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Abstract. The current study focuses on the numerical analysis of tip vortex flows, with the 
emphasis on the investigation of turbulence modelling effects on tip vortex prediction. The 
analysis includes comparison of RANS and LES methods at two different mesh resolutions. 
Implicit LES, ILES, modelling is employed here to mimic the turbulent viscosity. In RANS, 
the two equation k-ω SST model is adopted. In order to also address possible benefits of using 
streamline curvature variations in RANS, two curvature correction methods proposed for k-ω
SST are tested, and compared. ILES results show very good agreement with the experimental 
observations. The predicted vortex in ILES is also stronger than RANS predictions. ILES has 
predicted accelerated vortex core axial velocity very well, while tested RANS models under 
predict the axial velocity. Adoption of curvature correction has not improved the tip vortex 
prediction, even though it has reduced the turbulent viscosity at the vortex core.

1 INTRODUCTION
As the flow passes over a lifting wing with finite span, close to the wing tip the pressure 

differential drives the fluid from the high pressure side on the lower surface to the low 
pressure side on the upper surface. This creates a highly rotational vortex flow pattern at the 
tip region. As this vortex is transported downstream more flow from the wake of the wing is 
fed into the vortex. This roll-up process will strengthen the vortex until its circulation is 
nominally equal to that of the wing. The roll-up process typically extends to a few wing spans 
downstream of the trailing edge, which is denoted the near field region. After this region and 
when the roll-up is finished, the vortex will start to decay due to the flow viscosity [1,2].

As the pressure at the vortex core is lower than the surrounding area, in the cavitating case, 
cavitation incepts at the vortex core. Understanding the physics of these flows, and its 
modelling, is therefore important in finding the tip vortex inception speed to prevent or 
control the occurrence of cavitation on propellers [3,4].

Experimental tests on propellers can provide very useful information about the vortex 
properties and the tip vortex cavitation inception. However, despite the huge cost which has to 
be spent for each test, as the tip vortex involves very small scale flow dynamics it is very 
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difficult to measure relevant flow features, e.g. velocity distribution, even by advanced 
measurements tools. Another drawback is the disability to measure the pressure at the vortex 
core where cavitation inception occurs. Numerical tools and CFD can be used to give further 
insights on the tip vortex properties that experimental tests may not be able to provide [5-7].

The current study focuses on the evaluation of different turbulence modelling approaches 
in prediction of tip vortex flows around an elliptical foil. The aim is to compare the k-ω SST
RANS model and Implicit LES, which have been used widely in marine applications [8-11].
In the authors’ previous study, mesh resolution requirements for tip vortex analysis in laminar 
and ILES methods have been conducted [2]. Here, the turbulence models are tested on the
optimum spatial resolution. One coarser resolution is also considered to briefly address the 
impacts of turbulence modelling on different spatial resolutions.

Another objective of the paper is to compare two different curvature correction methods, 
and how they change the flow prediction in different spatial resolutions. It has been reported 
that linear eddy viscosity assumption is insensitive to the streamline curvature [12-14]. This 
leads to over-prediction of the turbulent viscosity in high swirling regions, e.g. the vortex 
core. As a result, the numerically predicted vortex decays much too fast. Curvature 
corrections are proposed, essentially for linear eddy viscosity based models such as k-ω SST,
to cure over-prediction of the turbulent viscosity.

The simulations and analysis are conducted on the tip vortex flow on an elliptical foil, 
namely Arndt elliptical foil. The vortex structures around this type of foil resembles the 
propeller tip vortex behaviour while making it possible to be tested in more details both 
experimentally and numerically. The tip vortex at the selected operating conditions is 
relatively stationary which reduces the computational requirements [15, 16].

