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Figure 4. Incipient cavitation number vs non-dimensional frequency for different air contents 

(Δα= 5.7°, V= 10 m/s) 

Conclusions  
The tip vortex cavitation inception in unsteady incoming flows, formed by the swing foils in front of test model, 
was investigated experimentally in this paper. The effects of oscillation frequency, Reynolds number, oscillation 
amplitude, and air content of water were studied. The results show that the cavitation inception is delay by the 

decrease of the non-dimensional frequency
*f . But this delay tends to become independent of the oscillation 

frequency at higher frequencies. The decrease of air content and increase of oscillation amplitude will delay 
TVC inception. 
 
The experimental results also show that the oscillating incoming flow will heavily delay the TVC inception 
compared to the steady case. It indicated that the unsteady effect should be further considered in the scale effect 
study of TVC inception.  
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Abstract 
The growth and collapse of a bubble between two parallel flat free surfaces and the corresponding 
water column formation on the free surfaces have been investigated experimentally and numerically. 
In the experiment, a laser-induced bubble generated inside a plane water jet and the dynamical 
motion of free surfaces were observed with a high-speed video camera. The results are characterized 
by two dimensionless parameters: the ratio of the maximum bubble radius to the water jet width, 
Rmax*, and the ratio of the initial bubble offset from the center line of the jet to the water jet width, ε*. 
When a bubble is generated at the center (ε* = 0), water columns are formed on both free surfaces 
during the growth phase of a bubble, following the formation of crown-like shaped water columns 
during the second growth and collapse of a bubble. Since the bubble does not translates, it grows and 
collapses at the center of the jet. However, a water column due to the bubble growth when ε* ≠ 0 
tends to be formed only on the nearer free surface to the bubble during its growth phase. Then in the 
collapse phase the bubble translates toward the other free surface far from the bubble accompanying 
with a liquid-jet formation toward it. The liquid-jet and the rebound shockwave from the bubble 
cause the water column formation on both sides of free surfaces. Numerical simulations are 
conducted for the growth and collapse phases using the boundary element method (BEM) and for the 
collapse phase using the ghost fluid method (GFM). The water column formation during the growth 
phase, a toroidal bubble deformation during the collapse phase, and the translation of the collapsing 
bubble are well simulated by BEM. The result of GFM shows shockwave emission from the 
rebounding motion of the bubble which causes the water column formation when the shockwave 
impacts on the free surface with large curvature. 

Keywords: bubble collapse; free surfaces; laser-induced bubble; boundary element method; ghost 
fluid method 

Introduction 
As a next generation nuclear spallation neutron source, liquid mercury jets are proposed as a novel target for various 
high-power nuclear and high-energy physics applications [1]. The cavitation bubbles within the jet which occur due 
to high-intensity pressure wave caused by the shock heating of the liquid-jet, however, raise target fragmentations 
and disturb a stable output of secondary particles. To predict the performance of those jets, the knowledge of the 
cavitation bubble behavior near free surfaces and/or inside those jets is necessary. The experiments and numerical 
analyses for the behavior of the bubble generated beneath a flat free surface were conducted by Chahine [2] and 
Blake and Gibson [3]. They showed that the bubble translates toward the direction away from the free surface during 
the bubble collapse phase. In addition, Chahine [2] found a limiting value above which the interaction between a 
bubble and a free surface is negligible. Afterwards, Robinson and Blake [4] and Tomita and Kodama [5] 
investigated the dynamics of single- and two-cavitation bubbles generated by a laser beam beneath a free surface. 
They concluded that the motion of two bubbles depends on the bubble size ratio and the distance between a bubble 
and a free surface. Zhang et al. [6] conducted the experiment for the behavior of the bubble generated beneath a free 
surface. They identified six distinctive patterns of free surface deformation accompanying the growth and collapse 
of the bubble. They also discussed the period of bubble oscillations, jet tip velocities, etc. Robert et al. [7] studied 
the growth and collapse of a laser-induced bubble inside an axisymmetric columnar water jet. They found that the 
shape and the timing of the ejection from columnar jet depend on the initial bubble position and the ratio of the 
bubble size to the jet diameter. 

