caused by the grids [28]. However, as the number of grids increases, the requirements for computer configuration also increase, and the calculation speed will also slow down. Therefore, on the basis of ensuring the accuracy of the solution in a certain range, the number of grids cannot be too large. For this reason, 6 sets of grids are selected for grid independence analysis, and the 6 sets of grids selected are shown in Table 1.
Table 1: The number of different impeller domain grids.
	

	Grid	Impeller grid/10,000	Guide vane and nozzle grid/10,000	Inlet passage and water grid/10,000	Total grid/10,000
	

	1	40	100	160	300
	2	50	100	160	310
	3	60	100	160	320
	4	70	100	160	330
	5	80	100	160	340
	6	90	100	160	350
	



Take the head coefficient H and efficiency η of the water jet propulsion pump section as the main evaluation indexes. With the gradual increase in the number of grids, the changes in the head and efficiency of the propulsion pump section obtained by the numerical simulation gradually decrease, especially the relative error between the fifth set of grids and the sixth set of grids hardly changes, as shown in Figure 4.


	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
	
	
		
			
				
			
			
				
		
		
			
		
		
			
				
			
			
				
		
		
			
		
	

Figure 4: Grid independence analysis.


2.5. Research Plan
Assuming that the circular cross-sectional area of the jet outlet at the water guide cone is 30.77% of the cross-sectional area of the nozzle outlet (i.e., for the water jet propulsion pump device model selected in this article, the diameter of the circular cross-sectional jet outlet is 40 mm), which can be defined by the velocity of the jet outlet changing the flow rate of the external jet, and the effects of different external jet flow rates on the hydraulic performance and flow field characteristics of the water jet propulsion pump device at different speeds are studied, as shown in Table 2.
Table 2: Research plan.
	

	Series	Plan	Speed (m/s)	Jet velocity (m/s)	Jet exit area
	

	One	1	10	0	The jet exit area is 30.77% of the nozzle exit area
	2	4
	3	8
	4	12
	5	16
	Two	6	8	0
	7	4
	8	8
	9	12
	10	16
	Three	11	6	0
	12	4
	13	8
	14	12
	15	16
	



3. Analysis and Discussion of Calculation Results
3.1. Hydraulic Performance Analysis
Because the numerical simulation results may not be able to simulate the actual situation well, it is necessary to verify the reliability of the numerical simulation results through experimental verification. However, it is difficult to test and verify this new type of additional jet device. Therefore, this paper selects the model of the water jet propulsion pump device before the jet is added to conduct experimental research to verify the reliability of the numerical simulation of this model, and indirectly verify the reliability of this model. Indirectly verify the reliability of the numerical simulation of the additional jet model with a slight modification on this model. Select different flow conditions for calculation, and get the flow and efficiency under the optimal conditions. In order to compare the calculation results under various working conditions more conveniently and intuitively, the flow, efficiency, and head of the optimal efficiency point are used as the benchmark, and the flow, efficiency, and head of other flow points are normalized by dimensions. According to the experimental data in the literature, combined with the numerical simulation result data in this paper, Figure 5 is obtained. It can be seen from Figures 5(a) and 5(b) that the numerical simulation results are in good agreement with the experimental results, so the simplified model above can be used for further analysis and research. In the figure, the best working condition BEP (best efficiency point) of the propulsion pump refers to the working condition corresponding to the highest efficiency point. Q represents the flow rate, QBEP represents the flow rate corresponding to the highest efficiency point, η represents the efficiency, and ηBEP represents the efficiency corresponding to the highest efficiency point, H represents the head, and HBEP represents the head corresponding to the highest efficiency point.
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(b)
Figure 5: Comparison of numerical simulation and experimental results. (a) Q-η curve. (b) Q-H curve.


Figure 6 shows the relationship between the head of the propulsion pump section and the flow rate of the external jet at different speeds. Observing Figure 6, we can find that, as the jet flow increases, the head of the propulsion pump section gradually increases, and the rate of change of the head becomes larger. Under the same jet flow, the head of the propulsion pump section increases with the increase in speed. In the figure, Qj/QO represents the ratio of the flow at the coordinate point to the flow at the z coordinate of 0, and Hj/HO represents the ratio of the head at the coordinate point to the head at the z coordinate of 0. VS means ship speed.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
				
					
				
				
					
			
			
				
				
				
				
				
				
				
				
			
			
				
					
				
				
			
			
				
				
				
				
				
				
				
			
			
				
					
				
				
			
			
				
				
				
				
				
				
				
			
		
	

Figure 6: Relation diagram of head and jet flow.