The investigations include the comparisons of vortex trajectory, vortex axial velocity at the 
vortex core, velocity distributions at different in-plane sections downstream of the foil, and 
the pressure distribution. Turbulent viscosity for different RANS models are also presented to 
evaluate the effects of curvature correction. Results indicate that ILES is capable of prediction 
of tip vortex characteristics very accurately in the near field region; accelerated vortex core 
axial velocity and in-plane velocity distribution matches quite well with experimental PIV 
images. The SST models, however, fail in correctly predicting the vortex properties. Even 
though the vortex properties of the RANS simulations, close to the tip, are similar to ILES,
the predicted vortex fades very rapidly in RANS.

2 ELLIPTICAL FOIL

The current study focuses on the numerical investigation of the wetted flow of the Arndt 
elliptical foil. The geometry is an elliptical planform having the NACA 662 − 145 as cross 
section having mean line equal to a = 0.8 [1,15-18]. In the current study, the experimental 
study conducted in the test tunnel of the Laboratory for Ship Hydrodynamics at Delft 
University is selected for comparison with the numerical results [15, 16]. In the experimental
tests, Stereoscopic PIV measurements were employed to provide the velocity distributions at 
different sections downstream of the foil. Correlation averaging was utilized in the post 
processing of PIV images in order to minimize the interrogation area size. The foil was tested 
at different flow conditions; here, the wetted flow conditions with fixed inlet velocity (6.8
m/s) is employed while the foil has angle of attack equal to 9 degrees. 
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3 GOVERNING EQUATIONS

3.1 RANS Model

The conservation of momentum in RANS framework is,
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In the current study, k-ω SST model is used to model the turbulent viscosity. In k-ω SST,
two transport equations for turbulent kinematic energy and dissipation terms are solved [12],
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3.2 Curvature Correction

According to the Boussinesq eddy viscosity assumption, a linear relation between turbulent 
viscosity and the velocity strain rate is considered. This assumption is insensitive to the flow 
streamline curvature, thus, for highly swirling flows, this can lead to over prediction of 
turbulent viscosity in the swirling region. Various curvature corrections have been proposed 
to correct RANS models to also include the curvature variations [12-14].

3.2.1 Menter SST Two-Equation Model with Rotation/Curvature Correction (SST-RC) [12]

This curvature correction form of the SST model is the same as the standard version of 
SST, except that the production term P in both equations (i.e. transport of k and ω) gets 
multiplied by a function !"#,

!"# = %&' %() !"*+,+-*., 1.25 , 0 , (10)
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where
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All the variables and their derivatives are defined with respect to the reference frame of the 
calculation, which may be rotating with rotation rate Ωrot. Remaining functions are defined as,
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The term !"#$ !% represents the components of the material derivative of the strain rate 
tensor. The rotation rate, Ωrot, is nonzero only if the reference frame itself is rotating.

3.2.2 Hellsten's Simplified Rotation/Curvature Correction (SST-RC-Hellsten) [13, 14]

In this simplified rotation/curvature form of the SST model, the destruction term in the ω
equation, βρω2, gets multiplied by the function F4, and becomes, F4βρω

2. The definition of F4

is,

!" = $
$%&'()*

, (20)

where

!" = $
%

$
% − 1 , (21)

and CRC is a constant equal to 1.4.

3.3 LES Model: Implicit LES
The filtered Navier-Stokes equation in LES framework is as follows,

	" #$%
"& + " #$%$(
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"
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(22)

In this equation,	"#$ = ρ' u)u*-u)u* is the subgrid stress tensor and S"# = µ ∂u" ∂x# - ∂u# ∂x" is
the shear stress. In ILES model used in this study, no explicit function is applied for B; 
instead the numerical dissipation is considered enough to mimic the action of B [8-10].
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4 COMPUTATIONAL DOMAIN
The computational domain employed here follows the dimensions of the cavitation tunnel 

at TU Delft. A fixed inlet velocity boundary and fixed outlet pressure boundary is used along 
with the slip condition on the other boundaries, Figure 1. The inlet velocity is set equal to 6.8 
m/s which corresponds to the Reynolds number of 8.5e05. The outlet pressure is set fixed 
equivalent to cavitation number 4.2. For RANS computations, the inlet turbulence intensity is 
considered to be equal to 5%. 

