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ABSTRACT

Large-eddy simulation (LES) is used to study the evolu-

tion of the tip vortex generated by a three-dimensional

elliptical hydrofoil at 12 degrees angle of attack and a

Reynolds number of 9 × 105 based on root chord length

and freestream velocity. The simulations are based on the

experiments of Boulon et al. (1999), who studied the effect

of confinement on tip vortex cavitation by varying the per-

pendicular distance between the tip and the bottom wall.

The present simulations correspond to their case where the

confinement due to the bottom wall is negligible. Results

are compared to the available experimental data showing

reasonable agreement. The tip vortex undergoes spiral

roll-up whereas the trailing edge wake shows progressive

bending moving downstream, due to the confinement ef-

fect of the side walls. The spiral length scale varies linearly

with the downstream distance up to the length of the sim-

ulated domain. Future work will focus on comparing the

present results to a highly confined case of Boulon et al.

(1999).
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1 INTRODUCTION

The structure and development of the tip vortex formed be-

hind a wing has been the subject of many papers (see De-

venport et al. (1996) and the references therein). The tip

vortex formed by a finite span hydrofoil has been widely

studied due to its relevance to marine propulsors. In many

cases, the tip vortex can cavitate depending on the physi-

cal conditions, and the prediction of cavitation inception is

challenging for such flows. Tip vortices have been stud-

ied by several researchers as reviewed by Arndt (2002).

The behavior of tip vortices is significantly altered in the

presence of confinement, which is typically encountered in

ducted propulsors and turbomachinery. Liu et al. (2018)

reviewed recent work on the effect of tip clearance on the

flow field of propellers and turbomachinery.

In this paper, we simulate the flow configuration of Boulon

et al. (1999), who studied flow over a three-dimensional el-

liptical hydrofoil NACA 16-020 at various angles of attack

and Reynolds number (Re). Confinement was achieved by

a flat wall with tip clearance (e). Boulon et al. (1999) var-

ied e and characterized the resultant flow field in terms of

its cavitation behavior. Some of the main conclusions of

their work are:

• The turbulent boundary on the confinement plate

does not interact with the tip vortex.

• The value of e significantly affects vortex struc-

ture and hence, cavitation inception. As e becomes

smaller, the tip vortex becomes more susceptible to

cavitation up to a certain value of e due to increase

in the peak of swirl velocity. Beyond that, decreas-

ing e does not cavitate the flow because of increase in

the core radius thereby decreasing the peak of swirl

velocity.

• The tangential velocity profile is highly asymmetric

in the near field but becomes more symmetric mov-

ing downstream.

• For confined tip vortex flow, the inception cavitation

number does not correlate with lift coefficient, but

varies as square of circulation.

The present work is focused on the non-cavitating flow over

the hydrofoil. This problem has two major challenges: (i)

flow over the hydrofoil and (ii) interaction of the tip vor-

tex with walls. Flow over the hydrofoil is computationally

challenging due to high Re which demands fine resolution

near wall to capture boundary layer. Moreover, the flow can

separate on the suction side of the blade due to large angle

of attack, causing large unsteadiness. The confinement en-

hances unsteadiness further. The tip vortex has a tiny core

which needs to be resolved throughout the length of the

simulation domain. As the tip vortex evolves, the vortic-

ity and turbulence in the core decays. Thus, this problem

demands an accurate and robust numerical method which

capture the essential flow features. Direct numerical simu-

lation (DNS) of the flow is not feasible for this problem.

Thus, large eddy simulation (LES) technique is used to

simulate this problem due to its predictive capability for

a variety of complex marine flow problems of interest (Ma-

hesh et al., 2015).

Mahesh et al. (2004) developed a non-dissipative and ro-

bust finite volume method for large eddy simulation (LES)

on unstructured grids, which has been used to accurately

simulate a variety of marine flows including flow over hull

(Kumar and Mahesh, 2018) and propeller in both crashback

(Verma et al., 2012; Jang and Mahesh, 2013; Jang et al.,

2012) and forward (Kumar and Mahesh, 2017) modes. The

high-fidelity flow field of propeller in forward (design)

mode of operation obtained by Kumar and Mahesh (2017)

was subsequently used by Keller et al. (2018) to compute

and examine far-field sound generated by the propeller.
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LES is performed for flow over a three-dimensional ellip-

tical hydrofoil NACA 16-020 at an angle of attack of 12

degrees, and Re = 9 × 105 based on root chord length

(c) and freestream velocity (U∞) using the algorithm of

Mahesh et al. (2004). The simulations match the domain

and physical parameters of the experiments of Boulon et al.

