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The paper proposes a methodology within the Reynolds Averaged Navier Stokes (RANS) solvers for cavitating flows capable of 
predicting the flow regions of bubble collapse and the potential aggressiveness to material damage.  An aggressiveness index is 
introduced, called Cavitation Aggressiveness Index (CAI) based on the total derivative of pressure which identifies surface areas 
exposed to bubble collapses ; the index is tested in two known cases documented in the open literature and seems to identify 
regions of  potential cavitation damage. 
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1. Introduction  

Cavitation is a phenomenon commonly associated with the appearance of vapour cavities within the bulk of a 
liquid flow when pressure drops below the vapour pressure at the local liquid temperature; in such areas due to 
the existence of impurities in the flow field or surface irregularities, phase-change takes place, initiating from 
either the material surface or inside the bulk of the flow. The bubbles produced may contain both vapour and 
non-condensable gas (i.e. air). Theses bubbles when advected to lower pressure regions, increase in size and if 
subsequently are brought abruptly into higher pressure regions in the flow, they collapse; during the collapsing 
process, their energy is transformed into pressure pulses which are emitted into the surrounding, causing 
material damage and erosion, mainly on non-deformable (metallic) surfaces. There is a substantial effort within 
the fluid mechanics community in developing a computational tool within the numerical algorithms currently 
used in cavitating flows, for predicting not only the location  of the vapour bubble creation but mainly the region 
of its destruction, thus aiming into predicting the surface areas most prone to cavitation damage. Cavitation 
damage is considered to be caused by two fluid mechanics mechanisms:  (1) either by the emitted pressure 
waves impinging on material surfaces during the bubble implosion and its subsequent rebound, according to 
Brennen and Leighton [1, 2]; (2) by the impulse momentum of a penetrating liquid micro jet impinging on the 
surface and which is created due to asymmetric bubble collapse near the surface and related to a hydraulic jump 
pressure Hammitt  [3, 4]. Kedrinskii [5], questions the potential of a single bubble collapse near a surface to 
create material damage as the amount of force that can be exerted on a surface by a single collapsing bubble is 
order of magnitudes smaller than the material hardness while in the case of the liquid micro jet impinging on the 
surface its kinetic energy is order of magnitudes smaller than the energy stored in the collapsing single bubble. 
According to Kedrinskii, it is the synchronous collapse of many bubbles which creates a cumulative pressure 
effect, above a threshold, which can initiate material erosion. Fortes-Patella et al. [6-9] proposed an erosion 
model based on the pressure wave power density emitted by the imploding bubbles near a surface. The pressure 
wave energy emitted is obtained from  the numerical solution of the Rayleigh – Plesset equation, with 
compressibility effects taken into account; the time dependent wave energy results were then used for 
calculating the pit volume due to surface deformation of the material exposed to the pressure pulse; a linear 
relation was found with the coefficient of linearity depending on the material properties; the reliability of the 
model was also tested against experimental results on eroded samples of various metals with a good correlation. 
