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Abstract. The appearance of gas-filled vortices at the tip of hydraulic machines blades is 

usually associated with increase of losses, vibrations, noise and erosion risk. The understanding 

of the roll-up region, where the boundary layer on the pressure side crosses the foil and 

generates the vortex on the suction side, is of primary importance to control the vortex 

behaviour. However, the very strong gradients encountered in the regions make numerical 

simulations and experimental measurements particularly challenging. In the present paper we 

study the roll-up region of a tip vortex on a skewed-back blade, comparing the results with 

experimental observations (position of the rollup region, cavitation number at cavitation 

inception) as well as with detailed velocity measurements, in order to identify the most 

appropriate computation settings. Using these settings we numerically investigate the role of 

the leading edge vortex and its interaction with the one generated at the tip. 

1.  Introduction 

Finite-span wings, like the blades of propellers, axial pumps and turbines, generate a vortex at the tip 

of the lifting surface, as a direct consequence of the pressure difference between the pressure and 

suction sides. As the vortex is fed by the vorticity sheet generated by the wing, the pressure at its core 

drops [1]. If the pressure falls below the vapor pressure, the liquid may rupture and evaporate into a 

cavitation bubble. Gas-filled vortices are a key issue in many applications of hydraulic machines, since 

their presence is usually associated with increase of losses, vibrations, noise and erosion [2, 3]. 

However, due to the very strong gradients present in the phenomena, a correct prediction of the vortex 

structure is still challenging for numerical simulations. Strategies to obtain reliable estimations of the 

characteristics of free stream vortices include sophisticated turbulence models [4] and extensive 

refinement of mesh [5, 6, 7]. While these investigations mainly focus on the computation of free 

vortices, very little numerical simulations exist of the vortex roll-up region.  

From an industrial application point of view, the roll-up region is important for several reasons: in 

elliptical hydrofoils the minimum pressure in the vortex line is expected very close to the tip of the foil 

[8]. Therefore, a mesh which is very fine in the wing tip region and coarser downstream will suffice to 

a correct prediction of the cavitation (although the path and strength of the vortex after it leaves the 

blade would be inaccurate). Moreover, most of the techniques to control the vortex and its cavitation 

behavior require an intervention in the wing tip region [9] in the roll-up region. 

In the present study we systematically investigate the requirements, in terms of mesh and 

turbulence model, to obtain a reliable prediction of the wing tip region. The simulations are compared 

with experimental observations of cavitation inception and desinence, as well as with boundary layer 
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measurements. Since the size of the vortex (and therefore its minimum pressure) is directly given by 

the thickness of the boundary layer during the roll-up process [10], correct prediction of the boundary 

layer is crucial. Once appropriate settings have been identified, the simulations are used to gain 

additional insight into the tip vortex roll-up region and its interaction with the leading edge vortex in a 

swept back hydrofoil. 

2.  Case study 

The case presented in this paper is a single blade with elliptical skewed back planform and asymmetric 

profile, as shown in figure 1a. The asymmetric cross-section of this hydrofoil results in non-zero lift 

and consequently stable tip vortex from zero incidence. The case is investigated numerically and 

experimentally in order to obtain reliable CFD simulation and shed new light into the roll-up 

phenomena. 

Computational setup 

The computation is done in a rectangular box, with a velocity inlet, symmetry walls and pressure 

outlet boundary conditions. The dimensions of the box are given in figure 1b as a function of the wing 

chord. The working fluid is water, and since we are investigating the phenomena before cavitation 

inception, the simulation is single phase: no cavitation model is applied. The simulations are 

performed in steady state only with Ansys Fluent 16.2. 

The mesh is unstructured, with boundary layer mesh applied to the foil walls, as shown in figure 2b. 

The region downstream of the blade is not refined to allow the vortex to diffuse (numerically), thus 

reducing the number of cells required. Moreover, the outlet boundary imposes the average pressure on 

the whole surface, without forcing a homogeneous pressure distribution. This also helps the exit of the 

vorticity that has not been dissipated. 

                    

Figure 1. a. Planform (above) and profile (below) of the skewed back 

hydrofoil used as test case. b. Dimension of the computational domain.  