(1999). The problem is computationally challenging due to

the high Re of the flow and complexity of the grid gener-

ation due to small e. LES has been used in past to study

the effect of tip-gap on the flow field in a turbomachinery

cascade (e.g. You et al. (2006)). The goals of the present

work are : (i) to demonstrate the capability of LES to sim-

ulate the flow field, and (ii) to study the evolution of the

tip vortex in the presence of confinement. The paper is or-

ganized as follows. The simulation details including the

numerical method, hydrofoil geometry, computational grid

and boundary conditions are described in §2. The results

are discussed in §3. Finally, the essential flow physics are

summarized in §4 along with plans for future work.

2 SIMULATION DETAILS

2.1 Numerical method

In LES, large scales are directly accounted for by the spa-

tially filtered Navier–Stokes equations, whereas the effect

of small scales is modeled. The spatially filtered incom-

pressible Navier–Stokes equations are as follows:

∂ui

∂t
+

∂

∂xj

(uiuj) = −
∂p

∂xi

+ ν
∂2ui

∂xj∂xj

−
∂τij
∂xj

,

∂ui

∂xi

= 0, (1)

where ui is the velocity, p is the pressure, ν is the kine-

matic viscosity, the overbar (.) denotes the spatial filter and

τij = uiuj − uiuj is the sub-grid stress. The dynamic

Smagorinsky model proposed by Germano et al. (1991)

and modified by Lilly (1992) is used to model the sub-

grid stress terms. The Lagrangian time scale is dynamically

computed based on surrogate–correlation of the Germano–

identity error (Park and Mahesh, 2009). This approach ex-

tended to unstructured grids has shown good performance

for a variety of flows (Verma and Mahesh, 2012).

Eq. (1) is solved by a numerical method developed by

Mahesh et al. (2004) for incompressible flows on unstruc-

tured grids. The algorithm is derived to be robust with-

out any numerical dissipation. It is a finite volume method

where the Cartesian velocities and pressure are stored at

the centroids of the cells and the face normal velocities

are stored independently at the centroids of the faces. A

predictor–corrector approach is used. The predicted ve-

locities at the control volume centroids are first obtained

and then interpolated to obtain the face normal velocities.

The predicted face normal velocity is projected so that the

continuity equation in Eq. (1) is discretely satisfied. This

yields a Poisson equation for pressure which is solved it-

eratively using a multigrid approach. The pressure field is

used to update the Cartesian control volume velocities us-

ing a least-square formulation. Time advancement is per-

formed using an implicit Crank–Nicholson scheme. The

algorithm has been validated for a variety of problems over

a range of Re as described in Section 1.

2.2 Hydrofoil geometry, computational grid and bound-

ary conditions

The hydrofoil has a NACA 16-020 cross-section and an

elliptical planform of span S = 0.18m and a root chord

length c = 0.12m. The aspect ratio is 3.8. The hydro-

foil is mounted such that the mid point of the root chord of

the hydrofoil is the origin of the Cartesian coordinate sys-

tem and the tip is located at (0,-S, 0). The hydrofoil span

aligns with the y axis and x is the downstream streamwise

direction. The two side walls are located at z = ±Lz/2,

where Lz = 0.175. Note that one grid unit is equivalent to

1 m length in the reference experiment. Hence, the tip-gap

e = 0.06 which corresponds to the experimental setup of

e = 60 mm, is generally chosen as the reference case cor-

responding to no confinement due to the bottom wall. As

stated in the reference paper, the two side walls cause con-

finement resulting in a 27% increase of lift. The Re based

on c and U∞ is 9 × 105 and the hydrofoil is rotated about

y to make an angle of attack of 12 degrees. The inflow

and outflow planes are located at Lup = 2.58c upstream

and Ldn = 4.92c downstream of the tip respectively. The

schematic of the computational domain is shown in Figure

1.
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Figure 1: Schematic of the computational domain shown in

z = 0 (a) and y = 0.1 (b) planes.