The wave power density, based on the maximum pressure emitted upon bubble collapse was found to be a good 
indicator of the erosion aggressiveness of the flow. 
Franc and Mitchel [10] estimate the various pressures created upon bubble implosion and they conclude that the 
impacting pressure due to liquid micro jet may be of the same order of magnitude with the impacting pressure 
wave due to bubble collapse; however, its duration is orders of magnitude smaller; moreover, the mechanism of 
collapse of cavitating vortices, found in unsteady hydrofoil flows, is more important creating high impact loads, 
with order of magnitude higher duration, even higher than the collective synchronous bubble collapse. Dular et 
al. [11] conducted experiments in a water tunnel and presented erosion results on a cavitating hydrofoil at 
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various flow conditions; the results obtained, mainly after visual inspection with the time of the eroded surface, 
were used to develop an erosion model based on the concept of the impulse pressure acting on the surface due to 
the liquid micro jet impingement upon asymmetric bubble collapse near the wall. The measurements indicate 
that erosion damage is related to cavity unsteadiness, while erosion aggressiveness is correlated to a power law 
of the nominal flow velocity; besides, increase of the non-condensable gas content in the water of the water 
tunnel reduces the erosion damage. The proposed erosion model correlates reasonably well, the impulse 
pressure created by the impinging liquid micro jet with the pit area created on the surface.  
Dular and Coutier-Delgosha [12] used a CFD model based on RANS finite volume methodology for time 
dependent flows coupled with a barotropic model to account for cavitating flows; a modification was also 
employed to the k-ε RNG model for computing turbulent viscosity which takes in an heuristic way into account 
mixture compressibility; the CFD results were post processed and information about pressure distribution was 
coupled to the erosion model, proposed in [11]. The CFD methodology predicted the various phases of cavity 
cloud collapse, the associated pressure signatures in time and the resulting erosion as manifested by the 
formation of the pits in time. Even though the predictions are not very well correlated to measurements, the 
coupling of CFD post processing and the erosion model gives a direction for developing such an approach for 
engineering design. Terwisga et al. [13] reviewed the various erosion models reported in the literature and drew 
the conclusion that an initial bubble implosion synchronizes the implosion of a bubble cloud and that the 
synchronous implosion of many bubbles either per se or after breaking up of the traveling cavitation vortices 
may be the physical mechanism leading to cavitation erosion. Ziru Li [14] tested various erosion functions like 
pressure, partial derivative of pressure with time, the rate of change of volume vapour fraction and their time 
integrals based on CFD results after post processing. She concluded that the maximum rate of change of 
pressure in time is a better criterion for cavitation damage and it seems that high values of the rate of change of 
vapour volume fraction do not correlate with erosion damage. Li and van Terwisga [15] investigated the time 
derivative of pressure as an erosion risk index in a flow around a hydrofoil at 8 degrees angle of attack and 
concluded that an erosion intensity function which is the time mean value of the time derivatives of pressure 
above a threshold correlates well with the experimental evidence of erosion risk regions on the hydrofoil 
surface. 
 

