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Abstract: This paper reviews the numerical models of various cavitating flows around hydrofoils. Numerical models relating to 
cavitation flows, including mass transfer models and turbulence models, are summarized at first. Then numerical results and analysis of 
flow characteristics for the cavitating flows around twisted hydrofoils, truncated hydrofoil and tip leakage are discussed respectively. 
For mean flow fields, Reynolds averaged Navier-Stokes (RANS) simulation associated with a kind of nonlinear turbulence model is 
found to be an economic and robust numerical approach for different kinds of cavitating flows including cloud cavitation, tip cavitation 
and tip leakage cavitation. To predict the fluctuations of pressure and velocity, large eddy simulation (LES) and detached eddy 
simulation (DES) are two effective approaches. Finally, a few open questions are proposed for future research. 
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Introduction� 
Cavitation is a common physical phenomenon in 

many flow fields when local pressure is lower than the 
saturated vapor pressure, e.g., hydraulic machinery, 
surface ships and underwater vehicles with hydrofoils 
and propellers[1,2]. Stimulated by urgent need of hydro- 
dynamic performance optimization, drag reduction 
and acoustic noise depression, in-depth understan- 
dings of cavitating flow characteristics are required. 
Accurate and effective CFD solvers can be used for 
scientific research and industrial applications. 
Verification and validation (V&V) are independent 
procedures that are used together to check a system of 
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CFD simulations, which have been well expressed as: 
verification is a purely mathematical exercise that 
tends to show that we are solving the equations right, 
whereas validation is a science/engineering activity 
that tends to show that we are solving the right 
equations[3]. Therefore verification deals with nume- 
rical errors/uncertainties whereas validation is con- 
cerned with modelling errors/uncertainties[4]. 

For single-phase flows, studies of V&V have 
been investigated for many years[5-7]. Except for 
turbulence modelling, RANS model could accurately 
model the single-phase flows without any approxima- 
tion. Therefore, validation seems to be relatively less 
important than verification. To the end-users of a flow 
solver, we could eventually obtain a converged result 
with mesh refinement. The point is what accuracy 
level we could reach with limited computational cost. 
For this purpose, there are several effective 
approaches to evaluate the uncertainty of the 
numerical results, if the numerical results have shown 
convergence trend versus mesh refinement[5,8,9]. Even 
though, there are some debates on the V&V approach 



 927

among different works for single phase flows, such as 
one example around ten years ago [9,10,5] and another 
recent example [4,11,12]. 

For cavitating flows, many numerical results are 
strongly dependent on the mesh resolution[13], mass 
transfer models[14] and turbulence models[15,16], which 
imply either the mesh is not capable to resolve the 
small scale flow structures or some important flow 
mechanisms are not correctly modeled. Physically, 
many complicated flow phenomena, including the 
involved interface among different phases, three- 
dimensional vortex and phase transition, have to be 
modelled with some kinds of approximations in 
cavitating flows. At this point, the validation of 
cavitating flows should include more themes than that 
of single-phase flows: such as the modellings of 
vapor-liquid interfaces, the discontinuities of pro- 
perties across a phase interface, the mass and momen- 
tum exchange between the phases, and turbulence 
modelling. Although the guidelines for validation of a 
complex system have been established for many 
years[5,8,9], the whole process V&V for numerical 
simulations of cavitating flows is still in its infancy. 
 
 
1. Numerical models 

The homogeneous mixture model treats fluids in 
cavitating region as a mixture of two species of fluids, 
under assumptions of local kinematic equilibrium bet- 
ween phases, local thermal and mechanical properties 
(velocity, pressure etc.). The mixture of vapor and 
liquid water is treated as a single fluid, sharing the 
same velocity and pressure fields. The density and 
dynamic viscosity are evaluated depending on the 
void fraction of each species. Because of its simplicity, 
the homogeneous equilibrium mixture model is 
widely used for various simulations of cavitating 
flows. The details of numerical modelling and solving 
techniques for the homogeneous mixture model can be 
found in many references[14-16]. 

Mass transfer is one of the distinct physical 
processes for cavitating flows. To date, direct nume- 
rical simulations of evaporation and condensation are 
still very expansive even using massive parallel 
computations. To reduce the computational cost of the 
phase transition, mass transfer models are introduced, 
which will be reviewed in subsection 1.1. The detailed 
mechanisms of the interaction between turbulent 
flows and cavitation bubbles have not yet been clearly 
revealed, especially for phenomena occurring at small 
scales, unsteady or instability statuses[17,18]. Viscous 
effects, measured by Reynolds number, may be 
another important aspect of cavitating flows, which 
will be discussed in subsection 1.2. 
 
