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Abstract: This paper introduces several compressible 
computational fluid dynamics (CFD) methods and assesses their 
ability to simulate typical sheet-to-cloud cavitating flow around a 
hydrofoil. More precisely, the Tait equation of state is used to 
describe the density of water, while the ideal gas equation of 
state is used to model the density of vapor. The first method 
assumes that the cavitation is a multiphase flow with isothermal 
conditions, meaning that it exhibits isothermal compressibility. 
Based on the first method, the second and third methods take 
into account the thermal energy and total energy equations, 
respectively, i.e., the thermal-energy compressibility and the 
total-energy compressibility. An incompressible simulation is also 
performed for the comparison. The results show that all of the 
strategies successfully replicate the periodic breakup of the sheet 
cavity and the formation of the cloud cavity. The predicted 
frequency of cavity shedding using compressible methods is 
higher than that using incompressible method. In addition, all the 
CFD simulations confirm that the disturbance moving upwards in 
the sheet cavity is actually a condensation shock. The 
overpressure resulting from the collapse of the cavity can be 
captured using three compressible approaches. The boundary 
layer and time-averaged hydrofoil pressure coefficient are 
compared and analyzed, revealing a negligible difference among 
the three compressible simulation results. 

 

1 Introduction 
When the local pressure falls below the saturation pressure, water undergoes 
evaporation, transforming into steam bubbles. Subject to the freestream flow, the 
steam bubbles travel downstream, meanwhile reducing in size and bursting, ultimately 
transforming into water by condensation. This complex multiphase flow is called 
cavitation. As the cavitation number decreases, the cavitation attached to a blade 
exhibits various structures including individual bubbles, a sheet, a sheet-to-cloud 
transition, and a supercavity. Particularly, the transient sheet/cloud cavitation is 
distinguished by the detachment and implosion of a cluster of bubbles on a large scale, 
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involving complex physical mechanisms. It is the main cause of pressure fluctuations, 
noise, vibration, and blade erosion in hydropower plants, which has garnered 
significant interest over the years [1]. 
In recent decades, extensive experimental research has been conducted to investigate 
this highly complex bubbly flow, and some basic physics are gradually revealed. 
Leroux et al. [2] analyzed the wall-pressure properties of a hydrofoil under conditions 
of partial cavitation. When the length of the cavity is less than 50% of the chord, the 
cavity topology exhibits a relatively steady behavior. The measurement results indicate 
that the wall pressure beneath the cavity is in close proximity to the vapor pressure, 
and there are significant and erratic pressure fluctuations in the region where the cavity 
is sealed. When the length of the cavity exceeds 50% of the chord, the cavity structure 
becomes unstable and exhibits periodic destabilization at a low frequency. More 
precisely, after the cavity reaches approximately half of the chord length, its growth 
rate diminishes due to the presence of the previously shed cloud cavity. Once the 
cavity reaches its maximum size, which is around 70% ~ 80%  of the chord, it will be 
divided into two sections by a pressure disturbance: the attached cavity and the cloud 
cavity. The attached cavity abruptly vanishes, potentially due to the shock wave 
generated by the collapse of the cloud cavity. In order to understand the transition from 
the sheet cavity to the cloud cavity, Pelz et al. [3] suggested a physical model 
comprising two components: the expansion of the sheet cavity and the upward-moving 
re-entrant jet, which were used to study the stability of cavitation. Based on the 
observed nucleation process in the experiment, a simple model is given to explain the 
expansion of the sheet cavity. This model considers only two factors: the rate at which 
nucleation occurs and the starting size of the nuclei. The re-entrant jet is considered to 
be a thin liquid film that accounts for the Reynolds number. The findings indicate that 
the transition is contingent upon a crucial Reynolds number, which is determined by 
the cavitation number and the relative surface roughness. Ganesh et al. [4] used X-ray 
densitometry technology to investigate the instantaneous void fraction of partial 
cavitation inside a contraction-expansion tunnel. The results indicate that the cavity 
shedding process is driven mainly by two distinct mechanisms: re-entrant jet and 
condensation shock. The re-entrant jet causes the occasional detachment of small 
cavities, while the condensation shock triggers the periodic shedding of larger cavities. 
Moreover, they noted that the characteristics of the cavity are independent of the inlet 
velocity. For instance, the cavity length, Strouhal number, and mean void-fraction 
distribution remain independent of the inlet velocity. Nevertheless, elevating the cavity 
pressure results in a corresponding rise in the shock speed and, thus, the frequency 
of shearing. Zhang et al. [5] discovered a distinct process of cavity shedding based on 