Freestream velocity is prescribed at the inflow and convec-

tive boundary conditions are applied at the outflow. All

other domain boundaries have no-slip boundary conditions.

A coarse grid (not shown here) of 18 million hexahedral

control volumes is first used to access grid resolution and

obtain a solution which is used to initialize fine grid simu-

lation. The fine grid containing 97 million hexahedral con-

trol volumes is nominally 2 times finer in each direction

compared to the coarse grid everywhere except near wall

(no-slip) boundaries. The span of the hydrofoil has more

than 320 cells and there are more than 400 cells in z di-

rection for the fine grid. The gap between tip of the hy-

drofoil and the bottom wall contains more than 150 cells.

The grid is clustered near all the wall boundaries with a



nominal wall-normal first cell size of 6.67 × 10−4c and

1.67 × 10−3c at hydrofoil surface and other walls respec-

tively with a growth rate of one percent. The computational

time step ∆tU∞/c = 1.67 × 10−5 is used for the simula-

tions reported in this paper. All the results presented in this

paper are normalized appropriately using U∞ and c.

3 RESULTS

3.1 Instantaneous flow field

The hydrofoil wake consists of trailing edge wake vortices

connected to a tip vortex which is shed from the tip of the

hydrofoil. The coherent vortical structures in the wake are

visualized using the isocontour of λ2 (Jeong and Hussain,

1995) colored with pressure as shown in Figure 2. Note that

the bottom and side walls removed for clear visualization.

The suction side of the blade can be seen to have flow sep-

aration leading to the formation of the vortical structures in

the wake. The tip vortex remains coherent throughout the

simulated domain.

Figure 2: Isocontour of λ2 colored with pressure showing

the trailing edge wake and the tip vortex. The bottom and

side walls are removed for visualization.

Figure 3 shows the instantaneous pressure, streamwise ve-

locity and vorticity magnitude in z = 0 plane. The tip vor-

tex is visible clearly as the region of low pressure and high

vorticity. The pressure minimum at a given downstream

location occurs in the core of tip vortex, which decreases

moving downstream. The streamwise velocity field shows

shear layers in the wake, with a small region of flow sepa-

ration near the trailing edge. Figure 3c shows that there are

three main regions of high vorticity: the tip vortex, the trail-

ing edge and the boundary layers on the no-slip boundaries.

In order to have a closer look at the flow, the pressure and

streamwise velocity fields are also shown in y/c = −0.83
plane in Figure 4. The flow seems to have a small sep-

aration region near the leading edge, followed by a reat-

tachment and an eventual separation in the second half of

the chord to form wake. The flow separation at the lead-

ing edge may be a consequence of the sharp leading edge

subjected to a high angle attack.
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Figure 3: Instantaneous flow field showing pressure (a),
streamwise velocity (b) and vorticity magnitude (c) in z =
0 plane.
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Figure 4: Instantaneous flow field showing pressure (a) and

streamwise velocity (b) in y/c = −0.83 plane.
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Figure 5: Instantaneous flow field showing pressure (a),
vorticity magnitude (b) and the velocity components in x
(c), y (d) and z (e) directions at x/c = 1.

The instantaneous flow field quantities at a streamwise lo-

cation x/c = 1 are shown Figure 5. The tip vortex is ob-

served as the local minimum of pressure. The overall wake

appears as a line of vortex ending up into a tip vortex, which

undergoes the process of spiral roll-up in counterclockwise

sense in the figure shown. The boundary layers on all the

wall boundaries can be observed. The Cartesian velocity

components show that the velocity jumps accross the shear

layer. The existence of this high axial velocity near the axis

of symmetry distinguishes the trailing edge vortices from

other types of line vortices (Batchelor, 1964).

3.2 Time-averaged flow field

The instantaneous flow fields are time-averaged after one

flow-through time to obtain mean flow field. Figure 6

shows components of mean velocity in z = 0 plane. The

shear layer appears to grow in the y direction in all the com-

ponents moving downstream. The region in the vicinity of

the tip has large magnitude of tangential velocity mainly

due to the end effects where the flow tends to move from

the pressure side to the suction side. The spanwise compo-

nent of mean velocity shows the mean swirl of the axial tip

vortex.