The inlet and outlet are located five chord length upstream, and ten chord length 
downstream of the foil. The foil is placed at the center of the channel width, where distance to 
each side is equal to 150 mm. The root chord length of the foil is equal to 125.6 mm. The 
center of the coordinate system is located at the center of the chord at the root, and as a result, 
all of the numerical results in this study are reported accordingly. The trailing edge has been 
cut off with a thickness of 0.3 mm, and the total area of the foil from the 3D CAD model is 
0.01465 m2 which is used as the reference area to compute non-dimensional parameters, e.g. 
lift coefficient. This corresponds to the situation at the experiments.

Figure 1: Boundary positions, Arndt foil

The tip vortex flows involve very small scales of the flow, both in time and space. 
Capturing these small scales of flow physics requires very fine computational resolution. The 
current study focuses on a condition that results in a relatively stationary tip vortex. This 
reduces the computational time required for the tip vortex to develop and evolve. However, as 
the vortex diameter is 1 mm, still very fine spatial resolution is required to predict the tip 
vortex and the flow surrounding it. In previous studies conducted by the authors, a mesh 
independency study was performed to find appropriate mesh resolution to predict the tip 
vortex in the near field region, i.e. 1.5 chord lengths downstream of the tip. This distance is 
deemed appropriate as the main concern of the research is to investigate the tip vortex 
cavitation inception and its relation with the tip vortex characteristics.

In Figures 2 and 3, general distribution of the cells in the streamwise and in-plane 
directions are presented. The computational cells are fully hexahedral, generated by 
employing StarCCM+ of CD-Adapco. Different refinement regions are defined to refine the 
resolution up to the tip vortex region.

In Table 1, specifications of two mesh resolutions are presented. P1S1 is the coarsest 
resolution tested in previous studies, and P2S2Wake is the resolution found to be adequate to 
predict the tip vortex in the near field region [2]. In one of the previous studies, the flow is 
treated as a laminar flow, and in the other one, ILES was employed. As the tip vortex core has 
a diameter equal to 1 mm, the sizes in this table are presented accordingly.
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Figure 2: Streamwise mesh distribution, P1S1 Figure 3: Inplane mesh distribution, P1S1

It should be noted that in both of the meshes, the foil surface resolution and prismatic 
layers’ distribution (and also y+=1) are the same, and the only difference between them is the 
resolution around the tip vortex trajectory.

Table 1: Cell size and mesh specifications

Name Total number 
of Cells (M)

In-plane cell 
size (mm)

Streamwise cell 
size (mm)

Number of cells 
in vortex core

P1S1 8.3 0.125 0.25 8
P2S2Wake 44.3 0.062 0.125 16

5 SOLUTION PROCEDURE

In order to solve the governing equations, the OpenFOAM package, an open source code 
written in C++, is used to model and simulate fluid dynamics and continuum mechanics is
employed [10].

For the current study, the velocity values on the faces of the computational cells are 
computed by second order upwinding schemes, linearUpwind. For other terms, e.g. turbulent 
kinematic energy and specific dissipation terms, second order linear scheme is employed. For 
unsteady simulations, a second order implicit scheme is used for time discretization. The time 
step is set fixed and small enough to ensure a maximum Courant number to be less than one 
everywhere in the computational domain for the period of collecting the results. All of the 
gradients have been corrected to include non-orthogonality effects. The pressure distribution 
in the vortex core region is presented by using the cavitation index,

	! = #-#%&'
(
)*+,-.