1.1 Mass transfer models (cavitation models) 
    To describe the non-equilibrium two-phase bubbly 

flows, comprehensive models are required to model 
the physical details occurring in the cavitation 
phenomenon such as mass transfer, thermal transfer 
and surface tension. Specifically, the mass exchange 
between water phase and vapor phase is one of the 
most important processes during various cavitation 
phenomena. The function of volume fraction ratio can 
be used to track the interface between the two species. 
The convection of the volume fraction ratio, herein we 
choose the value for vapor phase, can be described as 
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Source terms +m�  and m�� are the mass transfer 
rate between liquid water and vapor. v�   is the 
density of vapor,  �  is void fraction of vapor, and 

iu  is velocity. Moreover, vaporization or condensa- 
tion processes are assumed to be instantaneous. 

Derived from the linearized Rayleigh-Plesset 
(R-P) equation, some cavitation models have been 
proposed, as listed in Table 1. In fact, it is more 
suitable to call these models as mass transfer models, 
because they occur in the terms of source and sink in 
the convection equation of phase function (1). As can 
be observed in Table 1, there are two different kinds 
of function 2 ( )f p : one is in the form of linear 
function relating to pressure difference according to 
the empirical formulations[19-21], the other is propor- 
tional to vp p� , which is a direct result of 
linearized R-P equation[22-24]. 

In principle, the linearized R-P equation cannot 
be used to predict the collapse of a vapor bubble. 
Modifications of the mass transfer model have to be 
introduced to improve the capability of modelling 
cavity collapse. In this respect, it has been shown by 
numerical simulations that the time histories of bubble 
radius for the cases of central bubble in cluster and 
isolated single bubble can be quite different[25,26]. This 
implies that there is a pronounced deficiency for the 
existing mass transfer models, and some modifications 
have to be made to improve the performance of the 
existing mass transfer models. The empirical coeffi- 
cients in the mass transfer model have to be adjusted 
to meet the correct behaviors of condensation and 
evaporation processes. Meanwhile, the values of 
empirical parameters in the mass transfer model can 
significantly affect the stability and accuracy of the 
numerical simulations. Therefore, these empirical 
coefficients have to be calibrated with a large set of 
experimental data, especially for flows around new 
kinds of hydrofoils and propellers with complex 
shapes. 

Since 2010s, numerous simulations have been 
conducted for sheet cavitating flows over hydrofoils.  
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For NACA66(MOD) and NACA 4-digit series hydro- 
foils, the mass transfer models can guarantee similar 
levels of accuracy if the empirical parameters are 
properly tuned. For E779A and PPTC propellers, no 
significant differences were observed in the numerical 
simulations using the calibrated mass transfer 
models[27]. The optimized empirical values seem to 
have a good general validity[27]. However, the perfor- 
mance can be deteriorated in cavitating flows over 
complex geometries and practical operation conditions. 
Using the calibrated models, the cavity extension is 
slightly over-estimated[14,28]. The choice of the mass 
transfer model causes a clear difference in the 
thickness of the re-entrant jet[28]. For more severe 
operational conditions, the numerical results showed 
significant discrepancies with the experimental data. 
For rotating propellers in wake regions, it is hard to 
predict the dynamics of cavity region[29]. 

Besides the widely used nonuniform density flow 
solvers, the numerical results obtained by compressible 
flow solvers are more encouraging. For compressible 
flows, the cavitation models may take different 
forms[17,18,30]. For both of the two compressible fluids, 
it contains equations for the mass, momentum and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
energy, and additional equation for the topology of the 
phase field. In the mixture area of the cavitating flows, 
the velocity may exceed the local sound speed and the 
supersonic regime occurs because of the drastic 
diminution of the speed of sound. The local pressure 
field predicted by compressible flow solvers shows 
different behaviors comparing that by incompressible 
models. Consequently, the acoustic field differs as 
well. 
    Another challenge is that the mass transfer model 
have to be calibrated using experimental data of 
cavitating flows with similar flow characteristics, 
which indicates that developments of more robust 
mass transfer models are welcome in future studies. 
Usually these benchmark experiments were conducted 
under laboratory scales. For fully developed and 
unsteady cavitating flows, other physical processes 
may influence the cavitation phenomenon besides the 
major scaling law relating to cavitation number. For 
example, thermal dynamics has been combined into 
the mass transfer models[31]. 
 