time-resolved X-ray pictures, which was different from the instability caused by the re-
entrant jet or the shock wave. They speculated that the instability of the cavity is due 
to the pressure wave emitted by the cloud collapse downstream. There exist three 
distinctions between instabilities caused by pressure waves and those induced by 
condensation shocks. Regarding the pressure wave, it does not have a clear 
discontinuity front and travels at a higher speed than the condensation shock (about 7 
times quicker). Following the passage of the pressure wave, there will be a decrease 
in the production of new vapors due to the higher increase in pressure downstream, 
as compared to the case with condensation shock.  
Advancements in CFD have enabled the simulation of intricate cavitating flow, and 
therefore, significant progress has been made in comprehending the local and global 
dynamics of unsteady cavitation. Asnaghi e tal. [6] utilized the transport equation-
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based methodology to simulate the partial cavitation that is attached to two hydrofoils, 
assuming that water and vapor are both incompressible and isothermal. Two 
adjustments were suggested to rectify two variables in a mass transfer model: the 
vaporization coefficient and the pressure threshold. The modifications are made 
considering the substantial correlation between the relaxation time scale of phase 
change and the local flow characteristics. Moreover, relying just on the saturation 
pressure as the pressure threshold is very simplistic, as the stress tensor of actual 
flowing fluids also includes viscous stresses. The simulation accurately replicates the 
re-entrant flow, which spreads out in a radial pattern and advances towards the front 
edge of the attached cavity. Hsiao et al. [7] proposed a multiscale framework in which 
they used the Level Set method to solve the Eulerian continuum-based two-phase 
equations, but tracked the bubbles at the microscale in a Lagrangian manner. A 
transition strategy is implemented to establish a connection between two scales when 
bubbles combine to form huge cavities or when bubbles separate from large cavities. 
The mixture density is not directly computed using the equation of state. However, it is 
possible to ascertain its value by tracking the concentration of bubbles. A drawback of 
their approach is the inability to model wave phenomena, such as the shock caused 
by the bursting of the bubble. The predictions of cavitation on the two-dimensional 
hydrofoils, such as the length of the sheet cavity and the frequency at which it is shed, 
align closely with the experimental data. An upstream-directed reversed flow was 
discovered beneath the sheet cavity, ultimately severing it. Wang et al. [8] adopted a 
similar simulation strategy as Asnaghi e tal. [6], but considered the compressibility 
characteristics of water and vapor. In their approach, only the equations for pressure, 
momentum, phase, and energy were solved. The densities of water and vapor were 
determined using the Tait equation and the ideal gas law, respectively. The results 
showed that the re-entrant jet and shock wave could cause cavity shedding during a 
full cycle, but there were significant differences in fluid dynamics. The shock wave 
traveled significantly faster than the re-entrant jet, leading to a shorter influence 
duration. Another notable differentiation was that the re-entrant jet originated from the 
adverse pressure gradient, whereas the shock wave was initiated by the collapse of 
the downstream cloud cavity. They claimed that the shock wave, which met the 
Rankine-Hugoniot jump conditions, was a condensation shock, a previously reported 
phenomenon [4]. Nevertheless, this shock wave differs slightly from the condensation 
shock as the cavity located downstream of the shock front vanishes. Recently, Vaca-
Revelo and Gnanaskandan [9] did a parametric study on the sheet-to-cloud cavitating 
flow over a wedge to find out how condensation shocks are formed. The numerical 
methodology was based on the homogeneous mixture model, which encompassed 
continuity, momentum, internal energy, and vapor phase equations. A mass transfer 
model was utilized to simulate the phase transition process, with the vapor pressure 
being variable and dependent on the temperature. The results demonstrate that the 
re-entrant jet is the main mechanism behind the instability of the cavity at high 
cavitation numbers, whereas the destabilization process at low cavitation numbers is 
mostly attributed to the condensation shock. They claim that the pressure wave 
resulting from the collapse of the cloud cavity downstream causes the re-entrant jet to 
accelerate at the point where the cavity closes. When the re-entrant jet reaches 
supersonic velocities, a condensation shock ensues. 
While both compressible and incompressible CFD methods successfully replicate the 
periodic shedding of cavities in sheet/cloud cavitating flows, only the compressible 
approach can effectively simulate the overpressure emitted during cavity collapse. This 
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study will present multiple compressible CFD methods and evaluate their performance 
on a typical sheet/cloud cavitating flow. The objectives are to assess their forecasting 
capabilities and identify a simple but effective simulation method for replicating this 
intricate flow. 
 