In the present study, we investigate the bubble collapse between two parallel free surfaces experimentally and 
numerically, and the influences of a bubble initial position and a maximum bubble size on its collapsing behavior 
and water column formations on the free surfaces are analyzed. In the experiment, a laser-induced bubble generated 
inside of a plain jet is observed using a high-speed video camera. The growth and collapse phases are simulated by 
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the boundary element method (BEM) [8, 9] and the collapse phase is also simulated by the ghost fluid method [10-
12]. 

Experimental study 
Figure 1 shows schematic diagrams of an experimental setup and a nozzle geometry to form a plane jet, 
respectively. A nozzle outlet has a rectangular cross-section whose size is 3.4 mm x 26.0 mm and flat glasses are put 
on both ends in spanwise direction for the optical observation. To form a two-dimensional water jet in the 
streamwise direction, the shaded area on the glasses in Fig. 1(b) is coated so as to be hydrophobic. Nd: YAG laser 
(wavelength: 1064 nm, pulse energy: 325.0 mJ, beam diameter: 8 mm, pulse duration: 5-8 ns) is used to generate a 
laser-induced bubble in the plane water jet. The laser beam is collimated and focused by the achromatic lens whose 
focal length is 75 mm. Flow rate is 4.0 l/min and its corresponding average jet velocity is 0.75 m/s. Time scale of the 
bubble collapse is about 100 µs and it is so short that the effects of flow on the bubble behavior and the water 
column formation of the free surfaces are negligible. The bubble is generated about 8 mm below the nozzle and 
observed with a high-speed video camera. The frame rate and the exposure time are set to be 200 kfps and 0.4 µs, 
respectively. The shadow image of the bubble is visualized by the back illumination with a strobe light. The bubble 
size is controlled by an iris diaphragm and an initial bubble position is controlled by moving the nozzle in the 
perpendicular direction to the free surfaces using a linear stage. We introduce dimensionless time t* which is a ratio 
of time t to the characteristic time of bubble collapse t0 = Rmax(p0/ρ)-0.5, here p0 and ρ are the atmosphere pressure 
and  the water density, respectively, and t = 0 s corresponds to the time of the laser emission. The results are 
characterized by two dimensionless parameters: the ratio of a maximum bubble radius to a water jet width, Rmax*= 
Rmax/w, and the ratio of an initial bubble offset from the center line of the jet to a water jet width, ε* = ε/w. 

 
Figure 1 (a) Experimental setup and (b) the nozzle geometry. 

 
The successive behaviors of a bubble and free surfaces are shown in Fig. 2 when the bubble is generated at the 

center of a plane water jet (ε* = 0). Figures 2(i) and (ii) correspond to the cases of Rmax* = 0.46 and 0.61, respectively. 
The bubbles take the maximum volumes at the fourth top images (d). Initially, the bubble grows with horizontally 
long ellipsoidal shape. The bubble in Fig. 2(i) gradually becomes spherical shape during the growth phase. However, 
the bubble in Fig. 2(ii) keeps the horizontally long ellipsoidal shape at its maximum expansion. After the bubble 
volume becomes maximum, the bubble begins to shrink from the both sides near the free surfaces and collapses with 
vertically long ellipsoidal shape. In these cases with ε* = 0, since the bubble position is symmetry to the plane water 
jet, the bubble centroid does not translate during the growth and collapse phases. The water columns are formed on both 
free surfaces. From the beginning of the bubble growth, the free surfaces gradually deform to be convex shape as the 
bubble grows. These deformations developing after the maximum expansion lead to water column formation normal to 
the free surfaces. Another type of water column formation is observed after the first rebound of the bubble. Crown-like 
shaped water columns surrounding the former water columns normal to the free surfaces develop afterwards. Both 
former and latter water columns grow more significantly when Rmax* = 0.61: the larger bubble case (Fig. 2(ii)). 

