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Abstract

:

Ship fouling not only increases ship resistance and fuel consumption but is equally a type of biological invasion, which causes severe ecological damage. Submerged cavitation jet cleaning is an environmentally friendly, high-efficiency, and energy-saving cleaning method. The nozzle structure has an essential influence on the cleaning effect. Thus, a two-throat nozzle was designed for application in submerged cavitation jet cleaning. To investigate the cavitation characteristics of the two-throat nozzle, a high-speed photographic visualization experiment and an erosion experiment concerning the submerged cavitation jet were carried out in this study. The frame-difference method (FDM) was used to analyze the dynamic changes in the cavitation cloud in a single period. The dynamic changes in the cavitation cloud and the characteristics of the submerged cavitation jet were investigated under different inlet pressures. The sample mass loss and the macroscopic and microscopic changes in surface morphology were used to evaluate the cavitation intensity of the two-throat nozzle submerged jet. The experimental results demonstrate that the two-throat nozzle has a good cavitation effect, and the cavitation cloud of the submerged jet has obvious periodicity. With the increase in inlet pressure, the length, width, and area of the cavitation cloud continue to increase, and the shedding frequency of the cavitation cloud continues to decrease. The intensity of cavitation erosion is related to target distance and impact time. There is an appropriate target distance by which to achieve the optimal cavitation effect. The collapse of cavitation bubbles near the sample surface is related to the erosion distribution on the sample surface. Moreover, the magnitude of the absolute values of the root-mean-square surface roughness and surface skewness increase with cavitation intensity. The results in this paper are helpful for a better understanding of the cavitation characteristics of the two-throat nozzle submerged jet.
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1. Introduction


After a ship has sailed in the ocean for a long time, the hull’s surface immersed in the seawater will be polluted by marine organisms, which consist of biological shellfish, algae plants, and other marine organisms. The attached marine organisms increase the roughness of the hull and the resistance, leading to increased fuel consumption [1]. In addition, it has been proved that ship fouling is a critical way by which invasive aquatic organisms are transferred, which can pose a severe threat to the local ecological environment [2,3]. Therefore, effective and timely cleaning of ship fouling has a significant effect on ship energy conservation and environmental protection.



Submerged cavitation jet cleaning is a kind of ship fouling cleaning method with great potential and has attracted increasing attention. Submerged cavitation jet cleaning mainly uses micro-jets generated by the collapse of cavitation bubbles and extremely high collapse energy to achieve the purpose of cleaning. It has been shown that the micro-jet velocity can reach 70–180 m/s, the hitting pressure can reach 140–170 MPa, and the resonance frequency is about 100–1000 times/(s∙cm2) [4]. Moreover, cavitation jet cleaning has the characteristics of environmental protection, high efficiency, energy-saving properties, and high safety. It is widely used in underwater cleaning [5], cutting [6], material testing [7], underground drilling [8], and deep-sea mining [9], etc. According to previous studies, the performance of a submerged cavitation jet is closely related to the cavitation intensity. In order to improve the erosion ability of the cavitation jet, it is necessary to enhance the cavitation intensity. The cavitation erosion performance of cavitation jets is influenced by several factors, such as working conditions (upstream and downstream pressure, cavitation number), the temperature of the working fluid, the geometric parameters of the test material (offset and angle of attack), and the structural parameters of the nozzle [10,11,12,13]. To enhance the cavitation performance, many researchers have investigated the growth, development, and collapse mechanisms of cavitation bubbles and the characteristics of the cavitation clouds. Soyama et al. [14] conducted a visualization study of cavitation jets of different types of nozzles (conical, cylindrical, and trumpet) using high-speed photography technology. It was found that the shedding frequency of the cavitation cloud decreases with the increase in inlet pressure and the maximum length of the cavitation cloud. Hutli et al. [15] found that the cavitation cloud motion morphology of the cavitating jet varied with the shape and size of the nozzle. Petkovsek et al. [16] investigated the structure of the cavitation clouds and the erosion effect on aluminum foils during the collapse of vacuolated clouds by visualization experiments. They found that irregular or “broken” cavitation clouds have a more significant erosion effect on aluminum foils.



