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and kp̂[4] of third and fourth order, i.e. occurring with 3 fb and 4 fb, has been studied. The results are shown in
Figure 7.

Obviously, the amplitudes of pressure fluctuations due to tip vortex cavitation generally grow with the exag-
geration factor εmax and – similar to the observation made in the previous section – a larger viscous core radius
dampens pressure fluctuations. No significant pressure fluctuations are induced if sheet cavitation is not present,
i.e. εmax = 1.0. However, it is important to note that, apart from this, the angular distribution of blade load in terms
of Γb(ϑ) can have a significant impact on the results.

6 Discussion, Conclusions and Future Outlook
In the present paper, Reynolds number scale effects on tip vortex cavitation have been investigated by means

of a method which is based on the model of a cavitating axisymmetrical viscous line vortex. The important
interaction between the distribution of circumferential velocity vϕ(r) and the cavity inside the vortex is captured
by the present method. With respect to isolated vortex cavities (cylindrical ‘bubbles’) inside the viscous core of
the vortex, it has been shown in Section 4 that a larger viscous core radius effectively dampens oscillations of the
cavity radius in terms of both amplitude and frequency.

The problem gets more complex when pressure fluctuations radiated by the propeller tip vortex as a whole are
addressed. Apart from the viscous core radius, which tends to dampen oscillations as it is increased, the blade load
in the wake peak region around the 12 o’clock-position and sheet cavitation at the blade tip also influence pressure
fluctuations in a significant manner. Within the simulations carried out, the latter has been taken into account by a
simplified model. More knowledge is required about the complex and relevant cavitation pattern in the blade tip
region, which is characterised by the transition from sheet cavitation to tip vortex cavitation.

With respect to hull pressure fluctuations due to cavitating propellers, the results obtained can be valuable to
better extrapolate model test results to the full-scale ship. Further investigations are required to obtain a reliable
general rule for the extrapolation.
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Abstract  
Sheet to cloud cavitation over a sharp wedge is studied at Re = 203, 000 using large eddy simulations. Transition of 
sheet cavity into the cloud due to the propagation of condensation fronts as observed in the experiments by Ganesh 
et. al. [1], is investigated using a finite rate homogeneous mixture model. Presence of condensation front in the 
simulations is illustrated using the instantaneous flow field. Mean void fractions obtained using LES as well as from 
simulations performed without considering the spanwise variation (i.e. in 2D) are compared to the X-ray densitometry 
showing good agreement. Strouhal frequency of periodic shedding of cloud and propagation speed of the front is 
computed. The transport of vorticity is investigated using the vorticity transport equation. 
  

Keywords: cavitation; sheet/cloud transition; bubbly shock waves  

 

Introduction  
Understanding cavitation inception on marine lifting surfaces, the unsteady behavior of sheet cavities and their 
transition to cloud (referred to as “sheet to cloud”) is important, as the collapse of these large regions of vapor cloud 
often cause erosion and noise. The sheet to cloud transition is often related to the formation of re-entrant jet in the aft 
portion of the sheet cavity as the liquid flow reattaches. Several studies have investigated the role of re-entrant jet in 
the shedding process, both experimentally and computationally. [2, 3, 4]. Recently, experiments performed over a 
sharp wedge by Ganesh et. al. [1] pointed out bubbly shock propagation as a mechanism for sheet to cloud transition. 
In the experiments, they observed sheet to cloud transition due to both re-entrant jet and by the propagating bubbly 
shock. Subsequent computational studies by Budich et. al. [5] and Schenke and Terwisga [6] of the experimental 
configuration also showed the presence of condensation front in their simulations. Gnanaskandan and Mahesh studied 
the experimental configuration in the transitory regime where they investigated the sheet to cloud transition due to the 
formation of re-entrant jet [3]. In the present work, we investigate the performance of the same finite rate homogeneous 
mixture model used by Gnanaskandan and Mahesh [3] in predicting periodic shedding of the cloud due to the 
propagation of bubbly shock wave. 
  
The paper is organized as follows. Section 2 describes the cavitation model and numerical method used for the 
simulations. The computational setup and procedure to match the experimental conditions, instantaneous solution 
obtained from LES, comparison with experimental data and finally, the transport of vorticity in the flow is discussed 
in section 3. Conclusions are summarized in section 4. 
  