2 Numerical Settings 
In general, the fluid obeys the following conservation equations: 
 ( ) 0

t
ρ ρ∂
+∇ ⋅ =

∂
U  (1) 

 ( ) ( ) p
t
ρ ρ τ∂

+∇ ⋅ ⊗ = −∇ +∇ ⋅ +
∂ M

U U U S  (2) 

When cavitation occurs, the continuity equation is modified by include a source term 
related to mass transfer. The density is determined by the vapor volume fraction γ , 
which is given by the equation (1 )l vρ γ ρ γ− + . This study examines three strategies for 
compressible cavitation: 

• Isothermal compressibility disregarding the energy equation. The density of 
water ( lρ ) can be determined using the Tait equation of state, which is 
expressed as ( ) ( )( )

N
l ref

ref

p B
p B ρ ρ+ =+ . In this equation, B  is equal to 83.06 10×  

Pa, N  is equal to 7.1, refp  is equal to 2339 Pa, and refρ  is equal to 998 kg/m3. 
The vapor density ( vρ ) is determined by using the ideal gas equation of state at 
a constant temperature of 293.15 K. 

• Compressibility taking into account the thermal energy equation. 
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• Compressibility taking into account the total energy equation. 
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The Zwart-Gerber-Belamri interphase mass-transferring model is utilized for the 
simulation of cavitation phenomenon, 
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where additional details regarding the model parameters can be accessed in the 
reference [1]. 
This study aims to reproduce the sheet/cloud cavitating flow that was previously 
investigated in the water tunnel at the École polytechnique fédérale de Lausanne [10]. 
Fig. 1 depicts the computational domain that was constructed based on the 
experimental test section. Significantly, in order to reduce computational expenses, the 
spanwise dimension of the computational domain is limited to 0.2L  [11,12], as opposed 
to the 1.5L  used in the experiment. The NACA 0009 hydrofoil (red component), with a 
chord length of 100L =  mm and an angle of attack of 5° , was positioned in the center of 
a rectangular tube. The computational domain measures 7.5L  in length and 1.5L  in 
height, while the origin of the coordinates is at the leading edge of the hydrofoil. 
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Besides, the distance between the upstream boundary and the leading edge of the 
hydrofoil is 2L . The computational domain is spatially discretized using a structured 
mesh, as depicted in Fig. 2. The red dotted lines depict the block configuration 
throughout the domain, employing C-block topology to control the area adjacent to the 
hydrofoil. The layout of grid nodes is derived from prior research [11,12], with a 
particular emphasis on refining the mesh in the vicinity of the hydrofoil surface. 
 

 
Fig. 1. Computational domain with a rectangular cross section: three-view drawing. 

 

  
Fig. 2. Spatial discretisation of computational domain: structured mesh. 

 
The boundary conditions employed in this paper are in accordance with the 
experimental configuration [10]. Specifically, a uniform velocity ( 20U∞ = m/s) is imposed 
on the inlet border and a constant static pressure on the outflow boundary according 
to the cavitation number ( 1.2σ = ). In order to accelerate the calculation, the upper and 
lower boundaries of the computational domain are assumed to be free-slip surfaces, 
hence excluding the consideration of any boundary layer. Conversely, the non-slip wall 
boundary condition is imposed on the surface of the hydrofoil. As mentioned above, 
the computational domain has a spanwise length that is only 20% of the chord. As a 
result, the symmetry boundary condition is applied to the two end walls. When 
discretizing the governing equations, special attention is given to handling the 
advection and temporal items in order to preserve the delicate balance between 
accuracy and convergence. The advection scheme can be expressed as

i u rϕ ϕ β ϕ= + ∇ ⋅∆
 , where uϕ  represents the value at the upwind node, and r  is the vector 

from the upwind node to the node i . In this work, the value of β  changes over the entire 
domain, depending on the local solution field, in order to ensure a criteria of 
boundedness. More precisely, the value of β  will approach 1 in areas where there are 
little changes in variable gradients, but will approach 0 in regions where the gradients 
change abruptly. This is done to provide stability and prevent excessive over- or 
undershooting. A second-order method is employed for the temporal terms using 
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implicit time-stepping. This work utilizes a time interval of 51 10−×  s and restricts the 
number of iterations inside each time interval to 25. 
 