To investigate the relationship between the cavitation cloud and the cavitation intensity, Peng et al. [17] conducted high-speed photographic visualization experiments and erosion experiments. The Proper Orthogonal Decomposition (POD) method was used to analyze the spatial and temporal distribution of the cavitation cloud. The morphology of the aluminum block sample was evaluated at macroscopic and microscopic scales after erosion. The results showed that the vacuole collapse was a necessary but insufficient condition for severe cavitation. Watanabe et al. [18] investigated the structure of the cavitation cloud and the erosion characteristics of the cavitation jet by a combination of an optical microscope, a scanning electron microscope, erosion characteristic measurement, simultaneous shadowgraph imaging, and acceleration pulse measurement. It was found that the collapse of the cavitation bubbles near the sample surface was related to the erosion distribution on the sample surface. Fujisawa et al. [19] observed the collapse process of the cavitation cloud and the formation of excitation waves with and without the appearance of walls simultaneously by the frame-difference method (FDM) and the laser schlieren method. They obtained the same conclusion as that of Watanabe et al. [18]. In addition, it was also found that the collapse of the cavitation bubbles generates shock waves at the same time. Hutli et al. [13] similarly demonstrated that the annular erosion area of the sample surface matched the distribution of cavitation bubble collapse. Fujisawa et al. [20] detected the formation of pits by high-speed photography and used a sensor made of gold foil glued to a transparent glass plate. It was found that pits would be formed on the wall when the cavitation cloud collapses during the periodic movement of the cavitation jet.



As a critical device of the cavitation jet, the nozzle’s structure has a significant influence on cavitation intensity [13]. Further improving the cavitation intensity by improving the design of cavitation nozzles has become a hot topic. Several researchers have improved the cavitation effect by altering the nozzle exit geometry. Cai et al. [21] investigated the influence of different nozzle exit shapes of organ pipe nozzles on the cavitation erosion characteristics. The results showed that there is an optimal size of nozzle exit by which to obtain the maximum erosion effect. Likewise, Soyama [22] found that the erosion rate depended on the geometry of the nozzle. Li et al. [23] found that the nozzle exit angle of the organ pipe nozzle had a significant influence on the axial pressure. It was shown that the nozzle exit angle improved the efficiency of the organ pipe nozzle by affecting the interaction between the nozzle exit and the jet flow. Similarly, some researchers have optimized the resonant cavity structure of the self-excited oscillation nozzle. Cai et al. [24] investigated the effect of the contraction ratio between the upstream and downstream of the resonant cavity of the organ pipe nozzle on the frequency and the erosion characteristics of self-excited oscillation cavitation jets. It was found that there is an optimal geometric structure by which to achieve the maximum resonant amplitude and mass loss. Wang et al. [25] obtained a novel self-excited oscillating cavity structure by adopting Bessel curves to reconstruct the transition surface of the self-excited oscillating cavity walls, which can effectively utilize the pulse energy to enhance cavitation intensity. Fang et al. [26] adopted large eddy simulation to study the influence of nozzle collapse walls on the cavitation jet and found that the self-excited oscillation cavitation effect was the best when the shape of the upper and lower nozzle collapse walls was the same. Beyond this, Li et al. [27] studied the influence of feeding pipe diameter on the erosion performance from the perspective of wave propagation and damping. It was found that the feeding pipe affected the cavitation performance by affecting the aquatic waves and self-resonance. The above research focused on optimizing the geometric structure of the nozzle to enhance the cavitation performance. However, many researchers have also worked on novel nozzles and achieved satisfactory results. A concentric nozzle designed by Soyama et al. [5] successfully generated a cavitation jet in the air. Yuan et al. [28] proposed a novel nozzle with a Venturi tube and a Helmholtz resonator. The results showed that, compared with the conventional Helmholtz nozzle, the peak and average outlet pressure of the composite nozzle were increased by 45% and 12.5%, respectively.