1.2 Turbulence models 

Numerical modelling and simulations of cavita- 

Table 1 List of cavitating models 
Model Sour C  1( )f �  2 ( )f p  
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ting flows are challenging tasks, because the flows are 
turbulent, highly dynamic and unstable. We do not 
have any general valid turbulence models yet, herein 
we only give a brief overview of various turbulence 
model strategies employed in cavitation study. For 
different types of turbulence cavitating flows, we need 
to choose one best suitable turbulence model 
regarding both the computational cost and accuracy. 
Detailed discussions will be given in specific 
problems. 
    The starting point to model the turbulence 
cavitating flows is the simulations using unsteady 
Reynolds averaged Navier-Stokes equations (RANS). 
In the literature, two-equation models, e.g., RNG 

-k � , -k �  and SST -k � , are frequently 
employed. Due to the intrinsic properties of Reynolds 
average operations, RANS model could capture the 
mean flow quantities only. More local and unsteady 
turbulence flow structures, and their contributions to 
the turbulence kinetic energy transportation, cannot be 
well predicted. A well-known issue is that RANS 
model cannot predict the shedding of cavity and more 
complex flows correctly. 

Large eddy simulation (LES) and detached eddy 
simulation (DES), as a hybrid LES and RANS method, 
has also been used in cavitating flows, especially for 
unsteady and swirling flows or flows with strong 
separation. LES and DES can provide detailed and 
high fidelity velocity, pressure and their fluctuations. 
Therefore, direct prediction of the cavitation acoustic 
is possible. Most LES and DES calculations of 
cavitating flows follow the general routine of single- 
phase flows, followed the assumption of homoge- 
neous single phase mixture. As pointed out by one 
recent work[16], extra stress due to fluctuations of 
density, velocity and void fraction has been neglected 
in most LES, which  needs to be carefully checked 
comparing with detail experimental data of turbulence 
flows. 
    Besides these two categories, partial average 
Navier-Stokes model (PANS) is another suitable 
choice considering the performance and CPU cost[32]. 
Meanwhile, it is easy to implement PANS in the 
existing RANS flow solvers. Time-dependent turbulent 
cavitating flows around a Clark-Y hydrofoil at high 
Reynolds number were investigated using PANS[33,34]. 
When the tunable parameter kf , the ratio of the 
unresolved-to-total turbulent kinetic energy, is less 
than 0.5, there is a good agreement between the 
numerical results and experimental data on the flow 
structure, cavity structure and hydrodynamic loads on 
hydrofoil. It should be pointed out that smaller kf  
values require smaller mesh size and smaller time-step, 
tending towards the extreme limit of PANS which is 
DNS[35]. Consequently, the computational cost remains 
a major concern. 

2. Sheet cavitations and cloud cavitations 
 
2.1 Cavitating flows over NACA-series hydrofoils 

Sheet cavitating flows over two-dimensional 
hydrofoils are one of the most fundamental studies, 
which has been extensively investigated in the past 15 
years with the aid of CFD. During the past years, 
over-prediction of the turbulence eddy viscosity in the 
rear part of the cavity is thought to be the main reason 
for the poor agreement with the experimental data on 
cavity length, void fraction ratio and unsteady 
behaviors[36]. Modifications of RNG -k �  model and 

-k �  model have been proposed for simulations of 
cavitating flows. Artificial reduction of eddy viscosity 
have been applied in many works[37]. In our early 
work, the influence of this kind of modification on the 
cavity shedding frequency had been investigated[38], 
comparing with the experimental results[39] and the 
numerical results using DES/LES. Comparisons against 
the numerical simulations among RANS simulations, 
DES and LES confirm the effects of such modi- 
fication. The shedding frequency, in terms of dimen- 
sionless parameter St , could be captured in a similar 
value as that predicted by DES and LES for a broad 
range of cavitation numbers. The eddy viscosity can 
be depressed by 1-2 order of magnitude comparing 
with LES results. It should be noted that the mesh 
resolution, spatial scheme and the time discretization 
cannot help to eliminate the numerical discrepancy 
due to turbulence models. By detailed comparisons, it 
is a feasible but not a necessary approach to correctly 
predict the unsteady properties of shedding of cloud 
cavitating bubbles. In fact, this kind of artificial 
treatment is usually used in commercial numerical 
solver package, e.g., Fluent. In many open source 
code and homemade code, this kind of modification 
are not necessary. 