3 Results and Discussion 
The fast Fourier transform (FFT) is used to analyze the changing volume of the cavity 
over time in order to estimate the frequency at which the cavity detaches periodically. 
All predictions deviate from the measured value of 120 Hz [10], as shown in Fig. 3. 
More precisely, the compressible method yields larger values compared to the 
experimental data, whereas the incompressible method provides the lowest prediction. 
Implementing the thermal energy equation or the total energy equation can marginally 
enhance the accuracy of predicting the shedding frequency. The prediction errors for 
the four approaches, namely incompressibility, isothermal compressibility, thermal-
energy compressibility, and total-energy compressibility, are 13.32%, 13.90%, 13.07%, 
and 10.64%, respectively. 
 

  
(a) Incompressibility (b) Isothermal compressibility 

  
(c) Thermal-energy compressibility (d) Total-energy compressibility 

Fig. 3. FFT analyses of time-varying total vapor volume. 
 
Fig. 4 shows the two instantaneous cavitating flow fields (the cavitation vapor 
structures are visualised by the iso-surfaces of 0.05γ = ) predicted by four numerical 
approaches. The time interval separating the two transient flow patterns is equivalent 
to half a cycle. The first image depicts the detachment of the sheet cavity from the 
hydrofoil's leading edge. Moreover, the presence of high pressure is detected 
downstream of the cavity closure zone due to the creation of the stagnation point. An 
important difference is that the incompressible methodology produces the greatest 
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sheet cavity length, which aligns with the finding that its predicted frequency is the 
lowest. In the second image, a new sheet cavity forms and develops after the previous 
one separates from the hydrofoil's suction surface. The separated sheet cavity 
undergoes a transformation into a cloud-like structure and travels downstream. The 
far-field pressure changes in response to the development of cavitation, as the 
pressure fluctuations are closely associated with changes in the volume of the cavity 
[12]. Overall, the four computational approaches can accurately replicate the dynamic 
cavitating flow. 
 

 

 

 

 
(a) Incompressibility (b) Isothermal compressibility 

 

 

 

 
(c) Thermal-energy compressibility (d) Total-energy compressibility 

Fig. 4. Two typical morphologies: one depicts the cutting off of a sheet cavity, while the other (after half 
a cycle) shows a cloud cavity contracting as a new sheet cavity forms. Cavitation structures are 

visualised by iso-surfaces of 0.05γ = . 
 
Within the sheet cavity, there exists an upward-traveling disturbance that can reach 
the point of genesis for cavitation, resulting in its detachment. Extensive research has  
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(a) Incompressibility (b) Isothermal compressibility 

  
(c) Thermal-energy compressibility (d) Total-energy compressibility 

Fig. 5. Disturbance traveling upward within sheet cavity: representative snapshots of the spanwise 
slice. Three variables—vapor volume fraction ( γ ), pressure ( p ), and mass transfer rate ( mS )—are 

analyzed. A dotted line is used to indicate the approximate location of the disturbance. 
 
demonstrated that the disturbance can be classified as either a re-entrant jet or a 
condensation shock, depending on the cavitation number. More precisely, the 
disturbance refers to a re-entrant jet occurring at a high cavitation number, while at a 
low cavitation number it is a condensation shock. Intermittently, the re-entrant jet and 
condensation shock may manifest at the medium cavitation number. In order to 
determine the nature of the disturbance in the current numerical configuration, an 
analysis of the transient flow fields at the spanwise slice is conducted. Fig. 5 illustrates 
the distributions of three variables: vapor volume fraction ( γ ), pressure ( p ), and mass 
transfer rate ( mS ). A dotted line is used to indicate the approximate location of the 
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disturbance. Upon comparing the four numerical approaches, it is evident that the 
disturbance appears to be the same and satisfies the description of the condensation 
shock. It exhibits distinct features, such as elevated pressure and localized 
condensation. Furthermore, the disturbance is not located below the sheet cavity, but 
rather it has the exact same dimensions as the thickness of the cavity. It is important 
to mention that the disturbance front is neither a flat plane nor is it perpendicular to the 
hydrofoil surface. 
 