To sum up, optimizing the nozzle geometry and designing novel structures have become necessary means by which to enhance the cavitation intensity. In this paper, a novel two-throat cavitation nozzle was designed, and high-speed photographic visualization experiments and erosion experiments were conducted. The FDM was used to analyze the cavitation cloud in a single period under different inlet pressures. Moreover, the macroscopic and microscopic evaluation of the cavitation characteristics of the two-throat nozzle submerged cavitation jet were carried out under different target distances and impact time.




2. Materials and Methods


2.1. Experimental Setup


Figure 1 shows the schematic diagram of the cavitation jet experimental system. A high-pressure piston pump was used to provide upstream pressure with a maximum pressure of 20 MPa and a flow rate of 10 L/min. A pressure gauge with a range of 0–40 MPa was used to measure the outlet pump pressure. A turbine flowmeter was used to measure the flow rate into the nozzle. A transparent polymethyl methacrylate water tank with 800 mm × 800 mm × 600 mm was used as the experimental vessel. An overflow port was arranged on the top of one side of the water tank to keep the nozzle submergence depth constant. A sliding table with a screw slider was installed on the top of the water tank. The two-throat nozzle was fixed on the screw slider with three degrees of freedom, and the repeatable positioning accuracy of the screw slider was 0.01–0.02 mm. The distance between the nozzle and the liquid level in the water tank should be greater than 200 mm to ensure that the submerged cavitation jet is not disturbed by the fluctuation of the liquid level. Filtered tap water was used as the working fluid during the experiment. As a large amount of heat will be released due to the collapse of cavitation bubbles during the experiment, the water temperature of the water tank will keep rising. Thus, the water temperature should be controlled at 15–18 °C during the experiment. The water temperature was measured using a mercury thermometer every 5 min. Once the water temperature exceeds 18 °C, the experiment should be stopped immediately. The experiment can continue after the water in the water tank is replaced. The structure of the two-throat nozzle investigated in this paper was designed based on the literature [29,30], as shown in Figure 2. According to Bernoulli’s principle, the hydrostatic pressure decreases, and bubbles are produced due to a reduction in its area when the liquid flows through the first throat of the two-throat nozzle. As the area inside the nozzle increases, the pressure rises, and the bubble ruptures to form several bubble nuclei moving downstream with the flow. Similarly, several bubble nuclei are produced in the second throat of the two-throat nozzle. Theoretically, the presence of bubble nuclei is a prerequisite for cavitation. Increasing the number of bubble nuclei can enhance the cavitation performance of the nozzle submerged jet. The structural parameters of the two-throat nozzle are shown in Table 1.




2.2. Image Analysis


A Phantom high-speed camera was used for shooting. The size of the shooting area was 256 × 256 pix, the shooting frequency was 20,000 fps, and the exposure time was 50 μs. A halogen spotlight was used to illuminate the shooting area from one side. The cavitation cloud was opaque and reflective, so it appears white in the image. In order to observe the periodic changes in the cavitation cloud, the high-speed photographic images were processed by the FDM. The FDM was used to subtract the corresponding pixels of the two images in order to weaken the similar parts of the images and highlight the changed parts of the images, as shown in Figure 3. In the figure, the generation of the cavitation cloud is shown in red, and the collapse of the cavitation cloud is shown in blue.