Correct calculation of the turbulence eddy visco- 
sity in a strict physical approach is crucial for complex 
cavitating flows. In framework of numerical simula- 
tions with RANS model, a nonlinear turbulence eddy 
viscosity model was found to be a promising 
approach[15], which can correctly resolve the spatial 
phase shift among different components of Reynolds 
shear stress and mean strain rate due to employing the 
curvature corrections, and shows distinct superiority 
to other turbulence models under Boussinesq assump- 
tions. Using that numerical approach, the shedding 
frequency of cavitating bubble can be predicted pretty 
well, as shown in Fig.1. In previous studies, this kind 
of agreement can only be obtained by using LES[38]. It 
was reported that at high values of / 2	 � , reentrant 
jet dominate the shedding at Strouhal number around 
0.3, while at low values of / 2	 �  bubbly flow shock 
wave phenomena dominate with a Strouhal number 
around 0.2[40]. Using TR-PIV, a few different kinds of 
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vortex structures have been observed in the wake 
region.  In the viewpoint of the production and dissi- 
pation of turbulence energy, the phase lag between 
turbulence shear stress and mean strain rate plays an 
important role in modelling the turbulence dissipation 
for the flows with strong separation. Once more 
advanced turbulence models have been incorporated 
with the flow solvers, e.g., Reynolds stress model and 
DES/LES, additional modification is not necessary to 
eliminate the turbulence eddy viscosity[41]. The 
success of nonlinear turbulence eddy viscosity model 
and Reynolds stress model on cavitating flows implies 
that the classical Boussinesq assumption is not 
suitable for describing the relationship between 
strain-rate tensor and Reynolds stress tensor, especi- 
ally in strong swirling flow regions and separation 
region. This conclusion is especially important in 
further studies using RANS for vortical cavitating 
flows. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Comparison of sheet cavitation shedding frequency over 

NACA0015 hydrofoil at different cavitation number 	  
and angle of attack �    

 
2.2 Cavitating flows over twisted hydrofoils 

With modern experimental techniques, 3-D sheet 
cavitation flow fields have been measured[42]. Since 
then, a lot of numerical simulations were carried out 
to validate the capability and reliability of DES and 
LES for the cavitating flows[43,44]. A more recent work 
on the flow structure around 3-D twisted hydrofoil has 
been carried out using LES with WALE SGS 
turbulence viscosity[16]. For = 0.50	  cascade profile 
collapse of cavity can be well captured using LES, in 
good agreements with the experimental data. Com- 
paring with the numerical results of RANS models, 
more transient effects during the developing and 
collapse of cavity can be captured with LES. 
    Aiming to reduce the computational cost, the 
same problem is studied herein using RANS model 
associated with nonlinear turbulence model[15], which 
also serves as another validation for the proposed 
turbulence model. The three-dimensional twisted hy- 
drofoil, as shown in Fig.2, has a span width of 225 mm 
(spanning the entire test section) and a NACA66 
(MOD) section with a chord length of = 100 mmC . 

The largest angle o
max( =11 )�  is located at the 

mid-plane while the angle is = 0�  at the two edge 
sides (12.5 mm each). Two short straight sections are 
used to avoid the cavitation on the twisted hydrofoil 
interacted with the complex boundary layer of the 
tunnel end walls. In the middle twisted part, the angle 
of attack increases smoothly toward the center of the 
hydrofoil[42]. A full structural C-type mesh was 
generated around the twisted hydrofoil. In order to 
capture the complex cloud cavitation structure and the 
fine vortex structures, more grids are arranged in the 
suction side than in the pressure side. In addition, the 
grid in the near field behind the hydrofoil is also 
refined. There are 3C  (chord length) from the 
leading edge of the hydrofoil to the front side of the 
computational domain, 6C  from the trailing edge of 
the hydrofoil to the end of the computational domain, 
and 4C  from both top and bottom sides of the 
computational domain. The averaged +y  is set to be 
30 around the hydrofoil surface to meet the 
requirement of the wall function. In this study the 
incoming velocity is = 7 m / sU , the cavitation 
number is = 1.30	 . The total mesh cell number is 
about 7106, node number along the span is 200, 
along the chord is 162 on the suction side and 74 on 
the pressure side of the hydrofoil. 
 
 
 
 
 
 
 
 
Fig.2 Illustration of the computational domain and the mesh 

around the NACA66 (MOD) hydrofoil 
 

The cavity shedding processses in one cycle at 
=1.30	  are shown in Fig.3. Figure 3(a) are experi- 

mental results of the China Ship Scientific Research 
Center (CSSRC). The twisted hydrofoil was arranged 
upside down with an angle of attack o2� � � . Two 
high-speed video cameras were used to record the 
development of cavitation region. One was put under 
the section to get the main view, and the other was on 
one side of the section to capture the side view. In 
Fig.3(c) almost no vapor cloud is visible in the results 
with the standard -k �  model, also the sheet 
cavitation is much smaller than the experiment results 
in every process of cavity shedding. The results of 
nonlinear -k �  model predict a much larger sheet 
cavitation region than that with the standard -k �  
model, and the shape of sheet cavitation matches 
better with the experiment results. What’s more, in the 
results with the nonlinear -k �  model an apparent  
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Fig.4 (Color online) The relationship between cavity structures 

and vortical structures, numerical results with the 
nonlinear -k �  model at =1.30	  