 

 

 

 
(a) Incompressibility (b) Isothermal compressibility 

 

 

 

 
(c) Thermal-energy compressibility (d) Total-energy compressibility 

Fig. 6. Process of cloud cavity collapse: cavitation vapor structures are visualised by iso-surfaces of 
0.05γ = . 

 
The collapse of the cloud cavity has been identified as the cause of surface material 
deterioration, which has garnered much attention in recent decades. The accurate 
evaluation of cavitation erosion, both qualitatively and quantitatively, is highly 
dependent on a reliable forecast of cavity collapse. Fig. 6 displays the pressure fields  
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(a) Incompressibility  

( cV  versus maxp ) 

(b) Isothermal compressibility  

( cV  versus maxp ) 

  
(c) Thermal-energy compressibility  

( cV  versus maxp ) 

(d) Total-energy compressibility 

( cV  versus maxp ) 

  
(e) Thermal-energy compressibility 

( cV  versus maxT ) 

(f) Total-energy compressibility 

( cV  versus maxT ) 

Fig. 7. Analysis of transient variable of interest: total cavity volume ( cV ), maximum pressure ( maxp ), 
and maximum temperature ( maxT ). 

 
beforehand and afterwards the collapse of the cloud cavity. The vapor structures are 
represented by iso-surfaces with a value of 0.05γ = . The significant difference is that 
the incompressible approach is unable to replicate the release of excess pressure 
caused by the collapse of the cloud cavity. In the compressible simulations, the position 
where the overpressure is released may not always be in the middle of the domain, 
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but rather relies on the specific changes occurring in the cloud cavity at that location. 
However, the three compressible techniques forecast an overpressure intensity that 
exceeds one million Pascals. 
Fig. 7 displays the evolutions of the cavity volume and the maximum pressure in the 
flow field, allowing for a quantitative comparison of the pressure wave. The transient 
sheet-to-cloud cavitation is a highly tricky and turbulent flow, which means that the 
shedding process is not repeatable. Consequently, one may anticipate that the 
alterations in the volume of the cavity and the highest pressure will differ from one cycle 
to another. The maximum pressure in the incompressible simulation occurs at the 
stagnation point, where the local velocity is zero. The maximum pressure exhibits 
regular variations due to the relationship 

2

2
cd Vp dt∝   [12]. The primary focus of interest 

in the compressible simulations is the pressure spike caused by the collapse of the 
cavity. It is important to mention that the collapse of the cloud cavity occurs during the 
phase in which the volume of the whole cavity drops from its highest to its minimum. 
However, pressure spikes can also occur during other phases, such as when the 
volume of the cavity reaches its minimum or grows from the minimum to the maximum. 
That is consistent with the process of cavitation development, the small cavity at a 
smaller size can separate from the main body and collapse further downstream. 
Crucially, the intensity of the pressure surge fluctuates from one cycle to another due 
to the differing evolution of the detached cavity. The temperature field is resolved at 
each step in both the thermal-energy compressibility and total-energy compressibility 
methodologies. Fig. 7 displays the monitored maximum temperature within the 
computational domain. The temperature increase in the total-energy compressibility 
simulation is more pronounced compared to the thermal-energy compressibility 
simulation. It should be noted that the temperature increase is very small, specifically 
below 0.5 K. Nevertheless, both approaches encounter an issue where the 
temperature rise does not occur simultaneously with the pressure spike. In order to 
address this issue, it is necessary to make further endeavors in the future, such as 
implementing the International Association for the Properties of Water and Steam 
(IAPWS) database to accurately depict the characteristics of water and vapor bubbles. 
 