 
2. The Cavitation Aggressiveness Index (CAI) 
The paper proposes a methodology for predicting the region of bubble collapse and its cavitation 
aggressiveness. The idea for the proposed methodology is based on the concept that for a vapour bubble to 
collapse two conditions must be met: (a) the total derivative of the vapour volume fraction must be negative (as 
bubbles must have decreasing volume) or equally the total derivative of the mixture density must be positive and 
(b) the total derivative of the pressure must be positive (bubbles collapse at regions of increasing pressure), 

 0<
Dt

Da  (1) 

 0>
Dt

Dp  (2) 

The idea of using total derivatives (and not just partial derivatives) in estimating cavitation damage originates 
from the fact that bubbles at the final stages of collapse follow the streamlines due to their small size and 
collapse along them; the use of the total derivative makes the procedure applicable not only to unsteady but also 
to quasi steady-state flow calculations; flow regions of high positive total pressure, calculated with a steady-
state RANS methodology,  might be potential areas for cavitation damage in flows with intermittent cavitation 
regions, thus indicating secondary areas of cavitation damage. The previous two conditions, equations (1) and 
(2), define a topology in the flow field where cavitation damage might appear. 
 
 
2.1. The concept of the cavitation Aggressiveness  Index (CAI) 

In a cavitating flow there is a region where an unsteady cavity is formed in the flow, inside of which and at 
some region, the total derivative of the vapour volume fraction is negative; periodically also due to the 
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interaction of the re-entrant jet and the oscillating cavity, the cavity breaks up and a vapour cloud is advected by 
the flow which collapses further downstream at pressure recovery regions, i.e. in regions characterized also by 
negative total derivative of vapour volume fraction. These two regions are regions vulnerable to erosion 
damage. The total derivative of pressure indicates the rate at which the pressure changes as a fluid particle 
moves along the streamline; a bubble following the streamlines having a maximum radius of Rmax obtained at a 
flow region of minimum pressure Pmin (which inside the vapor cavity is equal to the vapor pressure) reduces in 
size and finally collapses under the influence of the pressure difference between the external pressure (Pout), i.e. 
the recovery pressure far outside the cavity, and its vapour pressure; the strength of the emitted pressure pulses 
depends on the imposed pressure difference and a characteristic time scale defined by the time required for 
bubble collapse  when the environmental pressure is abruptly imposed. The time scale characteristic of the 
bubble collapse, is given by [1] (Rayleigh bubble collapse time),  
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where α=0.917. Therefore a time derivative of pressure difference characteristic of bubble collapse is of the 
order of 
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The maximum bubble radius at equilibrium can be calculated on the assumption of isothermal bubble growth 
and applying eq. (2.3) of Franc and Michel [10], is estimated to be equal to 
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where the initial pressure 0gP  of the non-condensable gas inside the bubble upon inception (R0) is assumed to 

be 
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P0 being the total pressure of the flow. From the above it can be estimated that the characteristic rate of pressure 
for bubble collapse is: 
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(α is taken equal to unity). 
Similarly, within the cavity, a threshold hydrodynamic rate pressure difference due to cavity oscillations could 
be defined as 

 
)/(
min,

refref

cavout

th ul

PP

t

p −
=









∆
∆   (8) 

where lref and uref are characteristic length and velocity (time) scales of the vapor cavity (i.e. length of cavity and 
vapor velocity at the middle of the cavity) and Pout,cav is the pressure outside the cavity. The two time scales 
introduced above, one due to bubble collapse and the other due to cavity oscillation are maybe orders of 
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magnitude different (i.e. µs and ms respectively); therefore in order to bridge these two regions a logarithmic 
scale is proposed and  a Cavitation Aggressiveness Index (C.A.I) on a ten-scale is thus defined as: 
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Values of the Cavitation Aggressiveness Index (CAI) above zero (related to cavity unsteadiness) to 10 (related 
to bubble collapse) indicate areas of hydrodynamic cavitation aggressiveness from cavity oscillations and break 
up to vapor cloud collapse.  

2.2.Preliminary Investigation of the CAI behavior in a Flow 

The turbulent flow around a planar-convex hydrofoil at zero and four degrees angle of attack has been chosen as 
a preliminary case for testing the proposed Cavitation Aggressiveness Index; the flow has been documented 
experimentally by Le et al. [16] and studied numerically by Frank et al. [17] using the ANSYS CFX commercial 
code with a homogeneous multiphase model. In both cases the flow velocity is small and cavitation damage is 
not expected; thus these two cases were chosen to test the behavior of the proposed Cavitation Aggressiveness 
Index. 
 
2.2.1.Turbulent Flow Around the Planar-Convex Hydrofoil at Zero Degree Angle of Attack, Le et al.[11] 

The flow around the hydrofoil has been numerically investigated using the commercial software FLUENT with 
a fine grid around the hydrofoil supplemented with local grid refinement; the k-ε turbulence model was used; 
curvature correction and pressure gradients effects in the wall functions were also included and the yplus values 
were around 50. The inlet flow velocity was set to 5m/s and the cavitation number equal to 0.4; the Reynolds 
number of the flow was 106. Details of the experimental set up can be found in [16]. For the particular flow 
conditions studied, according to Le et al. [16] a steady attached very thin cavity develops at the leading edge of 
the hydrofoil with a length around 0.4 the hydrofoil chord. Figure 1a shows the steady state streamlines around 
the hydrofoil area indicating two regions of low pressure, a small one near the leading edge of the suction side 
and a larger one at the pressure side near the trailing edge of the hydrofoil; the low static pressure inside these 
regions is associated with cavitation and figure 1b indicates the corresponding fraction of the vapour volume in 
the two cavity regions. The vapour cavity is shorter than the flow separation region; at the suction side of the 
hydrofoil the vapour cavity length is in fair agreement compared to the experiments (experimental uncertainty 
from 2% to 10%) and to the corresponding predictions of  [17]. 
 