Figure 3 shows the results in the case of Rmax* ~ 0.5 when the bubble initially offsets from the center line of the 
plane jet (ε* = 0.10, 0.18). The bubble takes the maximum volume in (c). In the case of ε* = 0.10, the collapsing 
behavior of the bubble and the free surface deformation are similar to those in the symmetric case in Fig. 2(i). The 
difference between these is that the bubble translates toward the farther (left) free surface slightly during the collapse 

(a)                                                                                                                             (b) 
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phase because of a slightly stronger effect of the nearer (right) free surface. In the case of ε* = 0.18, however, a water 
column due to the bubble growth is formed only on the right free surface and grows with splash form. During the 
collapse phase, the bubble surface starts shrinking from a right side near the free surface, following a liquid-jet 
formation and penetration toward the left free surface. As a result, the bubble shape becomes toroidal and collapses 
at the center of the plane water jet. The liquid-jet and the rebound shockwave from the bubble cause the water column 
formation on the left free surface after the bubble collapses and rebounds. 
 

 
Figure 2 Snapshots of growth and collapse of a laser-induced bubble between free surfaces for ε* = 0. 

 

 
Figure 3 Snapshots of growth and collapse of a laser-induced bubble between free surfaces for asymmetric arrangement (Rmax* ~ 0.5). 

Numerical studies 
The above experiments are simulated using the boundary element method and the ghost fluid method. In the 
simulations, the axisymmetric situation in which the symmetry axis from the bubble center directs normally to the 
free surface is assumed. 
 The present boundary element analysis deals with the topological change in bubble shape using the method 
proposed by Best [13] and can simulate the toroidal bubble after a liquid-jet penetration. The initial ambient pressure 
in the liquid surrounding the bubble p∞ is 105 Pa and the liquid density ρ0 is 998.2 kg/m3. The initial gas pressure 
inside the bubble pg0 is calculated from the integral form of Rayleigh-Plesset equation so that Rmax* takes the value 
of 0.47 (Rmax = 1.88 mm). The mesh is divided non-uniformly into 405 on each free surface so as to arrange the finer 
meshes near the bubble, and the minimum size is 0.025Rmax. On the bubble surface, the boundary is divided into 32 
meshes and the initial mesh size is 0.0048Rmax. The characteristic time is defined as t0 = Rmax/(p∞/ρ)-0.5. Figure 4 
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the boundary element method (BEM) [8, 9] and the collapse phase is also simulated by the ghost fluid method [10-
12]. 

Experimental study 
Figure 1 shows schematic diagrams of an experimental setup and a nozzle geometry to form a plane jet, 
respectively. A nozzle outlet has a rectangular cross-section whose size is 3.4 mm x 26.0 mm and flat glasses are put 
on both ends in spanwise direction for the optical observation. To form a two-dimensional water jet in the 
streamwise direction, the shaded area on the glasses in Fig. 1(b) is coated so as to be hydrophobic. Nd: YAG laser 
(wavelength: 1064 nm, pulse energy: 325.0 mJ, beam diameter: 8 mm, pulse duration: 5-8 ns) is used to generate a 
laser-induced bubble in the plane water jet. The laser beam is collimated and focused by the achromatic lens whose 
focal length is 75 mm. Flow rate is 4.0 l/min and its corresponding average jet velocity is 0.75 m/s. Time scale of the 
bubble collapse is about 100 µs and it is so short that the effects of flow on the bubble behavior and the water 
column formation of the free surfaces are negligible. The bubble is generated about 8 mm below the nozzle and 
observed with a high-speed video camera. The frame rate and the exposure time are set to be 200 kfps and 0.4 µs, 
respectively. The shadow image of the bubble is visualized by the back illumination with a strobe light. The bubble 
size is controlled by an iris diaphragm and an initial bubble position is controlled by moving the nozzle in the 
perpendicular direction to the free surfaces using a linear stage. We introduce dimensionless time t* which is a ratio 
of time t to the characteristic time of bubble collapse t0 = Rmax(p0/ρ)-0.5, here p0 and ρ are the atmosphere pressure 
and  the water density, respectively, and t = 0 s corresponds to the time of the laser emission. The results are 
characterized by two dimensionless parameters: the ratio of a maximum bubble radius to a water jet width, Rmax*= 
Rmax/w, and the ratio of an initial bubble offset from the center line of the jet to a water jet width, ε* = ε/w. 