2.3. Cavitation Intensity Evaluation


The cavitation intensity of the two-throat nozzle submerged cavitation jet was evaluated by measuring the mass loss and surface morphology change in aluminum 1060 (Chinese Industry Standard). The chemical composition and physical properties of the sample are shown in Table 2 and Table 3. The size of all the samples was 50 mm × 50 mm × 10 mm. The surface roughness of the samples was less than 1.0 μm after being polished by 2000 mesh sandpaper and 0.5 μm metal grinding paste. Before and after each test, the samples were ultrasonically cleaned with anhydrous ethanol for 10 min. After the samples were dried, an electronic analytical balance (Mettler Toledo MS304S) with an accuracy of ± 0.1 mg was used to weigh the samples three times to calculate the mass loss of the samples. The mass loss rate was used to evaluate the effect of the impact time on the cavitation intensity of the two-throat nozzle submerged cavitation jet.



The mass loss rate ER is defined as follows:


   E R  =   Δ m  t   



(1)




where Δm is the mass loss of the sample, and t is the impact time.



In order to observe the effect of the submerged cavitation jet on the microscopic morphology of the sample surface, a laser scanning confocal microscope (LEXT OLS 3000) was used to observe the three-dimensional morphology on the surface of the sample, and the experimental results were analyzed.





3. Results and Discussion


3.1. Dynamic Change in the Cavitation Cloud in a Single Period


Figure 4 shows the high-speed photographic images of the cavitation cloud under an inlet pressure of 20 MPa in a single period, where X is the width of the cavitation cloud, and Y is the length of the cavitation cloud. The interval between the two adjacent images was 0.1 ms. It can be seen from Figure 4a that the cavitation cloud generated by the two-throat nozzle submerged cavitation jet had obvious periodicity. In a single period, the cavitation cloud mainly went through four phases: inception, growth, shedding, and collapse. At 0 ms, the cavitation cloud was distributed near the nozzle exit and was in the inception phase. At 0.1 ms, the cavitation cloud began to fall off. During the period from 0.1 ms to 0.8 ms, the cavitation cloud was in the growth phase. The cavitation cloud kept moving downstream with the increase in length and width. At 0.8 ms, the cavitation cloud reached its maximum length and width at this moment. At 0.9 ms, the final stage of the collapse of the cavitation cloud was observed. In Figure 4b, it can be seen from the FDM diagram that the generation and disappearance of the cavitation cloud near the nozzle is mainly concentrated in the shear layers on both sides of the jet. Whereas, the generation and disappearance of the cavitation cloud in the downstream of the jet are mainly concentrated in the center of the jet. This is because the pressure fluctuation of the jet shear layer decreased. The environmental pressure replaced the jet shear layer pressure, which plays a significant role in the dynamic change in the cavitation cloud. According to the FDM diagram, the moment when the cavitation cloud entered the collapse phase can be determined more intuitively. The collapse of the cavitation cloud mainly occurred after the fracture of the cavitation cloud and is concentrated in the latter half of the cavitation cloud. The cavitation cloud of the previous period began to fall off at 0 ms. Whereas, the cavitation cloud of the new period generated and entered the grow phase, as indicated in the figure in red. At 0.8 ms, the cavitation cloud of the previous period collapsed completely. The collapse area was concentrated in the range of Y = 20–30 mm.



In order to investigate the effect of inlet pressure on the dynamic change of the cavitation cloud, visualization experiments with high-speed photography were carried out under the inlet pressures of 20 MPa, 15 MPa, and 10 MPa. The experimental results are shown in Figure 4, Figure 5 and Figure 6, respectively. It can be seen that the length, width, and area of the cavitation cloud had significant differences under different inlet pressures. Due to the injection flow rate and the intensification of cavitation within the shear layer, the size of the cavitation cloud increased with the increase in inlet pressure. Moreover, the asymmetry of the cavitation cloud increased as the inlet pressure increased. This indicates that the fluctuation of the cavitation cloud boundary is more severe with the increase in inlet pressure. The shedding frequency of the cavitation cloud determines the frequency of cavitation, which directly affects the effect of cavitation. By comparing the process of the cavitation cloud from shedding to complete collapse under different inlet pressures, it was found that the shedding phase of the cavitation cloud increased slightly with the increase in inlet pressure. The shedding phase of the cavitation cloud was about 0.6 ms, 0.7 ms, and 0.8 ms when the inlet pressures were 10 MPa, 15 MPa, and 20 MPa, respectively. This indicates that the shedding frequency of the cavitation cloud decreases with the increase in inlet pressure. This result is consistent with that obtained by Hutli et al. [15].