 
vapor cloud is captured almost in the same location as 
that in the experiment results. The results of nonlinear  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-k �  model match better with the experiment results 
than that of standard -k �  model in both sheet and 
cloud cavitating regions. A U-shape vapor cloud 
behind the sheet cavitation can be resolved using 
nonlinear -k �  model as shown in Fig.3(b). Also, the 
same kinds of structures have been observed in the 
previous experimental studies[42]. In contrast, there is 
no such kinds of U-shape structure in the results with 
the standard -k �  model in Fig.3(c). 
    Vortical structures can be predicted according to 
the nonlinear -k �  model as shown in Fig.4. When 
increasing the value of Q-criterion from 5= 5 10Q   

to 6= 2 10Q  , the simulation with nonlinear -k �  
model shows a region of high level of vorticity, 
especially in the flow separation region. The vortex 
cavitation will happen when the vortex is strong 
enough to generate a low enough pressure below 
saturated vapor pressure in the core of the vortex. As 
there is no such high level of vorticity in the 
separation region predicted by the standard -k �  
model in Fig.3(c), there is no vapor cloud behind the 
sheet cavitation. 
    In Fig.4 hairpin-shape vortices are found in both 
the end of sheet cavitation and the separation region. 
By comparing the vortices structure in Fig.4(b) and 
Fig.4(c), we can see that the hairpin-shape vortex 
structure has developed into a U-shape vortex 
structure by leaving the two legs attached to the wall. 
So we speculate that the U-shape cavitating vortex 
structure develops from hairpin-shape vortices. 

Two different kinds of turbulence models are 
used in this study with the same mesh resolution. By 
comparing the numerical results based on those two 
different kinds of turbulence models, the simulations 

 

 

 

Fig.3 (Color online) Top and side views of cavity shedding processes for =1.30	  for both experiment results of CSSRC and 
numerical simulations ( = 0.5v� for numerical results) 
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with nonlinear -k �  model can predict longer sheet 
cavitation and more clear U-shape cloud cavitation. 
Also, the numerical results based on nonlinear -k �  
model match better with the experimental results. 
According to the numerical results, we can observe 
that the vortex structure plays a crucial role in the 
prediction of the unsteady characteristic of the 
cavitation flow around the three-dimensional twisted 
hydrofoil. As illustrated, the nonlinear -k �  model is 
a promising candidate for predicting unsteady cavita- 
tion flow by reducing the dissipation in the vortex 
region at a relative low computational cost. 
 

2.3 Tip vortex cavitating flows 
    Tip vortex cavitating flows is one typical vortical 
cavitating flows. Flow separation and swirling are two 
major characteristics in tip vortex cavitating flows. 
Two kinds of numerical dissipations may affect the 
numerical simulation accuracy of tip vortex cavitating 
flows. The first one comes from the mesh resolution, 
which is sensitive in capturing the tip vortex cavitating 
flows. With a local refined block along the helix line, 
the cavities in the tip, root and leading edge can 
reasonably be captured[15]. Another kind of the 
numerical dissipation comes from the turbulence 
models. The phase shift between the Reynolds shear 
stress tensor and mean strain rate tensor may 
significantly reduce the dissipation of turbulence 
energy. Therefore, the nonlinear turbulence model 
may aid to improve the accuracy of the cavitating 
simulations. Because of the importance of turbulence 
dissipation, we suggest that such kind of comparison 
between Reynolds shear stress tensor and mean strain 
rate tensor should be taken as a critical benchmark for 
numerical models of vortical cavitating flows. More 
details on the numerical results obtained using RANS 
model can refer to the early work[15]. 

For hydrofoils of simple geometry, DES or LES 
is applicable for academic study. For practical appli- 
cations, acoustic noise is an important quantity. 
Therefore, fluctuation of pressure is an important 
output for the numerical simulations. Fluctuations of 
velocity and pressure can only be obtained using 
either DES or LES. We perform DES for both fully 
wet and cavitating flows over a truncated NACA0015 
hydrofoil of aspect ratio AR=1, following the same 
numerical procedures in early work[38]. Using local 
mesh refinement in the tip vortex region, the total grid 
number is around 1.1107, as shown in Fig.5. The 
origin = 0x  locates at the leading edge of the 
hydrofoil. There are around 5 000 computational cells 
in the vortex region. Therefore, a triple vortex 
structure and their merging process could be well 
resolved in a similar manner as observed in 
experiments[45]. As shown in Fig.6, a detached tip 
vortex cavitation bubble, due to the strengthen of the 
local vorticity during the merging process, has been 

captured for the simulated case =1.00	 . Similar 
phenomenon has been recorded in experiments as 
well[46]. It is observed that the location of both visual 
inception and the first sub-visual citation events is 
around 1/2 to 1 chord length of the blade[47,48], which 
cannot be well explained according to the dynamics of 
nucleation bubbles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 (Color online) Refinement of the computational grid in 
the vicinity of tip and vortex center region 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Instantaneous iso-surface of volume fraction function. 