 
Figure 1 (a) Experimental setup and (b) the nozzle geometry. 

 
The successive behaviors of a bubble and free surfaces are shown in Fig. 2 when the bubble is generated at the 

center of a plane water jet (ε* = 0). Figures 2(i) and (ii) correspond to the cases of Rmax* = 0.46 and 0.61, respectively. 
The bubbles take the maximum volumes at the fourth top images (d). Initially, the bubble grows with horizontally 
long ellipsoidal shape. The bubble in Fig. 2(i) gradually becomes spherical shape during the growth phase. However, 
the bubble in Fig. 2(ii) keeps the horizontally long ellipsoidal shape at its maximum expansion. After the bubble 
volume becomes maximum, the bubble begins to shrink from the both sides near the free surfaces and collapses with 
vertically long ellipsoidal shape. In these cases with ε* = 0, since the bubble position is symmetry to the plane water 
jet, the bubble centroid does not translate during the growth and collapse phases. The water columns are formed on both 
free surfaces. From the beginning of the bubble growth, the free surfaces gradually deform to be convex shape as the 
bubble grows. These deformations developing after the maximum expansion lead to water column formation normal to 
the free surfaces. Another type of water column formation is observed after the first rebound of the bubble. Crown-like 
shaped water columns surrounding the former water columns normal to the free surfaces develop afterwards. Both 
former and latter water columns grow more significantly when Rmax* = 0.61: the larger bubble case (Fig. 2(ii)). 

Figure 3 shows the results in the case of Rmax* ~ 0.5 when the bubble initially offsets from the center line of the 
plane jet (ε* = 0.10, 0.18). The bubble takes the maximum volume in (c). In the case of ε* = 0.10, the collapsing 
behavior of the bubble and the free surface deformation are similar to those in the symmetric case in Fig. 2(i). The 
difference between these is that the bubble translates toward the farther (left) free surface slightly during the collapse 
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phase because of a slightly stronger effect of the nearer (right) free surface. In the case of ε* = 0.18, however, a water 
column due to the bubble growth is formed only on the right free surface and grows with splash form. During the 
collapse phase, the bubble surface starts shrinking from a right side near the free surface, following a liquid-jet 
formation and penetration toward the left free surface. As a result, the bubble shape becomes toroidal and collapses 
at the center of the plane water jet. The liquid-jet and the rebound shockwave from the bubble cause the water column 
formation on the left free surface after the bubble collapses and rebounds. 
 

 
Figure 2 Snapshots of growth and collapse of a laser-induced bubble between free surfaces for ε* = 0. 

 

