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Abstract 

Inception of sheet cavitation is known to be a complex phenomenon depending upon the working flow 

conditions, especially on the boundary layer flow and the water quality. Because of this, it seems very 

difficult to simulate the sheet cavity inception by CFD using homogeneous cavitation model. In the 

present study, experimental observation of inception of sheet cavitation from a single free nucleus in a 

two-dimensional convergent-divergent nozzle is conducted under well degassed condition with few 

free nuclei. Then numerical simulation solving the equation of motion of bubble nuclei with Rayleigh-

Plesset equation is conducted to see the effect of slippage of bubble nuclei from liquid flow on their 

trajectories. The flow field obtained by the single phase CFD is used as a background liquid flow. 

Finally, using the obtained bubble slip velocity, the spatial distribution of bubble nuclei density is 

estimated. 
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Introduction 

Inception of sheet cavitation is known to be a complex phenomenon depending upon the working flow conditions. 

Many researches have been devoted to that in external flows around bodies such as hydrofoils and head forms since 

old times (for ex. [1]-[3]). Typically, when the laminar separation bubble is formed leading to the transition to turbulent 

flow, the sheet cavity forms not from the minimum pressure point but from the downstream separation bubble even 

though the pressure there is apparently larger than the minimum pressure [4]. This fact indicates that the behavior of 

free bubble nuclei is important for the formation of sheet cavity; it is necessary to have nuclei at the incipient point in 

sufficient time duration, but the nuclei seem to hardly approach to the minimum pressure point or hardly stay there 

sufficient time for their substantial growth.  

The objective of this study is to understand nuclei behaviors in the process of sheet cavitation inception. The 

visual observation for free bubble nuclei near the throat wall of a two-dimensional convergent-divergent nozzle is 

conducted. Degassed water is used as working fluid. The general mechanism of attached sheet cavitation is briefly 

discussed. Then, numerical simulation tracking the motion of bubble nuclei in the liquid flow obtained by CFD is 

conducted to make clear the effect of slippage between bubble nuclei and liquid flow on their trajectories. The effect 

of the bubble growth is also investigated by solving Rayleigh-Plesset equation along with the equation of motion. 

Finally, the possible spatial distribution of bubble nuclei density is estimated by considering the conservation of bubble 

nuclei density with the above obtained bubble slip velocity. 

Experimental observation 

Observations of sheet cavitation inception from free bubble nuclei is conducted in a two-dimensional convergent-

divergent nozzle as shown in Figure 1 [5]. The size of test section is rather small, 20mm x 20mm, and the throat height 

is ℎ=10mm. The maximum velocity at the nozzle throat is 𝑈𝑡ℎ𝑟𝑜𝑎𝑡 =10m/s, resulting in the maximum Reynolds 

number is about 105.  In order to observe the behavior of individual nucleus, it is important to reduce the nuclei density 

in the liquid.  Therefore, multi-layered membrane filter with nominal pore diameter of 1m is installed in the test 

tunnel and the sufficient deaeration is carried out to reduce the dissolved gas content in water. The behaviors of nuclei 

are observed at the throat by a high-speed camera, from which the inception process is discussed. 

 
Figure 1 Dimensions of test nozzle. Flow direction is from left to right. Width is 20mm. 
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     Figure 2 shows the typical inception process of sheet cavitation. Two series of snap shots are presented. Note that 

the two movies were taken separately, therefore the recorded bubbles are different ones, whereas these two movies 

give typical examples for sheet cavitation inception. From right-hand-side ones, it can be seen that a small bubble 

nucleus with the diameter less than 200m in the top figure approaches to the nozzle wall, leading the sheet cavitation 

inception. From left-hand-side pictures, a large bubble attaches to the wall downstream of the throat, leaves the tail of 

itself on the wall and collapses downstream. In many cases of the observation results, it is confirmed that a free nucleus 

flowing near the wall at the throat region grows to a bubble.  Then, the bubble attaches to the wall, and the tails of the 

bubble left on the wall develop to patch-like cavity, which can grow to sheet cavity.  Although the static pressure takes 

the minimum at the throat, the locations of patch-like cavities and of leading edge of sheet cavity are slightly 

downstream. 