Parameters: 6= 4.6 10Re  , o= 10� , =1.00	  
 

At 6= 4.6 10Re   and = 0.70	 , the magnitude 
of dimensionless pressure fluctuation can reach 0.03 
as shown in Fig.7. Meanwhile, the dimensionless 
fluctuation velocity is around 0.1-0.2, which is in 
similar magnitude as the experimental results[49]. 
Comparing with the saturated vapor pressure, the 
pressure fluctuation due to turbulence is an important 
factor in numerical simulations of cavitating flows, 
especially for cavitation inception and desinence. This 
is the reason why the unsteadiness effects due to turbu-  
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lence are incorporated into the inception scaling 
law[50]. As can be observed in Fig.7, there are a few 
very small, intense vortices which generate very low 
pressure. These strong vortices seem to be responsible 
for the discrete tip-vortex cavitation 
 
2.4 Tip leakage vortex cavitating flows 

When the tip of a hydrofoil is located close to a 
solid wall, the tip vortex is confined in a narrow gap 
region, which is termed as tip leakage or tip clearance 
flows. The tip leakage flows are important topics in 
rotating machineries such as axial pump impellers and 
ducted propellers, which have been extensively 
studied in different fields[51-62]. Due to the sharp 
difference between the chordwise pressure gradients 
and the normal pressure gradients in the clearance 
region, the tip clearance flows can be approximately 
decomposed into independent through-flow and cross- 
flow[63], which provide a theoretical basis to simplify 
the complex flows in rotating machineries. Neglecting 
the chordwise rotating flows inside a casing, flow 
around a hydrofoil near a plate with a narrow gap is a 
simple model for both experimental and numerical 
studies, which provides the most important charac- 
teristics of tip leakage flows. 

Different flow regime in the tip leakage flows are 
illustrated in Fig.8. Clearly, there are two different 
types of flows: strong tip vortex cavitating flow 
relating to cavitation number 	 , separation flows at 
the edge of the hydrofoil’s tip relating to Reynolds 
number Re . To quantitatively describe the tip 
leakage flow, both of these two kinds of flows should 
be properly simulated. Besides the general require- 
ments for the tip vortex cavitating flows as mentioned 
in Section 3, the interactions between the separation 
bubble and the wall boundary layer, which depends  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Sketch of flow phenomenon in the gap region, repro- 

duced following Bindon[51] 
 

heavily on the Reynolds number, is another crucial 
issue for the numerical simulations. 
    The unsteady, secondary vortical structures were 
expected to be the trigger mechanism for tip-leakage 
vortex cavitating inception. Therefore, advanced nume- 
rical models, especially the turbulence models, are 
among the critical factors to predict the inception. 
Indeed, it is far away from predicting inception 
numerically. 
    Herein, the flows around a truncated NACA0009 
hydrofoil have been simulated with RANS equations 
and the nonlinear -k �  turbulence model[15]. The 
setup follows the water tunnel experiments[64]. The 
hydrofoil is mounted on a vertical plate with an angle 
of attack o= 11� . There is a gap between the free end 

 

 

 

Fig.7 (Color online) Normalized RMS pressure fluctuations 2= /(1/ 2 )Cp p U� �� �  at different planes along a NACA0015 
hydrofoil, DES results 
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and the vertical plate. The incoming velocity is 10 m/s 
and the corresponding Reynolds number is =Re

61.0 10 , and the cavitation number is = 1.94	 . 
The gap size � , usually normalized by the 

maximum thickness of the hydrofoil, has a significant 
influence on the tip-leakage vortex cavitating flows. 
Numerical simulations with various dimensionless gap 
size �  are conducted. One example of numerical 
results is shown in Fig.9. Both cases of gap size 
smaller and larger than the plate boundary thickness 
are investigated. According to the measurements of 
the cavitation flows around a 3-D NACA0009 
hydrofoil by using stereo-PIV, it was found that there 
exist a specific tip clearance for which the vortex 
strength is maximum and most prone to generating 
cavitation[64]. It was found that the strongest tip- 
leakage cavitation occurs near = 0.2� . From the 
numerical study we found that the boundary layer on 
the side plate near the free end of the hydrofoil plays 
an important role in the upward tendency of the 
tip-leakage vortex. When the free end is inside the 
boundary layer, there is an obvious upward tendency 
of the vortex structure. It was observed that the tip 
leakage vortex trajectory moves closer to the hydro- 
foils as the clearance is increased in early experi- 
mental study[54]. The meandering of the vortex core is 
substantial in the experiments, but have not been 
predicted in present numerical simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 (Color online) Comparison on the numerical results and 