Physical Model and Numerical Method  
The simulations use the homogeneous mixture model, where the mixture of water and vapor is treated as a single 
compressible fluid. Mechanical and thermodynamic equilibrium is assumed between the constituent phases. 
Compressible Navier Stokes equations are solved for mixture quantities along with the transport equation for vapor 
mass fraction employing finite rate mass transfer between the two phases. The cavitation model of Saito et al. [7] is 
used to model evaporation and condensation processes. The system is closed by a non-barotropic mixture equation of 
state obtained from stiffened equation of state in water and ideal gas equation state in vapor. The sound speed of the 
mixture is derived from the mixture equation of state and the Gibbs equation.  
 
The numerical method is based on a predictor-corrector approach. Predictor step uses non-dissipative finite volume 
scheme and the corrector step applies a characteristic based filter locally in the vicinity of discontinuities. Time 
integration is performed using the explicit Adams-Bashforth scheme. The governing equations are spatially Favre 
filtered for LES and subgrid terms arising due to the filtering are modeled using the Dynamic Smagorinsky Model. 
The details of the method are given by Gnanaskandan and Mahesh [8] 
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Results  
 

1. Problem setup 

 
Figure 1. Schematic of the x − y plane of the computational setup (figure not to scale) 

 
Figure 1 shows the schematic of the computational setup. The apex of the wedge is located at (0, h) in the x−y plane 
(symmetry plane, z = 0), where h (1 inch) is the height of the wedge. The mean flow direction is along the x-axis 
indicated by the red arrow. The flow enters the domain through 3h×3h cross section (y−z plane) which corresponds 
to the reduced test section in the experiments [1]. The domain is extended 52.5h upstream and 57.5h downstream from 
wedge apex to minimize the reflection of acoustic waves through the boundaries. In addition, acoustically absorbing 
sponge layers [9] as indicated by blue regions in the figure 1, are applied at both inlet and outlet boundaries. 
Homogeneous inflow velocity is prescribed at location P1 and pressure is prescribed at the outflow location P2 of the 
computational domain. Inflow-outflow conditions are changed iteratively in order to match the experimental values 
in the reduced test section at P3 and P4. No-slip boundary conditions are imposed on the top and bottom walls. Periodic 
boundary conditions are enforced in the spanwise direction. 

 
Figure 2. 2D-slice of the computational mesh close to the wedge (dimensions are in inches) 

 
The computational mesh consists of approximately 3 million hexahedral cells. The mesh is made very fine in the 
convergent-divergent section of the wedge as shown in the figure 2 with minimum spacing of 0.005h in both 
streamwise and spanwise direction near the wedge apex. In order to accelerate the process of iteratively prescribing 
inflow-outflow, solution is first obtained on a two dimensional grid and interpolated along the span, to provide an 
initial condition to the LES simulations. The mesh used for LES has 80 cells along the spanwise direction. Inflow 
velocity obtained at station P3 is 7.98 m/s and back pressure obtained at station P4 is 47.05 kpa in simulations, as 
compared to the velocity of 8 m/s at inflow and back pressure of 52 kpa in the experiments. Non-dimensional time 
step used in the simulation is . Reynold’s number based on wedge height (h = 1 inch) and inflow velocity 
(7.98 m/s) is . 
 

2. Instantaneous flow field 
The instantaneous flow field is illustrated by iso-contours of vapor volume fraction (α) and pressure contours in figure 
3. The incoming flow accelerates in the convergent section of the wedge resulting in pressure drop as evident from 
the pressure contours. As the pressure drops below vapor pressure at the apex of wedge, flow cavitates leading to the 
formation of vapor sheet cavity on the wedge. Figure 3 shows an instant when this sheet cavity transitions into the 
cloud by propagation of condensation front. This front is evident from the figures 4.a) and b), which represent the 
volume fraction contours in the symmetry plane and averaged along the spanwise direction ( ) respectively, at 
the same instance of time as figure 3. It is observed that this front spans across the entire thickness of the sheet cavity, 
unlike the layer of re-entrant jet which is often restricted to the regions close to the wall. Also, the vapor volume 
fractions obtained from the spanwise averaged data inside the sheet cavity are much higher (0.85) in the simulations 
compared to the case when re-entrant jet is formed [3]. This was also observed in the experiments. [1]. 
 

3. Comparison to experiment 
Figure 5(a) shows preliminary comparison of mean void fraction data obtained for 3 shedding cycles of simulations 
with that of experiment. Void fraction profiles are taken along the direction normal to the surface at different 
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streamwise locations along the wedge. The distance along the wedge is denoted by “s”  and the distance normal to the 
wedge is denoted by “n” , which is in turn normalized with respect to the length of the wedge  
 

 
Figure 3. Iso-contours of volume fraction with pressure contours on vertical wall. 