From this movement of bubbles, it can be said that the free bubble nuclei tend to gather near the wall, as can be 

easily imagined by considering the light weight of bubbles with given pressure gradient, which would result in the 

larger number density of the bubble nuclei near the wall than in the free stream. However, the bubble nuclei itself does 

not grow to sheet cavitation, but would supply smaller portion onto the wall as a source of sheet cavitation. 

 

 
Figure 2 Typical sheet cavitation inception process from free bubble nuclei. Note that two series of movies (left and right) have been taken 

separately, tracking the different bubble nuclei. 

Numerical analysis 

In order to analyze the motion of bubble nuclei, series of numerical simulation is conducted. Firstly, steady-state 

single-phase CFD is carried out to obtain the liquid flow field. The commercial CFD solver, ANSYS-CFX ver. 16.2 

is used. Two-dimensional model is employed for simplicity. Shear Stress Transport model is employed as a turbulence 

model. The number of mesh nodes is around 105,000 and the normalized wall distance 𝑦+ is less than 0.1.  

    Once the liquid flow field is obtained, the bubble nucleus is tracked in Lagrange way by solving the following 

equation of motion of bubble nucleus.  
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where 𝑟 denotes the radius of bubble nucleus, and 𝜌𝑏 and 𝒗𝑏 are density of gas and moving velocity of bubble nucleus 

respectively. The forces from 𝑭𝑔 to 𝑭𝑜𝑡ℎ𝑒𝑟  in RHS are the buoyancy force[6], the pressure gradient force[6], the lift 

force[7], the drag force[8], the added mass force[9][10], the force due to bubble growth[6], the history force, the force 

due to near wall[10] and the other forces respectively, which are determined from the corresponding literature. History 

force and other forces are neglected. The bubble tracking is carried out by time-integrating the above equation using 

the fourth order Runge-Kutta method until the bubble nucleus collides to the wall. 

    Along with solving the above equation of motion of bubble nucleus, Rayleigh-Plesset equation is solved for the 

growth of the bubble, which is expressed as 
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where 𝜌𝑙 is the density of liquid, 𝑝𝑣 and 𝑝𝑔 is the vapor pressure and the pressure of non-condensable gas, 𝜇𝑙 is the 

viscosity of liquid and 𝑆 is the surface tension. The pressure 𝑝 is the local pressure which is taken from the result of 

single phase CFD. It is assumed that the non-condensable gas in the bubble nucleus obeys the isothermal law. 

Considering that the bubble is in a dynamic equilibrium condition at the inlet of numerical domain, the initial gas 

pressure 𝑝𝑔0 can be determined with the given initial bubble radius 𝑟0 and the given upstream pressure 𝑝0 calculated 

from the assumed incipient cavitation number of 𝜎 = 2(𝑝0 − 𝑝𝑣) 𝜌𝑙𝑈𝑡ℎ𝑟𝑜𝑎𝑡
2⁄ =0.9. 

Figure 3(a) shows the examples of bubble trajectories with the initial bubble radius of 𝑟0=50m (top) and 5m 

(bottom). The throat velocity is 𝑈𝑡ℎ𝑟𝑜𝑎𝑡=10m/s. Flow direction is from left to right. In this figure, the equation of 

bubble motion is only solved with the constant nucleus radius. The color of trajectories indicates the magnitude of slip 

velocity between liquid and bubble |∆𝒗|. The grey colored lines show the liquid streamlines. From the figure, we can 

see the difference of bubble trajectories and liquid streamlines, which is more remarkable with the larger nucleus 

radius. Looking closely at the bottom corner of beginning of converging section (in dashed oval), so called “bubble 

screening effect” [2] due to the stagnant pressure can be recognized; the bubble nuclei go apart from the wall. Despite 

of this “screening effect,” the bubble nuclei approaches again to the wall near the throat as can be seen in the enlarged 

figure. This motion is also observed in the experiment as shown in the right-hand side snapshots of Figure 2. Finally, 

many of bubbles rapidly approach and collide to the wall.  