3.2. Macroscopic Evaluation of Cavitation Characteristics


The mass loss method is a standard method for the evaluation of the cavitation intensity of cavitation jets. In this paper, the cavitation performance of the submerged cavitation jet was studied under different target distances and impact times. Figure 7 shows the surface morphology change of the samples after impact by the submerged cavitation jet under different target distances when the inlet pressure was 20 MPa and the impact time was 30 min. As can be seen from the figure, the surface morphology change of the sample was mainly deep pits formed by high-speed impinging jets when the target distances were 15 mm and 20 mm. However, the cavitation effect only caused slight erosion along the periphery of the deep pits, as shown in Figure 7a,b. This phenomenon is consistent with the distribution of cavitation bubbles in the cavitation jet obtained by Satoli et al. [31] using high-speed photography. However, this is not what we expected. For the submerged cavitation jets, the collapse of the cavitation cloud occurred in the shear layer around the jet, as mentioned above. Therefore, the typical cavitation characteristic of the submerged cavitation jet was annular pits formed on the surface of the sample with the jet impact point as the center. It can be seen from Figure 7c,h, that the depth and diameter of the central pit gradually decreased and finally disappeared with the increase in target distance. In addition, the outside diameter of the annular pits formed on the surface of the sample increased first and then decreased. It reached the maximum when the target distance was 35 mm.



Figure 8 shows the mass loss of the samples under different target distances. It can be seen from the figure that there were two peaks of mass loss when the target distance increased from 15 mm to 50 mm. Moreover, the two peaks of mass loss are the unique feature of the cavitation jet [32,33,34]. The first peak of mass loss occurred when the target distance was 15 mm. As the target distance increased, the mass loss decreased from the first peak, rose to the second peak, and decreased again. The reason for the first peak is that there was a large central hole, as shown in Figure 7a, made by the high-speed impinging jet, which made up almost all of the mass loss. The second peak was caused by cavitation erosion. The cavitation bubble did not have enough time to grow and collapse on the surface of the sample when the target distance was short. The collapsed cavitation bubbles only left many dense shallow pits on the surface of the sample, resulting in less mass loss. When the target distance was 30 mm, the cavitation cloud could fully develop and collapse just as it reached the surface of the sample. The tiny cavitation bubbles were locally broken instantly to form a vast destructive ability, causing dense honeycomb-shaped pits on the surface. At this time, the collapse intensity, bubble concentration balance, and cavitation erosion were the most significant. Therefore, the mass loss of the samples caused by cavitation erosion was the largest. When the target distance was more than 30 mm, most of the cavitation bubbles collapsed and rebounded several times before reaching the surface of the sample. This will reduce the number of bubbles that can reach the surface of the sample, leading to a reduction in the cavitation effect. In addition, the impact force of the submerged cavitation jet was also weakened. As both of these effects decreased, the mass loss of the sample and the diameter of the annular pits decreased simultaneously.



Figure 9 shows the surface morphology change of the sample under different impact times when the inlet pressure was 20 MPa and the target distance was 30 mm. It can be seen that the annular area formed by cavitation erosion gradually increased with the increase in impact time. Figure 10 shows the variation of mass loss and mass loss rate with the impact time. The mass loss of the sample increased linearly with the increase in impact time. However, the mass loss rate of the sample increased rapidly at first and then increased slowly. The mass loss rate of the sample reached the maximum value at 20–30 min Then, the mass loss rate became smaller and finally stabilized. The cavitation erosion on the sample went through latent, accelerated, stable, and decaying phases in turn [23] with increasing impact time. After 90 min of erosion, the mass loss reached its peak. At this time, the mass loss rate was almost constant and reached the stable stage of cavitation erosion.