 

Various spatial discretization (mesh) and turbulence models were used with this setup and 

compared with experimental results in order to determine the settings giving the most accurate 

predictions. An important parameter used to evaluate the quality of each simulation is the minimum 

pressure coefficient observed at the core of the vortex, defined as: 

 𝐶𝑝𝑚𝑖𝑛
=

𝑃𝑚𝑖𝑛−𝑃∞
1

2
𝜌𝑉∞

2
 (1) 

where 𝜌 is the density of the liquid (in this case, water), 𝑃∞and 𝑉∞ are the pressure and velocity of the 

free stream flow respectively, and 𝑃𝑚𝑖𝑛 is the minimum pressure observed at the core of the vortex. 
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Experimental setup 

The measurements on the blade have been performed at the LMH cavitation tunnel [11], having a test 

section of 150x150x750 mm. The cavitation map is investigated for a given incidence angle varying 

the pressure in the test section from a cavitation-free condition to reach the first appearance of 

cavitation (inception), then further reducing the pressure to obtain well-developed cavitation before 

increasing it back to cavitation free condition (desinence). To account for the complex cavitation 

physics, two criteria are used: the observation of intermittent cavitation along the vortex core, i.e. the 

occurrence of the first (inception), or last (desinence), cavitation bubble, and the occurrence of a 

permanent vapor core attached to the foil tip. These criteria are defined as intermittent and established 

respectively. The cavitation map is traditionally expressed in a dimensionless way using the cavitation 

coefficient: 

 𝜎 =
𝑃∞−𝑃𝑣𝑎𝑝
1

2
𝜌𝑉∞

2
 (2) 

where 𝑃𝑣𝑎𝑝 is the vaporization pressure of the liquid at the working temperature. 

Moreover, the boundary layer on the hydrofoil has been measured using 2-component Laser 

Doppler Velocimetry (LDV) with 300 mm focal length lens, mounted on a traversing system with a 

resolution of 10 μm and using 20 μm polyamide tracking particles. The velocity measurement in the 

boundary layer is performed along a single line located 40 mm downstream of the foil center-line and 

80 mm from the foil root in the span direction, as shown in figure 2 a. The boundary layer is measured 

over 22 points, located between 0 and 2mm above the foil suction surface; for each point at least 5000 

Doppler bursts are averaged to evaluate the local mean velocity.  

3.  Results 

In this section, we first detail the steps undertaken to obtain simulations results that are comparable 

with experimental observations. Then, the results from the simulation using the best setup are shown 

and discussed. 

 

Figure 2. a. The location of the boundary layer measurement (red dot) and the region where the 

surface mesh is refined (highlighted in light blue). b. Detail of the leading edge showing the 

near-wall meshing strategy with several layers (highlighted in light blue). c. Comparison of 

experimental desinent cavitation number (black dashed line) and computation results (solid 

colour lines) as a function of the mesh size, for the different turbulence models. d. Experimental 

(black diamonds) and numerical (solid colour lines) velocity profiles of the suction side 

boundary layer as a function of the distance from the wall, for the various turbulence models. 

 

Validation of the CFD results 

In order to obtain reliable computational results, the test case was simulated using various combination 

of turbulence model and mesh qualities. Two Boussinesq hypothesis based turbulence models were 

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2 3 4

s
, 
-

C
p

 [
-]

Mesh size (millions of cells)

SST-CC

RSM

Trans SST-CC

Experiments

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2

V
 /
 V

∞
 [

-]

d [mm]

SST-CC
RSM
Trans SST-CC

◇ Experiments

a Refined 
mesh 40 

8
0

 

b 

c d 



29th IAHR Symposium on Hydraulic Machinery and Systems

IOP Conf. Series: Earth and Environmental Science 240 (2019) 072027

IOP Publishing

doi:10.1088/1755-1315/240/7/072027

4

 

 

 

 

 

 

tested: the k- Shear Stress Transport with curvature correction (SST-CC) and the Transition SST, 

also with curvature correction (Trans SST-CC). Moreover, the Reynolds Stress Model (RSM), based 

on the transport of the instability terms in the turbulence stress tensor was also tested, in its linear 

pressure strain implementation. 

All turbulence models use scalable wall functions to provide mesh-insensitive treatment of the 

near-wall region. The meshes tested differ in the quality of the surface mesh at the wing tip and the 

number and thickness of the mesh layers at the wall (see figure 2a and b). 

In figure 2c the minimum pressure coefficient predicted by the CFD is compared with the observed 

desinent cavitation number as a function of the mesh size to assess the quality of the computations. 

The desinent cavitation number is chosen instead of the inception one because it has been shown that 

inception of cavitation largely depends on water quality, especially nuclei content [12, 13], and is 

therefore not adequate as precise pressure measurement. Moreover, detailed measurement of the 

vortex velocity profile in the near wake region demonstrated that the desinent cavitation number is a 

very good estimation of the minimum pressure within the vortex [14]. The transition model is the one 

which displays the highest pressure coefficient (therefore the lowest pressure inside the vortex) 

without using an excessively large mesh. It is interesting to note that the pressure coefficient predicted 

by the RSM model seems to be somehow unrelated to the mesh size. This suggests that the model is 

not very well suited for resolving simulation of boundary layer phenomena, while it has been proved 

to be able to predict well the free stream vortices [7]. 