  
Figure 1a. Streamlines around the hydrofoil at 0deg and 

pressure distribution. 
Figure 1b. Distribution of Vapour Volume Fraction (VOF)-

Two vapour cavities are formed. 
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Figure 1c. Distribution of positive values of total derivative 
of mixture density (Dα/Dt<0) 

Figures 1d.  Distribution of positive values of total 
derivative of pressure (Dp/Dt>0) 

  
Figure 1e. Regions of potential cavitation erosion - 

intersection of Da/Dt<0 & Dp/Dt>0 
Figure 1f. CAI values on and around the hydrofoil. 

 
Figure 1c indicates the regions of negative values of the total derivative of the vapour volume fraction. Figure 
1d indicates regions of positive values of total derivative. The Boolean intersection of the regions in figures 1c 
and 1d, shown in figure 1e, indicate the areas of bubble collapse under pressure. The corresponding CAI values, 
figure 1f, on the hydrofoil surface are very small, apart from the tiny region at the leading edge, indicating that 
the hydrofoil might be free of cavitation erosion and the cloud collapse takes place at regions far from the 
hydrofoil surface. Time dependent calculations indicate that the flow exhibits some limited time unsteadiness, 
mainly at the cavity region of the pressure side with the cavity at the suction side remaining steady. 
 
2.2.2. Turbulent Flow Around the Plano-Convex Hydrofoil at Four Degrees Angle of Attack, Le et al. [16] 

For the experimental conditions described in §2.2.1 and for a cavitation number of 0.5 and angle of attack 4 
degrees, figure 2a shows the time mean streamlines around the hydrofoil obtained after a time dependent 
solution of the flow field over many cycles; in contrast to the previous case, the suction side separation region 
has increased in  height whilst the pressure side separation region has disappeared in the time mean picture; the 
low static pressure in the region of separated flow is associated with cavitation and figure 2b indicates the 
corresponding fraction of the vapour volume in the cavity. The time mean length of the cavity at the suction side 
of the hydrofoil is in qualitatively agreement with the measurements and the prediction of Frank et al. [17] but 
slightly underestimated.  
 

  
Figure 2a. Streamlines around the hydrofoil at 4deg angle of 

attack and pressure distribution. 
Figure 2b. Distribution of Vapour Volume Fraction 

(VOF). 
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Figure 2c.  Distribution of positive values of total derivative 

of mixture density (Dα/Dt<0). 
Figure 2d. Distribution of positive values of total 

derivative of Pressure. 

 

Figure 2e. Regions of potential cavitation damage 

 
Figure 2c indicates the regions of positive values of the total derivative of mixture density (negative values of 
the total derivative of vapour volume fraction). Figure 2d indicates regions of positive values of total derivative 
of pressure. The Boolean intersection of the regions in figures 2c and 2d indicate the areas of bubble collapse 
under pressure. Figure 2e indicates the values of CAI distribution where it is found that cloud collapse takes 
place far from the hydrofoil surface except at the leading edge where high CAI values are calculated; therefore 
the hydrofoil under the present operating conditions should not face erosion problems apart at the leading edge. 
However, the flow field at this flow condition according to Le [16], i.e. 4 degrees angle of attack, is unsteady 
and figures 2(f-g-h-i) show four indicative time instants of the flow development; the maximum cavity length is 
greater than half the hydrofoil chord.  

  

 
  

Figures 2(f, g, h, i). Flow development and vapor cavity at various time instants 

 



 

7 

 
 

Figure 2j. Instantaneous distribution of CAI on the hydrofoil suction surface, for the instances above. 