 

     
a)            b)  

Figure 4. Instantaneous volume fraction contours in the a) symmetry plan (z=0) and b) span-wise averaged. 
 
Results show good agreement for void fraction profiles at streamwise stations close to the wedge apex (  = 0.02 
and 0.014). As one moves further downstream, the overall cavity size obtained from the computation is larger as 
compared to the experiments. This is expected due to lower back pressure in the simulations (47kpa) as compared to 
experiments (52kpa). Also, since each shedding cycle is not identical (leading to cycle to cycle variation), a better 
comparison would require averaging over more number of cycles. Figure 5(b) shows void fraction comparison 
obtained from 2D simulations averaged over 18 shedding cycles with the back pressure of 52kpa showing much better 
comparison as expected. PSD of pressure and void fraction spectra taken inside the cavity for the same simulations is 
shown in the Figure 6(a). Spectra due to both pressure and void fraction show identical values of peak frequency (18.2 
Hz) indicating the fact that pressure wave propagation is responsible for cloud shedding mechanism. The Strouhal 
number of the shedding process obtained based on cavity length (0.106m) and free stream velocity (8m/s) is 24.12, in 
close agreements with experiments (26 ± 2). Figure 6(b) represents s-t diagram of vapor volume fraction taken parallel 
to the wedge surface (at 0.1h distance normal to the surface). The speed of condensation front is obtained from the 
slope of the discontinuity in the volume fraction, similarly as done in the experiments. Speed of the front thus obtained 
is −5.6m/s of the order of flow speed in the reduced test section, as seen in the experiments. 

     
                a)                         b) 

Figure 5. Surface normal profiles of the temporal average of spanwise averaged (for 3D) volume fraction data ) at different stations 
along the wedge surface  = 0.49, 0.37, 0.26, 0.14, 0.02 respectively from left to right Ganesh et al symbols [1], (-) LES. 

10th International Symposium on Cavitation - CAV2018
Baltimore, Maryland, USA, May 14 – 16, 2018

CAV18-05126 

Downloaded From: https://asmedigitalcollection.asme.org on 03/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



623

Results  
 

1. Problem setup 

 
Figure 1. Schematic of the x − y plane of the computational setup (figure not to scale) 

 
Figure 1 shows the schematic of the computational setup. The apex of the wedge is located at (0, h) in the x−y plane 
(symmetry plane, z = 0), where h (1 inch) is the height of the wedge. The mean flow direction is along the x-axis 
indicated by the red arrow. The flow enters the domain through 3h×3h cross section (y−z plane) which corresponds 
to the reduced test section in the experiments [1]. The domain is extended 52.5h upstream and 57.5h downstream from 
wedge apex to minimize the reflection of acoustic waves through the boundaries. In addition, acoustically absorbing 
sponge layers [9] as indicated by blue regions in the figure 1, are applied at both inlet and outlet boundaries. 
Homogeneous inflow velocity is prescribed at location P1 and pressure is prescribed at the outflow location P2 of the 
computational domain. Inflow-outflow conditions are changed iteratively in order to match the experimental values 
in the reduced test section at P3 and P4. No-slip boundary conditions are imposed on the top and bottom walls. Periodic 
boundary conditions are enforced in the spanwise direction. 

 
Figure 2. 2D-slice of the computational mesh close to the wedge (dimensions are in inches) 

 
The computational mesh consists of approximately 3 million hexahedral cells. The mesh is made very fine in the 
convergent-divergent section of the wedge as shown in the figure 2 with minimum spacing of 0.005h in both 
streamwise and spanwise direction near the wedge apex. In order to accelerate the process of iteratively prescribing 
inflow-outflow, solution is first obtained on a two dimensional grid and interpolated along the span, to provide an 
initial condition to the LES simulations. The mesh used for LES has 80 cells along the spanwise direction. Inflow 
velocity obtained at station P3 is 7.98 m/s and back pressure obtained at station P4 is 47.05 kpa in simulations, as 
compared to the velocity of 8 m/s at inflow and back pressure of 52 kpa in the experiments. Non-dimensional time 
step used in the simulation is . Reynold’s number based on wedge height (h = 1 inch) and inflow velocity 
(7.98 m/s) is . 
 