) (23)

6 RESULTS

6.1 Vortex Properties 
In Figures 4 and 5, tip vortex properties as predicted by different turbulence models for

different spatial resolutions are presented. The comparison includes the variation of cavitation 
index, vortex trajectory, normalized axial velocity and turbulent kinematic viscosity. To 
determine the vortex core, a minimum pressure criterion is employed.
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In both of the resolutions, and for all turbulence models tested here, negative pressure and 
also accelerated axial velocity is observed close to the foil, z/C <0.2. However, the difference 
between vortex roll-up and transportation is considerable which contributes to the vortex 
properties for z/C>0.2. In Figure 4, results of P1S1 simulations are presented. The results 
show over prediction of turbulent viscosity in RANS which damps the vortex after certain 
distance downstream of the foil. Figure 4(b) indicates that the tip vortex dissipates faster with 
standard SST compared to using other models. It is noted that after z/C>0.75, the vortex 
continuity breaks and oscillations on the vortex trajectory appears. For SST-RC, the 
oscillations start after z/C>1.1. This correlates to Figure 4(d) which represents the turbulent
viscosity. As the highest turbulent viscosity is related to SST and then SST-RC, these models 
predict faster decay of vortex than SST-RC-Hellsten, and therefore sooner appearance of 
oscillations in vortex trajectory which relates to vortex breakdown. It is also clear from 
Figures 4(a) and 4(c) that the pressure and axial velocity in the vortex core quickly dissipates 
in all RANS models.

(a) Cavitation index (b) Vortex trajectory

(c) Normalized axial velocity (d) Turbulent viscosity

Figure 4: Variation of vortex core properties for different turbulence models, P1S1 resolution
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(a) Cavitation index (b) Vortex trajectory

(c) Normalized axial velocity (d) Turbulent viscosity

Figure 5: Variation of vortex core properties for different turbulence models, P2S2Wake resolution

When the resolution is increased, in ILES both the vortex strength and its size are 
increased. In RANS, the strength is also increased causing lower pressure at vortex core close 
to the tip but the size of the vortex is smaller, and vortex damps out faster, Figure 5(a). The 
vortex trajectory has less oscillations in the higher resolution, showing more continuous 
vortex pattern, Figure 5(b). Vortex core velocity predictions, Figure 5(c), show that all of the 
models predict the accelerated axial velocity, but in RANS as the vortex disappears, the core 
velocity also reduces. Similar trend in turbulent viscosity are observed for different curvature 
correction methods, Figure 5(d).

Thus, we conclude that none of the tested RANS models are able to predict the tip vortex 
correctly in the near field region, while ILES is better in predicting and transporting the 
vortex downstream in the region of interest, z/C<1.6.
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6.2 Effects of Curvature Corrections
In Figure 6, the distributions of turbulent kinematic viscosity for different RANS models 

along with !"# function of SST-RC model are presented at z/C=0.5 section. As it can be seen 
form the figure, the SST model is insensitive to the presence of the vortex, which leads to 
prediction of high turbulent viscosity at the vortex core region. The curvature correction 
models reduce the viscosity prediction at the vortex core. The comparison between RC and 
RC-Hellsten indicates that RC-Hellsten predicts lower viscosity at the vortex core region. It 
also indicates that RC-Hellsten leads to results which are sensitive to mesh variations. 

The distribution of !"# shows that in both resolutions the value of the function is very 
small, and close to zero in the vortex core region. It indicates that the curvature correction is 
acting correctly in lowering the production terms in the region where the vortex has evolved.
Therefore, other parameters should be involved that lead to inaccurate prediction of the tip 
vortex. One of the parameters could be the contribution of boundary layer prediction.

Turbulent Kinematic Viscosity fr1 function

P1S1_SST P1S1_SST_RC_Hellsten P1S1_SST_RC P1S1_SST_RC

P2S2Wake_SST P2S2Wake_SST_RC_Hellsten P2S2Wake_SST_RC P2S2Wake_SST_RC

Figure 6: RANS turbulent viscosity, and RC function distributions at z/C=0.5

In Figure 7, velocity streamlines of SST-RC and ILES for P2S2Wake resolutions are 
presented. In frames (a) and (b) of the figure, the close up view of tip vortex are presented; the 
foil is colored with Cp distribution. The iso-surface of p=psat is also presented with white 
shaded color to indicate the region with possible cavitation inception. In Figure 7(c), the 
isometric view of SST-RC is presented along with identifying the zoomed region. For this 
part, the streamlines are colored with turbulent viscosity.