 
For these particular instances the CAI values are shown in figure 2j; it is concluded that at the leading edge the 
CAI index is high indicating cavitation aggressiveness, whilst a smaller value is found during the time 
dependent calculations not computed from the time mean values of the flow field as it is associated with the 
oscillating cavity.  
 
 
3.The LEGI Erosion Investigation, Franc et al. [18, 19] 
Erosion tests on specimens have been systematically conducted at the specially build hydraulics tunnel in the 
university of Grenoble (LEGI); the particular case to be examined in the present investigation is shown in figure 
3a. Water with a velocity of 40.5 m/s is flowing into the round pipe, where it is forced to turn abruptly into the 
small radial passage; upon turn, cavitation takes place and a large cavity attached to the upper part of the disk is 
formed. Three erosion zones are found; one just at the bent, i.e. entrance to the narrow passage, a second one 
attached to the upper disk and a third one on the lower disk opposite the end of the second erosion zone. The 
measured erosion areas are shown in figure 3b. 

 

  
Figure 3a. The experimental set up, Franc et al. [18] Figure 3b. The erosion zones measured 

 
The numerical solution of the turbulent flow field was obtained using the FLUENT software; it has been 
assumed that the flow is steady, incompressible and axisymmetric. The standard k-ε turbulence model has been 
utilized with non-equilibrium wall functions to account for pressure gradient effects in the wall functions. A 
telescopic grid refinement technique was adopted that led to grid independent solution and the yplus was kept 
around 50, in the fully turbulent region. Figure 3c indicates pressure distribution where the pressure region 
below the liquid vapour pressure is evident; a vapour cavity is formed attached to the upper disk, as shown in 
figure 3d; a large recirculation region is also formed attached to the upper disk with a length larger than the 
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vapour cavity extending up to position 0.026m, ending in the region of zone 3 of erosion of the target-lower 
disk; the vapor cavity ends at a distance within the erosion zone 2. 
 
 

   
Figure 3c. Pressure distribution and 
details of the streamlines structure 

Figure 3d. Distribution of the vapour 
volume fraction (α) 

Figure 3e. Distribution of positive 
values of total derivative of mixture 

density (Dα/Dt<0) 

   

Figure 3f. Distribution of Positive 
values of total pressure gradient 

Figure 3g. Regions of potential 
cavitation damage 

Figure 3h. CAI values in the flow field 
and on the wall 

 
Figure 3e presents the regions of bubble collapse, designated by the positive values of the total derivative of the 
mixture density and figure 3g indicates the regions of possible cavitation damage on the condition of Dα/Dt<0 
(Boolean intersection of flow areas of figures 3e and 3f). Figure 3h indicates the values of CAI. High values of 
CAI are found at the corner of the upper disk, location A, as also at the lower disk at two locations, locations C 
and D, at Y=0.021 and Y=0.027 respectively; lower values of CAI around zero are found at Y=0.016 at the 
upper disk, location B; all four predicted erosion prone locations are within the erosion zones of the 
experiments, as shown in Figure 3b. The CAI value at the upper disk is associated with the vapor cavity 
“oscillation”, whilst the two locations on the lower disk are associated with cloud collapse. In reality the 
investigated flow exhibits unsteadiness and the eroded area would spread around these locations; a detailed 
unsteady flow calculation should indicate the extent of the areas prone to erosion; the interested reader is also 
addressed to the recent publications of Gavaises et al. [19, 20]. 
 
4. Conclusions 
The paper has proposed a Cavitation Aggressiveness Index (CAI) based on the total derivative of pressure, 
properly non-dimensionalized which proved to be a reliable tool capable of identifying flow regions of potential  
material damage due to cavitation. The index being based on post processing results from CFD calculations 
using RANS solvers is suitable both for steady and unsteady flows; its possible correlation with energy release 
concepts upon bubble collapse could create an index of erosion rate of material. 
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