2. Instantaneous flow field 
The instantaneous flow field is illustrated by iso-contours of vapor volume fraction (α) and pressure contours in figure 
3. The incoming flow accelerates in the convergent section of the wedge resulting in pressure drop as evident from 
the pressure contours. As the pressure drops below vapor pressure at the apex of wedge, flow cavitates leading to the 
formation of vapor sheet cavity on the wedge. Figure 3 shows an instant when this sheet cavity transitions into the 
cloud by propagation of condensation front. This front is evident from the figures 4.a) and b), which represent the 
volume fraction contours in the symmetry plane and averaged along the spanwise direction ( ) respectively, at 
the same instance of time as figure 3. It is observed that this front spans across the entire thickness of the sheet cavity, 
unlike the layer of re-entrant jet which is often restricted to the regions close to the wall. Also, the vapor volume 
fractions obtained from the spanwise averaged data inside the sheet cavity are much higher (0.85) in the simulations 
compared to the case when re-entrant jet is formed [3]. This was also observed in the experiments. [1]. 
 

3. Comparison to experiment 
Figure 5(a) shows preliminary comparison of mean void fraction data obtained for 3 shedding cycles of simulations 
with that of experiment. Void fraction profiles are taken along the direction normal to the surface at different 
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streamwise locations along the wedge. The distance along the wedge is denoted by “s”  and the distance normal to the 
wedge is denoted by “n” , which is in turn normalized with respect to the length of the wedge  
 

 
Figure 3. Iso-contours of volume fraction with pressure contours on vertical wall. 

 

     
a)            b)  

Figure 4. Instantaneous volume fraction contours in the a) symmetry plan (z=0) and b) span-wise averaged. 
 
Results show good agreement for void fraction profiles at streamwise stations close to the wedge apex (  = 0.02 
and 0.014). As one moves further downstream, the overall cavity size obtained from the computation is larger as 
compared to the experiments. This is expected due to lower back pressure in the simulations (47kpa) as compared to 
experiments (52kpa). Also, since each shedding cycle is not identical (leading to cycle to cycle variation), a better 
comparison would require averaging over more number of cycles. Figure 5(b) shows void fraction comparison 
obtained from 2D simulations averaged over 18 shedding cycles with the back pressure of 52kpa showing much better 
comparison as expected. PSD of pressure and void fraction spectra taken inside the cavity for the same simulations is 
shown in the Figure 6(a). Spectra due to both pressure and void fraction show identical values of peak frequency (18.2 
Hz) indicating the fact that pressure wave propagation is responsible for cloud shedding mechanism. The Strouhal 
number of the shedding process obtained based on cavity length (0.106m) and free stream velocity (8m/s) is 24.12, in 
close agreements with experiments (26 ± 2). Figure 6(b) represents s-t diagram of vapor volume fraction taken parallel 
to the wedge surface (at 0.1h distance normal to the surface). The speed of condensation front is obtained from the 
slope of the discontinuity in the volume fraction, similarly as done in the experiments. Speed of the front thus obtained 
is −5.6m/s of the order of flow speed in the reduced test section, as seen in the experiments. 

     
                a)                         b) 

Figure 5. Surface normal profiles of the temporal average of spanwise averaged (for 3D) volume fraction data ) at different stations 
along the wedge surface  = 0.49, 0.37, 0.26, 0.14, 0.02 respectively from left to right Ganesh et al symbols [1], (-) LES. 
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                      a)                         b) 

Figure 6. a) PSD of pressure and volume fraction taken inside cavity at 1.5h downstrem of wedge apex. b) Contours of vapor volume fraction 
taken parallel to the surface of wedge for 0.25s (roughly 4-5 shedding cycles) 
 

4. Vorticity transport  
In order to investigate the interaction of cavitation mechanism with the vorticity in the flow, we consider the vorticity 
transport equation, 
 

 

 
Lagrangian time rate of change of vorticity in a given material volume is due to the production of vorticity due to the 
misaligned pressure and density gradients (baroclinic torque), modulation of vorticity because of the compressibility 
of the medium, stretching/tilting of the vortex filament in the presence of velocity gradients and viscous stress. 
Individual contributions are given by the terms on the RHS of the equation 1 and plotted in the figure 7. Contours are 
plotted at an instant when the condensation front travels upstream detaching the sheet cavity into the cloud. The cavity 
interface is indicated by the dashed lines. As seen in figure 7(a) vorticity is produced at the material interface as the 
condensation front travel upstream, where pressure gradients in the front are misaligned (nearly perpendicular) to the 
density gradients at the material interface. Although, its contribution is restricted to the regions close to material 
interface in the cavity closure region and is small in the rest of the cavity and interface. Figure 7(b) shows vorticity 
dilatation spanned across the entire material interface extending to the cloud downstream with a significant magnitude. 
This suggests that compressibility of the medium plays major role in the transport of vorticity, particularly at the 
material interface which undergoes volumetric changes in density due to phase change. Vortex stretching/tilting is 
observed in the region downstream of the cavity and its magnitude is small in the sheet cavity as seen from the figure 
7(c). This can be explained by the breaking up of the spanwise vortices downstream of the condensation front which 
is evident from the iso-contours of Q-criterion plotted in the figure 8. Also, the contribution due to vortex 
stretching/tilting is an order of magnitude smaller than the vorticity dilatation. 