Figure 7 shows the velocity change curve on the central axis of the nozzle section at different jet velocities. Observing the curve, we can see that, with the increase of jet flow rate, the relative velocity change range from the center of the jet exit section to the center of the nozzle exit section also increases. The relative velocity at the same point increases with the increase of jet flow. In the figure, z represents the z coordinate value of each point on the central axis of the nozzle section, and Vz/Vo represents the ratio of the axial velocity at that point to the axial velocity at that point in the original device, also known as the relative velocity. Vj represents the jet velocity.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
		
	
	
		
	
	
		
	
		
		
		
		
		
		
		
	
	
		
	
	
	
		
		
		
		
		
		
		
	
	
		
	
	
	
		
		
		
		
		
		
		
	
	
		
	
	
	
		
		
		
		
		
		
		
		
	
	
		
	
	
	
		
		
		
		
		
		
		
		
	

Figure 7: Speed change on the central axis.


3.2. Analysis of Internal Flow Field Characteristics
Figure 8 is a graph showing the average velocity and total pressure change of the nozzle under different jet flow rates. It can be clearly seen from the figure that, with the increase of the jet flow rate, the average velocity of the nozzle outlet section increases, and the range of change becomes larger and larger. The change rule of the total pressure of the nozzle section is consistent with the change rule of the average velocity. Figure 9 is a cloud diagram of the axial velocity distribution of the nozzle, Figure 9(a) is a cloud diagram of the axial velocity distribution of the nozzle of the original device, and Figures 9(b)–9(f) are the cloud diagrams of the nozzle axial velocity distribution of the device when the jet velocity is 0 m/s, 4 m/s, 8 m/s, 12 m/s, and 16 m/s. Observing the cloud image, it can be found that the central low-velocity area of Figure 9(a) is a bit larger than that of Figure 9(a). The reason is that the original water-conducting cone has changed its shape and cannot play the role of water-conducting, so the water flow velocity will be somewhat loss. The axial velocity distribution uniformity of the nozzle in Figure 9(c) is relatively uniform. The reason is that the jet velocity of 4 m/s is just close to the water velocity near the water guide cone. When the jet is merged, the axial velocity distribution at the nozzle will be more uniform. The high-speed zone appears in the center of Figure 9(d), Figure 9(e), and Figure 9(f). The reason is that it is affected by the external jet, and as the jet velocity increases, the velocity of the high-speed zone also increases, and the range of the high-speed zone is approximately equal to the jet exit area. In the figure,  represents the size of the jet velocity and its unit is m/s.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
			
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
			
			
				
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 8: Variations of average nozzle velocity and total pressure under different jet flow rates.




	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	

Figure 9: Axial velocity distribution cloud diagram of the nozzle. (a) Original device, (b)  = 0, (c)  = 4, (d)  = 8, (e)  = 12, and (f)  = 16 (m s−1).


Figure 10 is the velocity distribution cloud diagram of the longitudinal section of the pump section, Figure 10(a) is the velocity distribution cloud diagram of the longitudinal section of the original pump section, and Figures 10(b)–10(f) are the vertical section velocity distribution cloud diagrams of the pump section of the device when the jet velocity is 0 m/s, 4 m/s, 8 m/s, 12 m/s, and 16 m/s. Observing the cloud picture, we can find that with the increase of jet flow, the velocity from the guide vane body to the exit section becomes larger and larger, indicating that the water velocity in this section is significantly affected by the external jet.
  
Figure 10: The velocity distribution cloud diagram of the longitudinal section of the pump section. (a) Original device, (b)  = 0, (c)  = 4, (d)  = 8, (e)  = 12, (f)  = 16 (m s−1).


Figure 11 is a streamline diagram of the jet exit at different jet velocities, Figure 11(a) is the streamlines before the jet exit when the jet velocity is 0 m/s, 4 m/s, 8 m/s, 12 m/s, and 16 m/s. Observing Figures 11(a)–11(e), it can be seen that when the jet velocity is 0 m/s, the flow state of the water in front of the jet outlet is turbulent and spiral. As the jet velocity increases, the spiral phenomenon gradually disappears. The jet velocity is 16 m/s, and the external jet is basically horizontal and straight. Moreover, it can be seen from Figures 11(a) to 11(e) that the water velocity in front of the jet exit section gradually increases, but the increase is not large and relatively uniform. The reason is that the velocity of the two streams increases after the convergence of the two streams.


	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	

(a)
  
(b)
  
(c)
  
(d)
  
(e)
Figure 11: Streamline diagram in front of the outlet of the jet tube at different jet velocities: (a)  = 0, (b)  = 4, (c)  = 8, (d)  = 12, (e)  = 16 (m s−1).