3.3. Microscopic Evaluation of Cavitation Characteristics


In order to investigate the cavitation erosion caused by the submerged cavitation jet on the sample surface, microscopic evaluation of the cavitation characteristics was carried out. A laser scanning confocal microscope was used to reconstruct the three-dimensional surface morphology of the samples. According to the analysis of Figure 7a,b, the surface morphology changes of the samples were mainly caused by the high-pressure impinging jet. In this case, the cavitation effect of the submerged cavitation jet was very weak when the target distances were 15 mm and 20 mm. Therefore, we focused on investigating the microscopic surface morphology of the samples when the target distances were in the range of 25–50 mm. The test areas are the blue box in Figure 7c,h. The size of each test area was 1280 μm × 1280 μm. Figure 11 shows the three-dimensional surface morphology of the sample under different target distances. When the target distance was 25 mm, the surface of the sample was relatively smooth despite some pitting, indicating that the degree of cavitation erosion was relatively slight. When the target distance increased to 30 mm, the center of the sample surface depressions and large cavitation pits appeared. In addition, cavitation erosion became severe due to a highly overlapping area of cavitation collapse.



The Skewness, Ssk, and root-mean-square (RMS) roughness, Sq, of the sample surface are important evaluation criteria for quantitative analysis of cavitation erosion characteristics on the surface of the samples. The definitions of Ssk and Sq are as follows:


   S  s k   =  1  A      S q     3     ∬ A   Z 3    x , y   d x d y  



(2)






   S q  =    1 A   ∬ A   Z 2    x , y   d x d y    



(3)




where Z (x, y) represents the absolute height along the surface contour, and A represents the area of the sampling surface.



Figure 12 shows the variation in the RMS roughness of the sample surface under different target distances. As can be seen from the figure, the RMS roughness of all sample surfaces after impact had increased compared with that of the original surface. With the increase in target distance, the RMS surface roughness of the sample surface increased first and then decreased. When the target distance was 30 mm, the value of the RMS roughness was the largest. However, the value of the RMS roughness was the smallest when the target distance was 50 mm. This is consistent with the surface morphological characteristics of the samples described in Figure 11.



The Skewness, Ssk, is a measure of the deviation of the sample surface from the average surface height value, which is affected by convex peaks or concave valleys on the surface of the sample. When the value was less than zero, the surface morphology of the sample was a concave valley. On the contrary, the surface morphology of the sample was a convex peak when the value was greater than zero. Figure 13 shows the variation in skewness with target distance. As can be seen from the figure, the Ssk of the original sample was 0.11, which indicates that the surface height of the sample was evenly distributed and that the polishing treatment effect was satisfactory. The surfaces of the samples were subjected to different degrees of cavitation erosion under different target distances. With the increase in target distance, the absolute value of the Ssk of the sample increased first and then decreased. When the target distance was 30 mm, the absolute value of the surface deflection of the sample was the largest. At this time, large cavitation pits appeared on the surface of the sample. The above results can further explain that the sample mass loss caused by the cavitation erosion was the largest when the target distance was 30 mm.





4. Conclusions


In order to investigate the cavitation characteristics of the two-throat nozzle submerged jet, high-speed photographic visualization experiments and erosion experiments were conducted. The FDM was used to analyze the cavitation cloud in a single period under different inlet pressures. Moreover, macroscopic and microscopic evaluation of cavitation characteristics of the two-throat nozzle submerged cavitation jet were carried out under different target distances and impact times. According to the results of this study, there are the following key points:




	(1)

	
The two-throat nozzle submerged jet cavitation cloud has obvious periodicity. With the increase in inlet pressure, the length, width, and area of the cavitation cloud increased, and the period of the cavitation cloud was slightly prolonged.