 
Figure 3 Snapshots of growth and collapse of a laser-induced bubble between free surfaces for asymmetric arrangement (Rmax* ~ 0.5). 
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proposed by Best [13] and can simulate the toroidal bubble after a liquid-jet penetration. The initial ambient pressure 
in the liquid surrounding the bubble p∞ is 105 Pa and the liquid density ρ0 is 998.2 kg/m3. The initial gas pressure 
inside the bubble pg0 is calculated from the integral form of Rayleigh-Plesset equation so that Rmax* takes the value 
of 0.47 (Rmax = 1.88 mm). The mesh is divided non-uniformly into 405 on each free surface so as to arrange the finer 
meshes near the bubble, and the minimum size is 0.025Rmax. On the bubble surface, the boundary is divided into 32 
meshes and the initial mesh size is 0.0048Rmax. The characteristic time is defined as t0 = Rmax/(p∞/ρ)-0.5. Figure 4 
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shows the numerical results for symmetrical arrangement ((a) ε* = 0) and asymmetrical one when the bubble initially 
offsets from the center line between the free surfaces ((b) ε* = 0.25). The bubble grows and takes the maximum volume 
at the time in Fig. 4(a) (iii) to become a horizontally long ellipsoidal shape. After that, the bubble shrink begins from the 
both sides near the free surface. Development of the bubble surface instability leads to a biconcave disc shape during the 
collapse. Finally, the bubble is penetrated at the center of the disc shape and becomes toroidal shape. This toroidal bubble 
collapses accompanying with the liquid-jet formation from the inside of the torus to outside of the torus in Fig. 4(a) (vi-
viii). On the other hand, the free surface begins to deform as the bubble grows and the water columns develop toward 
each outward normal direction. This development continues in the collapse phase which is consistent with the 
experimental result. For the asymmetrical arrangement (Fig. 4(b) ε* = 0.25), the bubble grows with the translation 
towards the nearer (right) free surface, and the water column is formed only on this nearer (right) free surface. After 
the bubble takes the maximum volume in Fig. 4(b) (iii), the liquid-jet towards the farther (left) free surface develops 
and impact on the bubble surface. The toroidal bubble takes the minimum volume at the moment in Fig. 4(b) (vii), 
and rebounds afterwards as the bubble translates towards the liquid-jet direction (Fig. 4(b) (vii-x)). Under this 
condition, we could successfully simulate after the rebounding motion until another impact of the toroidal bubble 
surface occurs in Fig. 4(b) (x). In this case, not only the water column which develops during the growth and 
collapse phases on the right free surface, but also the other water column due to the liquid-jet penetration and the 
translation of the collapsing bubble on the left free surface is formed, which agrees qualitatively with the 
experimental results. 
 

(a) ε* = 0                                                                                       (b) ε* = 0.25 

              
Figure 4 Successive bubble and free surface shapes simulated with the boundary element method (Rmax* = 0.47). 
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Since the liquid is assumed to be incompressible in the boundary element analysis, the physics of the 
shockwave cannot be treated. Therefore, we simulated the bubble collapse by solving Euler equations and a 
stiffened-gas equation of state [14] using the ghost fluid method [10-12] (GFM) with the level-set method [15, 16]. 
Initial conditions are given at the maximum expansion of a bubble: the initial shapes of the bubble and free surfaces 
are given from the corresponding numerical results of the boundary element analysis.  The other initial conditions 
are as follows; p∞ = 108 Pa, ρ0 = 1034 kg/m3, and pg0/p∞ = 30. Note that t = 0 in only this simulation indicates the 
time when the bubble takes the maximum volume. Figure 5 shows the successive Schlieren images in the symmetric 
arrangement (ε* = 0) at Rmax* = 0.46 and 0.57. Under these conditions, the skirts of the water columns deform to be 
a concave shape during the bubble collapse. Then, shockwaves are emitted from the bubble due to the liquid-jet 
impact on the toroidal bubble surface and the rebounding motion. After that, the shockwaves propagate and reach 
the concaved free surface, which leads to the formation of ring-shaped inclined water columns shown in the last 
images in Fig. 5. This causes the crown-like shaped water column which is observed in the experiment after the first 
bubble collapse. 

 
(a) Rmax* = 0.46                                 (b) Rmax* = 0.57 

              

Figure 5 Successive Schlieren images with bubble and free surface shapes simulated with the ghost fluid method (ε* = 0). 
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shows the numerical results for symmetrical arrangement ((a) ε* = 0) and asymmetrical one when the bubble initially 
offsets from the center line between the free surfaces ((b) ε* = 0.25). The bubble grows and takes the maximum volume 
at the time in Fig. 4(a) (iii) to become a horizontally long ellipsoidal shape. After that, the bubble shrink begins from the 
both sides near the free surface. Development of the bubble surface instability leads to a biconcave disc shape during the 
collapse. Finally, the bubble is penetrated at the center of the disc shape and becomes toroidal shape. This toroidal bubble 
collapses accompanying with the liquid-jet formation from the inside of the torus to outside of the torus in Fig. 4(a) (vi-
viii). On the other hand, the free surface begins to deform as the bubble grows and the water columns develop toward 
each outward normal direction. This development continues in the collapse phase which is consistent with the 
experimental result. For the asymmetrical arrangement (Fig. 4(b) ε* = 0.25), the bubble grows with the translation 
towards the nearer (right) free surface, and the water column is formed only on this nearer (right) free surface. After 
the bubble takes the maximum volume in Fig. 4(b) (iii), the liquid-jet towards the farther (left) free surface develops 
and impact on the bubble surface. The toroidal bubble takes the minimum volume at the moment in Fig. 4(b) (vii), 
and rebounds afterwards as the bubble translates towards the liquid-jet direction (Fig. 4(b) (vii-x)). Under this 
condition, we could successfully simulate after the rebounding motion until another impact of the toroidal bubble 
surface occurs in Fig. 4(b) (x). In this case, not only the water column which develops during the growth and 
collapse phases on the right free surface, but also the other water column due to the liquid-jet penetration and the 
translation of the collapsing bubble on the left free surface is formed, which agrees qualitatively with the 
experimental results. 
 