The boundary layer velocity profiles measured on the foil suction side (see location in figure 2a), 

are compared with those computed by CFD in figure 2d. It is straightforward to observe that the only 

simulation that captures the laminar boundary layer as measured in the experiments is the Transition 

SST-CC model, when an appropriated near wall mesh is used. This corresponds to the mesh with 

nearly 4M cells that predicts Cp = -2 in figure 2c. Therefore, we believe that the principal reason for 

the good estimation of the minimum pressure of the vortex is correct prediction of the boundary layer. 

 

    

Figure 3. a. Refinement of the surface mesh on the foil, given as multiples of the 

estimated size of the viscous core of the vortex. b. Comparison between the minimum 

pressure coefficient (CFD, black crosses) and desinent cavitation number (experiments, 

colour triangles) as a function of the angle of attack, obtained with fully gas-saturated 

water. 
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Figure 4. a. Streamlines on the suction sides and region of the minimum pressure (iso-surface 20kPa above 

the minimum pressure) for angles of attack from 0 to 6º. b. Example of experimental flow visualization with 

tufts, for an angle of attack of 6º. The leading edge vortex is clearly visible as the deformation of the tufts in 

the leading edge region. c. Detail of the wing tip region at 6º angle of attack as seen from upstream, with 

surface streamlines (thin black lines) and streamlines going through the minimum pressure region (the colour 

of the streamline defines the local flow velocity). While most of the flow feeding the roll-up comes from the 

pressure side,  
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From the previous observations, the SST transition model, together with the surface mesh quality 

shown in figure 3a, was used to investigate the behavior of the vortex. This mesh has a slightly 

different surface discretization than those used to assess the validity of the computation; it is more 

refined at the tip leading edge and coarser on the main surfaces of the blade. Also, particular care is 

taken when meshing the boundary layer: the mesh has up to 25 layers (at the wing tip) of prism 

elements, thus including the location of lowest pressure in the vortex core entirely in this finely refined 

region. This also ensures values of y+ below 1 on the entire surface. Good agreement of the measured 

and predicted minimum pressure coefficients is observed over angles of attack above 1 degree, as 

shown in figure 3 b. 

Vortex behaviour 

In figure 4a are depicted the streamlines on the blade suction side, together with the location of the 

minimum pressure, for various angles of attack. A deformation of the surface streamlines near the 

leading edge is clearly visible: this is the “footprint” of the leading edge vortex, whose starting 

location (where the flow crosses from the pressure to the suction side) strongly depends on the angle 

of attack. This vortex is akin to the ones developed on the suction side of delta wings, where they are 

attached to the sharp leading edge. In the present case the rounded leading edge is thought to be 

responsible for the dependency of the vortex starting location on the angle of attack. Experiments 

performed using tuft to identify the footprint of the leading edge vortex have a very good agreement 

with the computations, as shown for an angle of attack of 6º in figure 4b.  

Always in figure 4a, iso-surfaces are used to identify the regions around the minimum pressure 

obtained with each angle of attack, which is where the main roll-up of the tip vortex occurs. This 

region also moves upstream as the angle of attack is increased, although to a less extent than the 

footprint of the leading edge vortex. The leading edge vortex, being basically a recirculation region 

due to the crossing of the flow from the pressure to the suction side, has maximum velocities of the 

order of magnitude of the free stream velocity. On the other hand, the tip vortex is given by the 

circulation of the entire blade, and has therefore much larger maximum velocities. For this reason, it is 

not surprising that the location of the lowest pressure is the tip vortex. From there, the cavitation is 

thought to propagate into the leading edge vortex and downstream.  

These two phenomena are typical of skewed back and propeller blades, and they cannot be treated 

as completely independent since the leading edge vortex transitions into the tip vortex at the tip of the 

blade. From the analysis of the streamlines going through the lowest pressure region (shown in figure 

4c), it seems that the tip vortex core is mainly fed by flow crossing from the pressure side at the wing 

tip. However, some of the streamlines show that at least a small proportion of flow comes from the 

leading edge vortex. 

4.  Conclusions 

In the present paper we have used numerical simulation to investigate the roll-up region of a tip vortex 

in a skewed back blade, and its interaction with the leading edge vortex. The numerical models and the 

spatial discretization have been compare with experimental measurement to determine that the 

Transition SST turbulence model (with curvature correction) coupled with a very fine mesh in the 

wing tip region correctly predicts the minimum pressure at the vortex core. This is thought to be 

related to the model’s ability to correctly capture the boundary layer velocity distribution. The 

simulations obtained with this setup show that while the leading edge vortex roll-up region moved 

upstream as the angle of attack is increased (as observed in experiments), the roll-up of the tip vortex 

and the lowest pressure region are only slightly affected. Since the tip vortex roll-up region is only 

slightly affected by the starting location of the leading edge vortex, we believe that strategies to 

control the tip vortex cavitation acting on the wing tip can be successful over a wide range of angles of 

attack. 
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