    
a) 

   
                                            b)                   c) 

Figure 7. Vorticity budget: a) baroclinc production, b) vorticity dilatation and c) vortex stretching/tilting averaged along the span 
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Figure 8. Iso-contours of Q Criterion colored by stream-wise velocity representing vortical structures. 
 

Conclusion  
Large Eddy Simulation of sheet to cloud cavitation is performed at Re = 203, 000 over a sharp wedge. Sheet to cloud 
transition due to the propagation of condensation front is observed in LES simulations, as seen in the experiments. 
The overall flow-field shows reasonable agreement with the experiments suggesting the suitability of the current finite 
rate homogeneous mixture model in predicting the periodic shedding of the cloud. Interaction of cavitation with 
vorticity in the flow is discussed. Vorticity production due to the baroclinic torque is generally smaller as compared 
to the vorticity dilatation and was restricted to the closure regions of cavity at material interface. Vortex 
stretching/tilting is observed in the regions downstream of cavity due to breaking up of the span-wise vortices due to 
the propagation of condensation front. 
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                      a)                         b) 

Figure 6. a) PSD of pressure and volume fraction taken inside cavity at 1.5h downstrem of wedge apex. b) Contours of vapor volume fraction 
taken parallel to the surface of wedge for 0.25s (roughly 4-5 shedding cycles) 
 

4. Vorticity transport  
In order to investigate the interaction of cavitation mechanism with the vorticity in the flow, we consider the vorticity 
transport equation, 
 

 

 
Lagrangian time rate of change of vorticity in a given material volume is due to the production of vorticity due to the 
misaligned pressure and density gradients (baroclinic torque), modulation of vorticity because of the compressibility 
of the medium, stretching/tilting of the vortex filament in the presence of velocity gradients and viscous stress. 
Individual contributions are given by the terms on the RHS of the equation 1 and plotted in the figure 7. Contours are 
plotted at an instant when the condensation front travels upstream detaching the sheet cavity into the cloud. The cavity 
interface is indicated by the dashed lines. As seen in figure 7(a) vorticity is produced at the material interface as the 
condensation front travel upstream, where pressure gradients in the front are misaligned (nearly perpendicular) to the 
density gradients at the material interface. Although, its contribution is restricted to the regions close to material 
interface in the cavity closure region and is small in the rest of the cavity and interface. Figure 7(b) shows vorticity 
dilatation spanned across the entire material interface extending to the cloud downstream with a significant magnitude. 
This suggests that compressibility of the medium plays major role in the transport of vorticity, particularly at the 
material interface which undergoes volumetric changes in density due to phase change. Vortex stretching/tilting is 
observed in the region downstream of the cavity and its magnitude is small in the sheet cavity as seen from the figure 
7(c). This can be explained by the breaking up of the spanwise vortices downstream of the condensation front which 
is evident from the iso-contours of Q-criterion plotted in the figure 8. Also, the contribution due to vortex 
stretching/tilting is an order of magnitude smaller than the vorticity dilatation. 

    
a) 

   
                                            b)                   c) 

Figure 7. Vorticity budget: a) baroclinc production, b) vorticity dilatation and c) vortex stretching/tilting averaged along the span 
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Figure 8. Iso-contours of Q Criterion colored by stream-wise velocity representing vortical structures. 
 

Conclusion  
Large Eddy Simulation of sheet to cloud cavitation is performed at Re = 203, 000 over a sharp wedge. Sheet to cloud 
transition due to the propagation of condensation front is observed in LES simulations, as seen in the experiments. 
The overall flow-field shows reasonable agreement with the experiments suggesting the suitability of the current finite 
rate homogeneous mixture model in predicting the periodic shedding of the cloud. Interaction of cavitation with 
vorticity in the flow is discussed. Vorticity production due to the baroclinic torque is generally smaller as compared 
to the vorticity dilatation and was restricted to the closure regions of cavity at material interface. Vortex 
stretching/tilting is observed in the regions downstream of cavity due to breaking up of the span-wise vortices due to 
the propagation of condensation front. 
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