(a) ε* = 0                                                                                       (b) ε* = 0.25 

              
Figure 4 Successive bubble and free surface shapes simulated with the boundary element method (Rmax* = 0.47). 
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Since the liquid is assumed to be incompressible in the boundary element analysis, the physics of the 
shockwave cannot be treated. Therefore, we simulated the bubble collapse by solving Euler equations and a 
stiffened-gas equation of state [14] using the ghost fluid method [10-12] (GFM) with the level-set method [15, 16]. 
Initial conditions are given at the maximum expansion of a bubble: the initial shapes of the bubble and free surfaces 
are given from the corresponding numerical results of the boundary element analysis.  The other initial conditions 
are as follows; p∞ = 108 Pa, ρ0 = 1034 kg/m3, and pg0/p∞ = 30. Note that t = 0 in only this simulation indicates the 
time when the bubble takes the maximum volume. Figure 5 shows the successive Schlieren images in the symmetric 
arrangement (ε* = 0) at Rmax* = 0.46 and 0.57. Under these conditions, the skirts of the water columns deform to be 
a concave shape during the bubble collapse. Then, shockwaves are emitted from the bubble due to the liquid-jet 
impact on the toroidal bubble surface and the rebounding motion. After that, the shockwaves propagate and reach 
the concaved free surface, which leads to the formation of ring-shaped inclined water columns shown in the last 
images in Fig. 5. This causes the crown-like shaped water column which is observed in the experiment after the first 
bubble collapse. 

 
(a) Rmax* = 0.46                                 (b) Rmax* = 0.57 

              