3.3. Eddy Dynamic Analysis
In order to study the motion of the vortices in the water jet propulsion pump device under different jet flow rates, the turbulent kinetic energy equation and the transport equation of the turbulent dissipation rate are used to conduct in-depth research and analysis on the internal vortex of the water jet propulsion pump device with the jet flow. In the standard k-ε model, the transport equations of turbulent kinetic energy k and turbulent energy dissipation ε are as follows:where Qk is the generation term of turbulent kinetic energy; μt is the viscosity of turbulent flow; k is turbulent kinetic energy, which refers to the amount of change in velocity fluctuations, in m2/s2; ε is turbulent energy dissipation, which refers to the rate of dissipation of velocity fluctuations, and its unit is m2/s3; and constant C1 = 1.44, C2 = 1.92, σk = 1.0, σε = 1.0.
3.3.1. Vorticity Analysis
Vorticity is one of the most important physical quantities describing the motion of a vortex. It is defined as the curl of the fluid velocity vector. The unit of vorticity is one second (s−1). Vortex usually uses vorticity to measure its strength and direction. In the fluid, as long as there is a “vortex source,” vortices of different sizes will be produced. Therefore, the positive or negative of the vorticity value represents different vortex rotation directions, and the absolute value of the vorticity represents the probability of vortex occurrence.
Figure 12 shows the average vorticity and maximum vorticity changes of the nozzle under different jet flow rates. Among them, as the jet flow increases, the absolute value of the average vortex of the nozzle gradually decreases, indicating that the probability of vortex occurrence on the nozzle section gradually decreases. This is because the high-speed jet affects the original moving water flow, which reduces it to a certain extent. The generation of vortex is in the nozzle section. The absolute value of the maximum vorticity shows a gradually increasing trend overall. It can be seen from the figure that the maximum vorticity changes little when the relative flow rate of the jet is between 0.04 and 0.10.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 12: The average vorticity and maximum vorticity changes of nozzles under different jet flow rates.


The vorticity distribution cloud diagram of the nozzle outlet section under different jet flow rates is shown in Figure 13. When the additional jet flow rate is 0, a large positive vortex appears in the center area of the nozzle outlet section, and the blue area shown in the figure appears around it The direction of the vortex is opposite to the central area. With the increase of jet flow, the vortex in the central area of the nozzle exit section gradually decreases, indicating that the vortex phenomenon is not obvious when the jet flow is large.
  
Figure 13: Cloud diagram of vorticity distribution in the section of the outlet of the nozzle. (a) Original device, (b)  = 0, (c)  = 4, (d)  = 8, (e)  = 12, (f)  = 16.


The vortex distribution cloud diagram of the longitudinal section of the nozzle section under different jet flow rates is shown in Figure 14. It can be found that, as the jet flow rate increases, the vortex generated by the water flow in front of the water guide cone gradually decreases and changes direction. Due to the influence of the external jet, some large eddies appear around the jet exit path, and these eddies gradually decrease with the increase of the jet flow.
  
Figure 14: Vortex distribution cloud diagram of the longitudinal section of the nozzle section. (a) Original device, (b)  = 0, (c)  = 4, (d)  = 8, (e)  = 12, (f)  = 16 (m s−1).


3.3.2. Turbulent Kinetic Energy Analysis
Turbulent kinetic energy is 1/2 of the product of turbulent velocity fluctuation variance and fluid mass. The change of total kinetic energy of turbulence over time reflects the net income and expenditure of turbulence energy and is an indicator to measure the development or decline of turbulence. The variance of turbulent diffusion is proportional to the component turbulence energy, and it is an important indicator to measure the turbulent mixing ability. Turbulent flow energy is represented by k. Turbulent energy dissipation rate refers to the rate at which turbulent energy is converted into kinetic energy of molecular thermal motion under the action of molecular viscosity. It is usually measured by the turbulent flow energy lost per unit mass of fluid in a unit time, expressed by ε. The turbulent velocity has random fluctuations in space, thus forming a significant velocity gradient. Under the action of the molecular viscous force, the turbulent energy is continuously converted into the kinetic energy of molecular motion through internal friction:
In the formula, u is the average velocity, I is the turbulence intensity, and Cu is usually 0.09.
Figure 15 is a graph showing the change of turbulent kinetic energy and turbulent energy dissipation of the nozzle under different jet flow rates. It can be seen from the figure that, as the jet flow increases, the turbulent kinetic energy does not change much, indicating that the flow state is relatively stable. The turbulent energy dissipation value of the nozzle section first decreases and then increases, indicating that the turbulent energy dissipation is fast under the high-speed jet.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
					
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
				
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 15: The change of turbulent kinetic energy and turbulent energy dissipation of the nozzle under different jet flow rates.


The distribution of turbulent kinetic energy at the outlet section of the nozzle in Figure 16 shows the following: (1) when no jet is added, the distribution of turbulent kinetic energy is consistent with the distribution trend of the original device. Larger turbulent kinetic energy appears in the center of the nozzle section and moves to the surroundings. It is reduced in the shape of a volute, which is mainly due to the collision of water flow at the water guide cone during the movement of the fluid, and there is a large energy loss. (2) When the external jet is operating, there is almost no turbulent kinetic energy generated in the center of the nozzle section. As the flow of the external jet increases, obvious turbulent kinetic energy begins to appear around the center, which is mainly when the external jet merges with the original water flow, caused by the loss of water flow.
  