Examining the time-averaged flow field is valuable for comprehending the dynamics of 
cavitating flow. The profiles of the hydrofoil surface pressure (

2

( )
1
2

p

l

p pC
Uρ

∞

∞

−= ) at the 

spanwise slice and the near-wall streamwise velocity ( xU U∞  at 10%x L= , 30%L , 50%L , 
70%L , 90%L ) are displayed in Fig. 8. The comparison of the pressure coefficient reveals 
that all four numerical methods yield identical predictions for the pressure on the 
pressure side of the hydrofoil. Nevertheless, the notable disparity is seen on the suction 
surface of the hydrofoil. More precisely, the result of the incompressible simulation is 
notably distinct from the other results, as anticipated due to its larger estimated sheet 
cavity. Within the interval of /x L  from 0 to 0.375, the pressure coefficient, pC , deviates 
from 1.2σ− = −  due to the periodic detachment of the sheet cavity. Subsequently, the 
pressure shall gradually rise and reach its peak at the trailing edge. However, a distinct 
peak occurs at about /x L = 0.43 and 0.68 in the compressible and incompressible 
simulations, respectively, which can be explained by the stagnation point. A negative 
streamwise velocity is generated within the boundary layer due to the upward traveling 
disturbance and the downward revolving cloud cavity. The negative streamwise veloci- 
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(a) 10%x L=  (b) 30%x L=   

  
(c) 50%x L=   (d) 70%x L=  

  
(e) 90%x L=  (f) pC  

Fig. 8. Analysis of time-averaged variable of interest: dimensionless streamwise velocity ( xU
U∞

) and 

pressure coefficient (
2

( )
1
2

p

l

p pC
Uρ

∞

∞

−= ). 

 
ty has an increasing magnitude from /x L = 0.1 to 0.3, followed by a progressive 
reduction and final disappearance at /x L = 0.7 and 0.9. There is no disparity in the 
streamwise velocity profiles anticipated by the three compressible techniques. The 
velocity profiles within the boundary layer change due to the longer and thicker sheet 
cavity formed in the incompressible simulation, especially at /x L = 0.5 as compared to 
the compressible simulations. At the end, Table 1 lists the time-averaged hydraulic 
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performances (lift coefficient 
21

2
l

l

lF
U Lsρ ∞

=  and drag coefficient
21

2
d

l

dF
U Lsρ ∞

= ) 

predicted by the four methods. The results indicate that the forecasts of the hydraulic 
performance exhibit minimal variation. Specifically, the drag coefficient prediction 
maintains a constant value of 0.04, whereas the lift coefficient predicted by the three 
compressible methods is slightly lower than the incompressible. 
 

CFD method lF  dF  
Incompressibility 0.64 0.04 
Isothermal compressibility 0.61 0.04 
Thermal-energy compressibility 0.60 0.04 
Total-energy compressibility 0.60 0.04 

Table 1: Time-averaged hydraulic performances: 
21

2
l

l

lF
U Lsρ ∞

= and
21

2
d

l

dF
U Lsρ ∞

= . 

 

4 Conclusions 
This study utilizes both incompressible and compressible CFD methods to simulate 
the typical sheet-to-cloud cavitating flow around a hydrofoil. All of the strategies 
successfully replicate the periodic breakup of the sheet cavity and the formation of the 
cloud cavity. Here's a summary of the conclusions: 

• The compressible method overestimates the frequency at which the cavity 
sheds, while the incompressible method underestimates it. Implementing the 
thermal energy equation or the total energy equation in the compressible 
simulation can marginally enhance the accuracy of predicting the shedding 
frequency. 

• All the CFD simulations confirm that the disturbance moving upwards in the 
sheet cavity is actually a condensation shock. It exhibits distinct features, such 
as high pressure and localized condensation. Furthermore, the disturbance is 
not located underneath the sheet cavity, but extends along the entire height of 
the cavity. 

• The compressible methods are capable of capturing more than one million 
Pascals of overpressure triggered by the collapse of the cavity. The release 
point of overpressure is variable and contingent upon the exact alterations 
taking place within the cloud cavity at that particular spot. Crucially, either the 
large-scale cloud cavity or the small-scale cavity that separates from the main 
body can initiate the overpressure. 

• The characteristics of the boundary layer and the mean hydrofoil pressure 
coefficient remain unchanged regardless of the compressible technique 
employed. In addition, concerning the forecasts of the time-averaged hydraulic 
performances, the disparity between the incompressible and compressible 
methodologies is minimal. 
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