Figure 5 Successive Schlieren images with bubble and free surface shapes simulated with the ghost fluid method (ε* = 0). 
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Conclusion 
The growth and collapse of a bubble between two parallel free surfaces were investigated experimentally and 
numerically. In the experiment, the water column formations on the free surfaces are observed: one is the convex 
water column developing on the both free surfaces during the bubble growth, and the other is the crown-like shaped 
water column during the growth and collapse of a bubble collapse. The former water column tends to be formed only 
on the nearer free surface when the initial bubble position offsets from the center of a plane jet. The latter water 
column is formed by the liquid-jet and rebound shockwave from the collapsing bubble. When a bubble is generated at 
the center of the plane water jet, the bubble translation does not arise because of the symmetric arrangement of free 
surfaces to the bubble. The violent crown-like shaped water columns are developed on the closer free surfaces to the 
bubble. The bubble and free surface shapes in the simulation are qualitatively in good agreements with the 
corresponding experiments: the bubble is elongated toward the free surface at the maximum bubble volume, and a 
water column grows on each free surface during the first growth and collapse phases. It is shown that a shockwave is 
emitted from the bubble when the bubble becomes toroidal during the collapse. Also, another shockwave is emitted 
when the ring liquid-jet developed from the inner surface of the toroidal bubble impacts on the outer surface of the 
bubble. These shockwaves cause the generation of inclined crown-like shaped water columns on the free surfaces. 
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Abstract  
The dynamics of cloud cavitation about rigid and flexible 3D hydrofoils is investigated in a 
cavitation tunnel. The two hydrofoils have identical undeformed geometry of tapered planform, 
NACA-0009 section and cantilevered setup at the hydrofoil root. The rigid model is made of 
stainless steel and the flexible model of carbon and glass-fibre reinforced epoxy resin with an 
effectively quasi-isotropic lay-up without material bend-twist coupling. Tests were conducted at a 
fixed incidence of 6°, a chord-based Reynolds number of 0.7×106 and a cavitation number ranging 
from 1.0 to 0.2. Unsteady force measurements were made simultaneously with high-speed imaging 
to enable correlation of forces and with cavity dynamics. High-resolution force spectra at discrete 
cavitation numbers and separate pressure sweeps were taken to acquire spectrograms of frequency 
response as a function of cavitation number. Three shedding modes, designated as types 1, 2 and 
3, are apparent for both rigid and flexible hydrofoils although significant differences in peak 
amplitudes were observed. Types 2 and 3 shedding occur at high cavitation numbers where 
frequency varied with cavitation number and high-speed imaging showed the dominant shedding 
mechanism to be due to re-entrant jet formation. The type 1 shedding that developed with reduction 
in cavitation number, once cavity lengths grew to about full-chord, occurred at a nominally 
constant frequency. In this case, the imaging showed the dominant mechanism to be shockwave 
formation. This behaviour has been reported upon extensively in literature although there are some 
new features apparent from the data. The flexibility of the composite hydrofoil was found to 
increase the magnitude of the force fluctuations for the low frequency type 1 mode compared to 
the rigid hydrofoil. However, hydrofoil flexibility was seen to dampen the fluctuating magnitude 
of the high-frequency type 2 and 3 modes, despite being close to the hydrofoil's natural frequency.  

Keywords: Fluid-structure interaction; Cloud cavitation; Hydrofoil 

Introduction 

The adverse effects of cavitation on hydrofoils, such as unsteady loading and induced vibration due to the shedding 
of cloud cavitation, can be delayed and mitigated through utilizing passive control of the 3-D morphology. Recent 
research on these self-adaptive properties of lifting surfaces has been carried out on composite propellers [1,2] 
and active control surfaces [3]. Geometric aspects of hydrofoils, such as skew and pitch, can be passively tailored 
allowing for the suppression or delay of cavitation on propellers operating in unsteady inflows [4]. 

The effects of unsteady cloud cavitation on the hydroelastic response of hydrofoils has previously been 
investigated [5] with Akcabay et al. [6] showing that greater spanwise flexibility of isotropic hydrofoils with the 
centre of pressure upstream of the shear centre causes increased cavity length, reduced shedding frequency and 
broadening of the induced vibration frequencies. Depending on the flow conditions, several possible mechanisms 
have been identified as the primary instability causing periodic shedding. These include re-entrant jet formation 
[7-10], shockwave propagation [9-14] and growth of interfacial instabilities such as Kelvin-Helmholtz waves [15]. 
In a recent study on cloud cavitation about a sphere, all three mechanisms have been observed occurring either 
under varying flow conditions or as a complex coupled mechanism [13]. Each of these instabilities have certain 
flow conditions in which they become the critical driver of shedding in cloud cavitation, resulting in the formation 
of two distinct modes [16]. The low-frequency (type 1) mode, typically defined as transitional cavity oscillation, 
occurs at relatively low cavitation number to incidence ratios (σ/2α) where the long cavity is periodically shed 
due to shockwave propagation generated from the collapse of a previously shed cavity. The shedding frequency 
of the type 1 mode is typically independent of σ/2α, occurring at chord-based Strouhal numbers, St, between 0.15-
0.3. The type 2 mode, typically defined as partial cavity instability, occurs at higher σ/2α, where a re-entrant jet 
is the cause of periodic shedding with its frequency changing with σ due to cavity length dependence on σ.  

Fluid-structure interaction (FSI) between cloud cavitation and hydrofoils is an intricate phenomenon due to 
complex interactions between turbulent flow structures, phase-change dynamics, and the structural response of 
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