instantaneous experimental high-speed photography[65], 
= 0.7�  

 
An empirical law that matches the vortex trajec- 

tory from the leading edge to the mid-chord has been 
proposed based on the numerical results on a non- 

cavitating tip-leakage flow around NACA0009 hydro- 
foil[66]. From the present numerical results, there is a 
difference in the trajectories of cavitating and non- 
cavitating tip-leakage vortex flows, as shown in 
Fig.10, when the dimensionless gap size is smaller 
than 1.0. This kind of difference deserves to be 
investigated in future studies, which will help to 
establish an empirical law for the vortex trajectories in 
the cavitating tip-leakage flows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 Comparison on the trajectories of cavitating and non- 
cavitating tip-leakage vortex flows[65] 

 

Several early papers have dealt with the cavita- 
tion in tip leakage or tip clearance flows. The location 
of the cavitating vortex origin moved along the 
streamwise direction, depending on the relative gap 
size �  [52]. The influence of Reynolds number among 
experiments is smaller than the general propellers and 
hydrofoils in open water. The measured dependence 
on inception number for the propulsor is 0.21[55], 
which is significantly lower than the empirical values 
0.3[52], or 0.4-0.5[50]. The visual inception and the 
sub-visual cavitation events occur approximately at 
the merge location of tip-leakage vortex and trailing 
edge vortex. Careful investigations on the merging 
process may help to resolve the mismatch between the 
lowest pressure location and inception location. 
Several relevant works have been conducted recently 
for two co-rotating vortices[67,68]. Extension of these 
works for cavitating flows should be another impor- 
tant aspect of fundamental research. 

When there is no relative motion between the tip 
and the end wall, experiments do not show a minimum 
in the cavitation inception index[53,54], which is diffe- 
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rent from the experience obtained from the experi- 
ments for a rotating turbomachine[52]. Before ending 
this section, it should be emphasized that simulations 
of 3-D cavitating tip-leakage flow field around 
rotators are important to understand the realistic flow 
field in turbomachinery. A few 3-D RANS simula- 
tions, using SST -k �  and other two-equation 
turbulence models, have been conducted for the full 
rotation machinery recently[62,69], in which flow rate 
and TLV trajectory can be quantitatively predicted. 
Using LDV and PIV, detailed tip-leakage flow fields 
inside ducted propulsors at Reynolds number 106 have 
been measured[56,57]. Comparisons on the turbulence 
flow field with these experimental results are impor- 
tant and challenging tasks, which require high compu- 
tational efforts as well as accurate cavitation models 
and turbulence models[70]. 
 
 
3. Remarks and outlook 

This paper reviewed the achievements of various 
numerical results on cavitating flows around hydro- 
foils in recent years. For practical applications, 
various RANS solvers have the capabilities to predict 
the steady cavitating flows. On account of instan- 
taneous flow fields and fluctuations, DES and LES 
seem to be the promising approaches. Generally, 
numerical simulations of sheet cavitation over various 
hydrofoils are successful today. For cloud cavitating 
flows, tip vortex and leakage vortex cavitating flows, 
there are a lot of fundamental flow mechanisms to be 
identified. In many circumstances, it is important to 
investigate the unsteady cavitating flow phenomena, 
such as cavitation inception, instability and burst. 
Laboratory experiments seem to be the first choice to 
identify and grasp the concealed flow mechanisms. 
More fundamental experimental research works have 
to be conducted to establish a deep understanding of 
the local flow structures and the property of vapor- 
water mixture. Once these flow characteristics inside 
the local region are known, more elaborate mathema- 
tical models and numerical flow solvers can be 
developed. 

Although significant improvements have been 
obtained in the past years, there is still a large gap 
between the academic studies and industrial applica- 
tions. Several tasks are urgently to be carried out: 
large scale parallel simulations, numerical models for 
shedding and collapse of the cloud cavitation, simu- 
lations of the behavior of tip leakage cavitating flows 
and acoustic noise estimation etc.. In future studies, 
there are several open questions deserving to be 
further investigated: 

(1) Can mass transfer model originated from 
Rayleigh-Plesset equation predict cavity collapse and 
more general bubbly-like cavitating flows? The mass 

transfer models summarized in Section 1 are based on 
linearized R-P equation. The transient effects are 
profound in the collapse process, and the absent of 
nonlinear effects is one of the main flaws. Although 
some numerical models with advanced turbulence 
models can correctly capture the large scale collapse 
of cavitating region, the detailed distribution of two 
phases fluids and velocity in the cloud cavitation 
region still cannot be well simulated. Besides the mass 
transfer model, interactions among a large number of 
bubbles could be another important reason. Direct 
numerical simulations of the behavior of bubble 
clusters [25,26], accompanied by fundamental experi- 
ments, can help to tune the parameters in the mass 
transfer model. As the bubble size may vary signi- 
ficantly in realistic situations, there should be some 
multiform and multiscale numerical models depending 
on the background mesh size, to distinguish the 
dynamics of different size bubbles. 