Comparing ILES and SST-RC results, Figures 7(a) and (b), shows that in ILES the region 
with lower pressure is larger than SST-RC even though that SST-RC seems to have more 
concentrated negative Cp close to the tip; the vortex also starts closer to the tip and slightly 
further back in the SST-RC simualtion. At the bottom of the low pressure region in ILES, 
Figure 7(a), a high pressure region exists which forces the flow towards the tip vortex. This 
pressure field sucks more flow from upstream and pressure side to the surface of the foil 
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suction side and then towards the tip vortex which as a result leads to a stronger tip vortex 
prediction in ILES. One uncertainty here is the contribution of low-Reynolds RANS 
simulation on the boundary layer and therefore pressure field prediction. As it is mentioned in 
the mesh description section, the spatial resolution employed here have normal resolution 
y+<1. The study to investigate other normal resolutions in RANS simulations are also 
conducted.  The primary results show no improvement in RANS tip vortex prediction.  
However, further investigations is required in order to make a more precise conclusion.

(a) SST-RC tip region zommed in view (b) ILES tip region zommed in view

(c) SST-RC Isometric view

Figure 7: Flow streamlines for P2S2Wake resolution

6.3 Velocity Distributions

In Figures 8 and 9, the velocity distribution, at z/C=0.5 for P2S2Wake resolution are 
presented and compared with experiments. Comparison of normalized axial velocity 
comparison, Figure 8, show that only ILES could predict the accelerated axial velocity while
the RANS methods employed here under predict the axial velocity at the vortex core. Under 
prediction is slightly higher for curvature correction methods. 

SST SST-RC-Hellsten SST-RC ILES Exp

Figure 8: Comparison between RANS, ILES and experimental normalized axial velocity distributions, 
P2S2Wake resolution, z/C=0.5
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In Figure 9, normalized in-plane velocity distributions are presented. Similar to the axial 
velocity comparison, ILES provides a more accurate prediction and matches better with the 
experimental PIV image. The RANS models fail in predicting the peak of the in-plane 
velocity which relates to the disablitity to transport the tip vortex until the z/C=0.5 section.

SST SST-RC-Hellsten SST-RC ILES Exp

Figure 9: Comparison between RANS, ILES and experimental normalized inplane velocity distributions, 
P2S2Wake resolution at z/C=0.5

7 CONCLUSIONS

Tip vortex simulations of k-ω SST model and ILES are presented in this paper. For SST
model, two curvature correction methods are also tested. To include the effects of the 
resolution on the tip vortex predictions, the simulations are carried ou on two different spatial 
resolutions.

ILES results show very good accuracy in prediction of vortex properties, e.g. axial and 
inplane velocity distributions. Tested RANS models fail in prediction of accelerated axial 
velocity. The vortex is much weaker in RANS, which is related to low flow suction into the 
vortex at the foil tip, and also the contribution of turbulent viscosity over-prediction. Figure 6 
shows that the curvature correction methods reduce the turbulent viscosity at the vortex 
region. However, they could not improve the SST tip vortex predictions, as the results are also 
related to the flow properties, e.g. foil surface pressure distribution and boundary layer 
properties. Flow streamlines, Figure 7, show the contribution of suction side pressure field on 
the vortex formation. For SST-RC-Hellsten model the sensitivity of the turbulent viscosity 
prediction to the mesh resolution is higher than other RANS models tested. For future steps, it 
is suggested to test the effects of foil normal resolution, y+, on the vortex formation and also 
interactions of the curvature correction methods with variation of y+ for RANS.
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