Figure 16: Cloud diagram of turbulent kinetic energy distribution at the outlet section of the nozzle. (a) Original device, (b)  = 0, (c)  = 4, (d)  = 8, (e)  = 12, (f)  = 16 (m s−1).


The turbulent kinetic energy distribution cloud diagram of the longitudinal section of the nozzle section under different jet flow rates is shown in Figure 17. With the increase of the jet flow rate, the water loss at the front of the jet exit section decreases, the turbulent kinetic energy decreases, and the turbulent kinetic energy under the jet is larger than above the jet. This is because the gravity of the jet water flow causes the collision and impact between the jet and the original water flow to be more severe, and the hydraulic loss is greater.
  
Figure 17: Cloud diagram of turbulent kinetic energy distribution in the longitudinal section of the nozzle section. (a) Original device, (b)  = 0, (c)  = 4, (d)  = 8, (e)  = 12, (f)  = 16 (m s−1).


3.4. Analysis of Mechanical Characteristics
Figure 18 is a graph showing the change in the growth rate of the nozzle axial force under different jet flow rates. It can be clearly seen from the figure that when the jet flow rate is small, the axial force change rate is not large, but with the increase of the jet flow rate, the axial force growth rate increases sharply, and the axial force changes more and more. Among the schemes studied, the maximum rate of change of the nozzle axial force reached 9.2%. Since the axial force is a calculation variable that comes with CFX postprocessing, it can be easily obtained. The thrust of the device is not easy to calculate, but it has a positive correlation with the axial force, so the trend of the thrust of the device can be inferred. It can be found that the greater the flow rate of the external jet, the greater the increase in the thrust of the device, which just verifies the fact that the additional jet device does increase the thrust compared to the original device and increases the ship’s sailing speed.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
					
				
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 18: The growth rate of the nozzle axial force under different jet flow rates.


4. Conclusion
Based on the standard k-ε turbulence model, the hydraulic performance, flow field characteristics, vorticity characteristics, and mechanical properties of the water jet propulsion pump device with external jets under different jet flow rates and speeds are numerically calculated and analyzed. The conclusions are as follows:(1)The numerically calculated efficiency-flow curve and head-flow curve are in good agreement with the experimental test results in the literature.(2)With the increase of jet flow rate, the average velocity of the nozzle exit section increases, and the range of change becomes larger and larger. The change rule of the total pressure of the nozzle section is consistent with the change rule of the average velocity.(3)When the flow rate of the external jet is small, the flow state of the water in front of the jet tube outlet is turbulent and spiral. With the increase of the flow of the external jet, the spiral phenomenon gradually disappears. When the flow of the external jet is greater than a certain value, the external jet is added. The project is basically horizontal and straight.(4)As the jet flow increases, the absolute value of the average vortex of the nozzle gradually decreases, indicating that the probability of vortex occurrence at the nozzle section gradually decreases. This is because the high-speed jet affects the original moving water flow, which reduces the generation of vortices at the nozzle section to a certain extent. The absolute value of the maximum vorticity shows a gradually increasing trend overall. When the relative flow rate of the jet is between 0.04 and 0.10, the maximum vorticity does not change much.(5)When no jet is added, the distribution of turbulent kinetic energy is consistent with that of the original device. Larger turbulent kinetic energy appears in the center of the nozzle section and decreases in the shape of a volute around it. This is mainly due to the guiding of the fluid during the movement. Water flow collision occurs at the water cone, and there is a large energy loss. With the increase of jet flow rate, the turbulent kinetic energy does not change much, indicating that the flow pattern is relatively stable. The turbulent energy dissipation value of the nozzle section first decreases and then increases, indicating that the turbulent energy dissipation is fast under the high-speed jet.(6)When the jet flow rate is small, the axial force change rate is not large, but with the increase of the jet flow rate, the axial force growth rate increases sharply, and the axial force changes more and more. In the scheme studied in this paper, the nozzle axis maximum change rate of the direction force reached 9.2%. And the greater the flow rate of the external jet, the greater the increase in thrust of the device.
In summary, when a high-speed water jet is injected into a moving water body, it will cause turbulence in the moving water body. With the increase of the jet flow rate, the turbulence phenomenon will be improved. The axial force and thrust of the device will obviously increase when the two water streams merge and spray, and they will increase with the increase of the jet flow rate. Due to my limited level, the research in the field of this additional jet is not very thorough, but I hope to attract more scholars’ attention, so as to further study the interaction mechanism between this high-speed jet and the moving water body. Especially for the research on the thrust performance of the entire device, there is still a need for further breakthroughs.
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