(2) Besides homogeneous mixture model, are 
there any other suitable models for numerical simula- 
tions of cavitating flows? There are several new and 
instructive experimental results on the flow structures, 
cavitation bubble interface and vapor bubble size 
distribution inside the cavitation region[40,71,72], which 
is not easy to be correctly predicted using homoge- 
neous mixture model. The effects of gas/vapor content, 
surface characteristics, and system stability become 
especially important in actual applications. For 
example, Euler-Lagrangian coupled method seems to 
be a promising approach for high fidelity multiphase 
flow simulations, especially for tip vortex cavitation 
and cavitation inception[73-75]. Using Lagrangian 
method, the motions of vapor bubbles of size much 
smaller than grid size can be well predicted, and 
consequently the influence of the bubble size 
spectrum can be investigated. 

(3) Can the simplified mass transfer model 
deteriorate the high fidelity flow field obtained from 
DES and LES? The main challenge is to establish an 
enhance mass transfer model with equal accuracy as 
high fidelity flow fields. Various DES and LES have 
been verified to be valid and accurate approaches in 
many different kinds of flows, although additional 
averaging have to be conducted for varying density 
flows such as compressible flows and multiphase 
flows[76]. However, the mass transfer models in many 
DES and LES of cavitating flows directly succeed the 
ones used in RANS simulations. The correlation 
between the fluctuation of phase function and velocity 
fluctuations lacks carefully examinations. Additional 
effects may occur in both the momentum equations 
and transportation equation of phase function. 

(4) How to establish a robust and compatible 
cavitating model which can treat various cavitation 
processes, including sheet cavitation, cloud cavitation 
and vortical cavitation coinstantaneously? As a first 
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step, many numerical models are investigated only for 
one specified type of cavitating flows. In realistic 
applications, various cavitation phenomenon usually 
occur simultaneously. Due to the distinct difference 
on generation mechanisms, it is speculated that one 
threshold, usually taken as saturated vapor pressure, is 
not suitable for different cavitating processes. 

(5) How to perform V&V of numerical simula- 
tions of cavitating flows, especially for LES? With the 
fast development of computational hardware, LES 
becomes much more popular recently. An instructive 
and thorough framework of V&V for a general cavi- 
tating flow solver has been proposed and established 
using RANS models and LES respectively[77,78]. 
However, V&V of LES for cavitating flows needs 
special considerations. Similar to dispersal bubbly 
flows, micro-, meso-, and macroscales of cavitating 
flows need different numerical models[78,79]. Meso- 
scales studies are expected to be ideal modes and can 
be carried out at reasonable computation costs. 
Physically, the size of the vapor bubbles inside cloud 
cavitation region varies from tens of microns to 
several millimeters, which is comparable with the 
filter length or mesh size in high fidelity meso-scale 
LES. Some flow models, especially for homogeneous 
mixture models, are not valid for statistical description 
of the bubbles of such size distributions. In recent 
years, it seems to be more important to perform the 
validation analysis, specifically for the multiphase 
flow model, mass transfer model and turbulence 
model. Research should take special cares in order to 
solve the equations describing the underlying physics 
consistently. 

Meanwhile, due to the overlap of vapor bubble 
size, meso-flow scale and filter length, it is not 
suitable for conducting general quantitative estima- 
tions of numerical error and the associated uncertain- 
ties by mesh convergence investigations. The most 
likely verifications of LES SGS models may be 
performed through a priori analysis of direct nume- 
rical simulation data[25,26], and a posteriori analysis of 
LES results via comparison with the laboratory experi- 
ments. Benchmark experiments are particularly impor- 
tant to validate these numerical models[39,42,46,64,80]. A 
few important databases for various benchmark 
cavitating flows were released by CSSRC and SJTU 
recently[71,72,81], which includes many details of flow 
structures, properties of multiphase fluid and multi- 
physics problems, and will significantly expand the 
databases for V&V. As various cavitating flows 
involve sophisticated flow mechanisms and the nume- 
rical modelling on them remains an immature research 
field, fundamental and elaborately experimental 
studies should be the first choice to identify the flow 
characteristics and mechanism, and will play impor- 
tant roles in validating the numerical models. 
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