 

 
 

Figure 3(a) Trajectories of bubble nuclei with constant nuclei radius. 

The color indicates the magnitude of slip velocity. 

Figure 3(b) Trajectories of bubble nuclei with solving bubble growth 

equation. The color indicates the normalized bubble radius. 

 

Figure 3(b) shows the examples of bubble trajectories with solving the bubble growth equation. The color of 

trajectories indicates the radius of bubble normalized by the initial bubble radius, 𝑟 𝑟0⁄ . By comparing this results with 

the previous one, it can been seen that the bubble trajectories are not very different in the regions far from the bottom 

nozzle wall. When the bubble nuclei approach to the wall roughly to the order of milli to sub-millimeter, the deviations 

is very remarkable, and it is seen that some bubble nuclei bounce violently. Since the spherical bubble has been 

assumed not only in Rayleigh-Plesset equation but also in the equation of motion, the obtained behaviors of bubbles 

very close to the wall seem to be inappropriate. Further modeling should be necessary to well reproduce the actual 

motion of bubble nuclei in near wall regions. 

      Although the bubble behaviors in near-wall region are somewhat strange, it seems to be still valuable to discuss 

the spatial distribution of the number density of bubbles due to the slippage between the liquid flow and the bubble 

velocity. By assuming the constant number density of bubble nuclei 𝑛0 upstream, the spatial distribution of bubble 

nuclei density 𝑛 can be calculated from the bubble and liquid velocity distributions obtained above. Neglecting the 

bubble growth for simplicity, the following equation is obtained from the conversation law of number density of 

bubble nuclei. 
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where 𝐷𝑔 𝐷𝑡⁄  is the time derivative along with bubble motion. After time-integrating this equation along the bubble 

trajectory like in Figure 3(a), and interpolating them to the mesh used in CFD, the distribution of number density is 

obtained as shown in Figure 4.  

 
Figure 4 Calculated spatial distribution of nuclei number density for the nuclei radius of r0=50m (left) and r0=5m (right). 

 

Since the near-wall motions of bubble nuclei are not well solved as mentioned before, the number densities near 

the wall (within wall distance less than 2𝑟0) have been calculated by the extrapolation considering its normal gradient 

to the wall is zero. The accumulation of the bubble nuclei near the wall can be seen from upstream of the nozzle throat 

in the case with 𝑟0=5m (right). On the other hand, in the case with 𝑟0=50m (left), the largest number density can be 

seen downstream of the nozzle throat and a little far from the wall. However, more accurate treatment of bubble 

motions are necessary for further discussion on the bubble density distribution and the sheet cavitation inception. 

Conclusion 

In the present study, the visual observation of sheet cavitation inception from a free bubble nuclei in a two-

dimensional convergent-divergent nozzle is conducted to obtain some general overview of inception mechanism of 

sheet cavitation. In many cases, it is observed that bubble nuclei in free stream approach to the wall and some portion 

is attached and left on the wall, resulting in a patch-like cavity as a source of sheet cavitation. Numerical simulation 

of bubble motion is conducted, and it is found that the effect of slip velocity of bubble nuclei to liquid flow is 

significant and the trajectories of bubble nuclei is similar to those observed in experiments. The number density of 

bubble nuclei is found to be larger near the throat due to the slippage effect, whereas the further study is needed 

especially on establishment of more sophisticated model for bubble nuclei moving near the wall. 

This work was partly supported by JSPS KAKENHI Grant Number JP17J04154. Numerical simulation was 

mainly carried out using the computer facilities at Research Institute for Information Technology, Kyushu University.  
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