	(2)

	
With the increase in target distance, the cavitation intensity was enhanced and then weakened, and the effect of the high-speed water jet continued to decrease. In addition, the cavitation cloud fully developed and collapsed near the sample surface to achieve the maximum cavitation effect when the target distance was 30 mm.




	(3)

	
As the impact time increased, the mass loss of the sample gradually increased. The mass loss rate first increased, then decreased, and finally stabilized.




	(4)

	
From a microscopic point of view, the large cavitation pits were highly overlapping regions of cavitation collapse. The magnitude of the absolute values of the RMS surface roughness and surface skewness increased with the increase in cavitation intensity.
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Figure 1. Schematic diagram of the submerged cavitation jet experimental system. 
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Figure 2. Schematic diagram of the two-throat nozzle. 
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Figure 3. Frame-difference method. 
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Figure 4. Dynamic change in the cavitation cloud in a single period under an inlet pressure of 20 MPa: (a) high-speed photography image of the cavitation cloud; (b) FDM diagram. 
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Figure 5. Dynamic change in the cavitation cloud in a single period under an inlet pressure of 15 MPa: (a) high-speed photography image of the cavitation cloud; (b) FDM diagram. 
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Figure 6. Dynamic change in the cavitation cloud in a single period under an inlet pressure of 10 MPa: (a) high-speed photography image of the cavitation cloud; (b) FDM diagram. 
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Figure 7. Surface morphology change of the samples after impact by the submerged cavitation jet under different target distances (Unit in mm): (a) target distance of 15 mm; (b) target distance of 20 mm; (c) target distance of 25 mm; (d) target distance of 30 mm; (e) target distance of 35 mm; (f) target distance of 40 mm; (g) target distance of 40 mm; (h) target distance of 50 mm. 
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Figure 8. Mass loss of the samples under different target distances. 
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Figure 9. Surface morphology change of the samples at different impact times (unit in mm): (a) t = 10 min; (b) t = 30 min; (c) t = 60 min; (d) t = 90 min. 
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Figure 10. Variation of mass loss and mass loss rate with impact time. 
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Figure 11. Three-dimensional surface morphology of the samples under different target distances: (a) target distance of 25 mm; (b) target distance of 30 mm; (c) target distance of 35 mm; (d) target distance of 40 mm; (e) target distance of 45 mm; (f) target distance of 50 mm. 
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Figure 12. Variation in RMS roughness of the sample surface with target distance. 
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Figure 13. Variation in skewness with target distance. 
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Table 1. Structural parameters of the two-throat nozzle.
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	Parameter Description
	Symbol
	Value
	Units





	First throat diameter
	d1
	1.5
	mm



	Second throat diameter
	d2
	1.0
	mm



	Connection diameter
	d3
	4
	mm



	Inlet diameter
	D
	5
	mm



	Entrance length
	L1
	5
	mm



	Length of outlet diffusion angle
	L2
	11
	mm



	First throat inlet constriction angle
	α
	60
	°



	First throat outlet diffusion angle
	ß
	30
	°



	Second throat inlet constriction angle
	γ
	27
	°



	Second throat outlet diffusion angle
	θ
	20
	°
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Table 2. Chemical composition of the sample (mass%).
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	Al
	Si
	Cu
	Mg
	Zn
	Mn
	Ti
	Fe





	99.6
	≤0.25
	≤0.05
	≤0.03
	≤0.05
	≤0.03
	≤0.03
	≤0.35
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Table 3. Physical properties of the sample.






Table 3. Physical properties of the sample.





	Density/kg·m−3
	Elasticity Modulus/GPa
	Tensile Strength/MPa
	Offset Yield Stength/MPa
	Surface Roughness/μm
	Vickers Hardness HV0.2





	2710
	71
	80
	35
	1.5
	31
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