Figure 7 shows components of turbulent intensity at x/c =
1. The axial component dominates the wall boundary lay-

ers whereas all the components are of same order for the

wake. The boundary layer of the bottom wall is far away

from the tip vortex core.
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Figure 6: Mean velocity components in axial (a), tangen-

tial (b) and spanwise (c) directions are shown in z = 0
plane.
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Figure 7: Turbulent intensities in streamwise (a), tangential

(b) and spanwise (c) directions are shown at x/c = 1.

3.3 Comparison to experiment

Boulon et al. (1999) provides the measured profiles of

mean (V ) and r.m.s (Vrms) of tangential velocity at x/c =
1 for the case simulated in the present paper. Figure 8

shows profiles of both these quantities along with the ex-

perimental data. Note that the simulation results are shown

in the coordinate system adopted in the experiments. The

results show reasonable agreement away from the tip vor-

tex core for both quantities. The sharp jump in tangential

velocity across the core and its r.m.s value at the core cen-

ter is smaller compared to the experiment. Possible reasons

for this observation can be the grid resolution and the sta-

tistical convergence. Both these factors are currently being

explored in the ongoing work. Unfortunately, the velocity

field measurements at other locations in the wake are not

reported.
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Figure 8: LES results compared to the experiments (Boulon

et al., 1999) for mean (a) and r.m.s. (b) of tangential ve-

locity at x/c = 1.
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Figure 9: TKE at various downstream locations in the

wake.

3.4 Axial evolution of the tip vortex

The axial evolution of the tip vortex is visualized in Figure

9 by showing contours of TKE at multiple locations down-

stream of the hydrofoil. The progressive spiral roll-up of

the tip vortex along with bending of the trailing edge wake



can be observed, as the wake evolves downstream. This

behavior of the wake is different than the wake behavior

when there is no confinement due to side-walls, e.g. the

finite wing tip vortex experimentally studied by Devenport

et al. (1996).

Devenport et al. (1996) studied the wake of a finite wing

with NACA0012 crossection and a rounded tip at compa-

rable Re. They report measurements from 5 to 25 chords

downstream and analyzed the wake behavior in terms of

the nature of the vortex core and its self-similar evolution.

They observed the spiral roll-up of the tip vortex without

any bending of the trailing edge wake. They defined a spi-

ral length scale (ζ) as the spanwise separation between the

tip vortex core and the centerline of the trailing edge wake.

When scaled with (ζ, they showed that the locus of maxima

of axial turbulent intensity collapsed for all the measured

wake locations. Moreover, ζ was found to vary as
√
x from

5-25 chord lengths.
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Figure 10: Streamsiwse evolution of the spiral length scale

(ζ).

For the present case however, the trailing edge wake no

longer remain straight moving downstream, due to the con-

finement effect of the side walls. So, the definition of ζ
is modified as the separation between the tip vortex core

and the centerline of the trailing edge wake near root. Fig-

ure 10 shows the streamwise evolution of ζ. Note that the

presented results show the streamwise evolution of ζ in the

near field compared to that reported by Devenport et al.

(1996). The variation of ζ is almost linear for the length of

the simulated domain.

4 SUMMARY

Wall-resolved LES is used to simulate flow over a three-

dimensional elliptical hydrofoil at 12 degrees angle of at-

tack and Re = 9 × 105 based on root chord length and

freestream velocity. The simulations are based on the ex-

periments of Boulon et al. (1999), who studied the effect of

confinement on tip vortex cavitation and the present case

match their case where the flow confinement due to the

bottom wall is negligible. Profiles of mean and r.m.s of the

tangential velocity at x/c = 1 show reasonable agreement

with the experimental data.

The flow field is described in terms of instantaneous and

mean behavior. The flow separates on the suction side to

form trailing edge wake appearing as a line vortex culmi-

nating in a tip vortex. The spiral roll-up of the tip vor-

tex is accompanied by the progressive bending of the trail-

ing edge wake as the flow evolves downstream. The spiral

length scale varies linearly up to the length of the simulated

domain.

The ongoing and future work include simulating even finer

grid for the present case to ensure grid convergence. Sim-

ulations are also ongoing for the highly confined case (e =
1.9 mm) of Boulon et al. (1999). The results will be com-

pared to the available experimental data and the flow field

will be analyzed with respect to key differences compared

to the case reported in this paper.
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